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1 INTRODUCTION

1.1 General situation of SHP
With a contribution of more than 22% of the world's electricity (2564 TWh/yr) in 1998, hydro power is the
largest form of renewable energy. In Western Europe, hydropower contributed 520TWh of electricity in 1998, or
about 23% of EU [EIA, 1999]. Despite the large existing hydro power capacity, there is still much room for
further development as most assessments assume this is only around 10% of the total world viable hydro
potential. However, this handbook is limited to Small Hydro Power, (SHP), since large scale hydro power is
technically mature and its R&D requirements, which are mainly refinements by the specialist of large companies
active in this field, are generally being well taken care of . In Large Hydro Power applications such as variable
speed operation (VSO) has become an established approach in order to improve the efficiency especially of
pump-storage-plants. Here, the speed control allows to change the speed between pumping and generating mode
in accordance with hydraulic requirements. There is no general international agreement on the definition of SHP,
but a value of 10 MW is becoming generally accepted and has been accepted by ESHA (The European Small
Hydro Association) [TUNG, 1995]. This handbook will therefore use the definition for SHP as any hydro
systems rated at 10MW or less.  SHP can be further subdivided into mini hydro, usually defined as < 500kW and
micro hydro <100 kW.

Indeed, the development of SHP has tended to be neglected partly due to the widely held false impression gained
from the maturity of large hydro, that there is not much scope for technical development and improvement of
any hydro-power systems.  There is however considerable scope for improving the cost-effectiveness of SHP,
especially with low head systems, both through technical and non-technical innovations [EC, 1994]. Small scale
Hydro Power (SHP) is mainly "run of river".  Moreover, SHP mainly involves smaller manufacturers, generally
SMEs. Few of the large companies producing large-scale systems are very active at manufacturing and
marketing small systems, even though a few include small systems in their product range, usually simply scaled-
down from their larger systems.

Moreover SHP has a huge, as yet untapped potential, which would  allow it to make a significant contribution to
future energy needs, and it depends largely on already proven and developed technology, although there is
considerable scope for development and optimisation of the technology. Table 1.1 shows the  estimated
distribution by region of global SHP capacity, together with  two projections of possible future SHP
development, for 2020, under  alternative "Business as Usual" and "Accelerated Development" Scenarios
(adapted from the World Energy Conference Committee study on Renewable Energy Resources). The European
Renewable Energy Study envisages that hydro output for the EU 12 countries will grow from 165 to 185 TWh/yr
(under the "Existing Programmes" scenario) between 1990 and 2010; in the same period, the total electricity
generated by renewable energy technologies will increase from 191 to 305TWh/yr.  I.e. hydro will move from
contributing 86% to 60% of renewable energy technologies generated electrical energy, which is still by any
measure by far the largest contributor.

Table 1.1: Estimates of realisable Small-Hydro potential by region with two scenarios [IDAE, 1994 and
STRANGE,1992]

Capacities in MW Baseline "Business as
usual"

Accelerated
Development

Region 1995 2020 2020
North America 4861 6152 12906
Latin America 1992 5751 6557
Western Europe 8822 12587 21692
E. Europe & the CIS 2801 3997 4197
Middle East / N. Africa 81 233 266
Sub-Saharan Africa 324 935 1065
Pacific 124 177 306
China 6963 20101 22915
Rest of Asia 614 1772 2021
Totals: 26582 51705 71925
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In Europe, small hydro provides over 8 GW of capacity which contributes about 37TWh/yr or some 2.5% of the
EU’s electricity supply. There is an estimated 18 GW of further European small hydro potential, including
refurbishment projects that can reasonably be developed. In the white paper, the European Commission has
announced a target to increase small hydro capacity by 4500MW (50% above the present level) by the year
2015.

Table 1.2: Historic and expected growth in SHP capacity – 1980 to 2010 [ETSU, 1999]

installed capacity (MW) 1980 1985 1990 1995 2000 2005 2010

EU 5900 6700 7700 9000 9600 10300 11000

World 19000 21000 24000 27900 37000 46000 55000

Recent growth rates for SHP have been disappointing compared with other forms of renewable energy
development (less than 3% per annum improvement in capacity in Europe). From the results of a resource
assessment on existing river structures in earlier projects it can be shown, that more than 3000 MW is still
available for exploitation without building one additional weir [ITPower, 1995]. This potential alone represents
already two third of the target to increase small hydropower capacity by 4500 MW by the year 2010 as
announced by the White Paper of the European Commission. The economic situation of the small hydropower
potential at existing river structures with a head below 5 m is described in
Figure 1.1. It shows, that assuming pay back tariffs in the range of 8 €cent, as they are available in some
European countries (e.g. in Germany) about two third of the technical potential is economically feasible. In other
words, about half of the target for SHP could be achieved by exploiting this feasible proportion of the European
SHP capacity.

Figure 1.1: Small hydropower potential at existing river structures in selected regions of Europe [PAISH,
1995a]
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1.2 Case study Germany: Wind and Small Hydro
In Germany, the use of wind energy has developed rapidly in the last ten years. Motivated by the 250 MW wind
energy programme and the electricity feed law, introduced in 1991, the installed capacity has developed from
several ten kW in 1989, to more than 4000 MW installed capacity at the beginning of the year 2000, as shown in
. Some of the world’s leading wind energy manufacturers have established in Germany creating about 20.000
jobs in the wind industry. In the year 1999, almost 1000 wind energy converters have been installed.

Figure 1.2: Development of wind energy in Germany

Figure 1.3: Development of rotor diameter, hub height and rated power
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Together with the number of installed units and the total capacity, the average rated power per unit has increased
with hub height and rotor diameter. In 1998, the mean power per unit of the new installations has been 800 kW.
The development is shown in detail in Figure 1.3. As a result of this development, the annual energy production
per m² of rotor cross section have increased, the investment cost and finally the electricity cost have decreased
accordingly.

The total potential of wind energy is still huge, so no end of this development is being expected in the next few
years. At the beginning of 2000, a new electricity feed law has been introduced, which guarantees the pay back
tariff for all renewable energies. This is expected to keep the exploitation of the wind energy potential in
Germany going.

Figure 1.4: Proportion of induction and synchronous generators (left) and of variable speed and constant
speed WECs (right) in Germany from 1988 to 1998.

Variable speed operation is a well established control approach for WECs. In particular for the multi-MW range
of WECs, pitch-controlled VS turbines are expected to dominate the future market. The proportion of variable
speed WECs is shown in . It shows, that an increasing part of WECs is equipped with VS technology. In 1999,
about 500 VS units have been installed only in Germany The main reasons for variable speed operation in wind
energy are:
� improved power control
� reduction of dynamic structural loads
� improved performance (constant tip speed ratio)
� wider operating range
� reactive power compensation
� integration at weak grid points
� noise reduction

The variability of speed allows to adapt the actual rotor speed to the wind speed. This can be done by different
control strategies. One is to optimise the energy production by always operating at the best performance curve.
Another strategy is to allow the rotor to speed up in case of a gust. The energy is stored in rotor by the higher
rotational speed and the rotor is slowly brought back to a lower speed corresponding to the mean wind speed.
The principle effect is shown in the following diagram (
Figure 1.5: Dynamic reaction of the rotor speed n with changing wind speed v and effect on smoothening the
power output P of the WEC (diagram by Tacke)
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Figure 1.5: Dynamic reaction of the rotor speed n with changing wind speed v and effect on smoothening
the power output P of the WEC (diagram by Tacke)

The situation in hydropower is completely different. The development in the last two centuries has lead to an
exploitation of about 70 % of the technical hydropower potential. Based on mechanical applications such as
grain mills, saw mills, hammer works and others, more than 70,000 sites with a mean power of about 5 kW had
been developed in the middle of the 19th century. Along with the technological development of generators and
turbines many big hydropower plants have been installed for electricity production. Many of the old sites have
been grid connected or shut down. Today, we still find 6000 small hydro power plants in Germany. More than
50 % out of these are smaller than 50 kW.

Figure 1.6: Development of the SHP plants in Germany (excluding electricity boards) <10 MW
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In Germany, the majority of available heads is low. This is due to the fact, that river regulation and building of
weirs for mills leads to heads up to 5m, sometimes up to 8 m. The distribution of heads for Hesse is given in
Figure 1.7. More than 60 % of the sites have heads below 5 m, and more than 90 % is below 8 m. The same
situation can be found in other European countries. The estimated total amount of available low head sites is
shown in
Figure 1.1. On the other hand, there is still a huge unexploited SHP potential in countries such as Greece, Italy,
France or Spain, where we also find many medium or high head schemes. But the need for technology
development and strategic decisions is much higher for low head sites due to the higher specific cost. An
important factor for future SHP is therefore cost effective low head technology.

1.3 Variable speed technology for acceleration
Similar to the aerodynamic of wind energy converters, efficiency improvements by variable speed operation
(VSO) of water turbines can be expected from simple fluid dynamic considerations. For low head sites, the
combination of VSO with propeller turbines (fixed runner blades) is most promising. The variation of the runner
speed with the speed of the fluid and so with discharge allows to widen the typically small range of high
efficiency of a propeller turbine. A dynamic load effect appears for very slow turbine speeds, where an
alternating torque can be found. This causes load cycles for the power train, that can be avoided by a constant
torque control of the FC.

Figure 1.7: Relative distribution of heads in Hesse in % for 2127 sites [Bard, 2000c]

Unlike a double regulated Kaplan turbine, VSO of a propeller turbine does not allow for the same high efficiency
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US$) per kW. In combination with a standardised set of turbines a greater flexibility for hydraulic conditions can
be achieved, the same turbine can be used for a wider range of flow and head.
Until today, about 15 pilot sites have been installed or are under construction in Europe, five of them as
demonstration projects under the THERMIE programme of the European Commission DG17. From this state of
demonstration the technology has the potential to develop quickly to a standard option of various manufacturers.
A few companies through out Europe can already offer customised variable speed solutions, others are
considering to supply this technology in the near future.

Since only part of the results of these projects is available, this handbook gives an overview on the state of the
art of VSO-technology not only in hydropower but also using experiences from WECs. The use of different
generator and converter types for hydropower applications is described. The focus will be on run off the river
low head plants with typically less than 1 MW of installed capacity per unit.

In an economic model, based on relatively simple models, the annual energy production of various system
configurations will be calculated. In combination with the results from market studies for the component cost,
this leads to the comparison of investment cost versus energy yield. This will then allow to give a rough answer
to the question, in which cases VSO is economically feasible and which system configuration is the best for a
typical SHP site.
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2 GENERAL TECHNICAL ASPECTS

2.1 The basic idea of variable speed operation
The idea of VSO of a turbine is to allow the turbine speed to change with hydraulic conditions in order to
maximise the turbine efficiency. Figure 2.1 A shows the velocity vectors at the turbine blades at design flow. For
a lower flow (Figure 2.1 B), the guide vanes are closed and the turbine blades are turned accordingly. In case of
the variable speed propeller turbine (Figure 2.1 C), the speed is reduced in proportion with flow in such a way,
that the fluid velocity vectors match the design conditions.

Figure 2.1: fluid velocity vectors at design condition and for a low flow [Bard, 1998]

A B C

The realistic behaviour of turbine operating at variable speed is shown in the hill charts which are normally
determined from model tests. Today, double regulated Kaplan turbines are designed for a fixed speed and so, the
maximum efficiency does not vary with speed, as shown in Figure 2.2 A. The same turbine operating as
propeller turbine shows a very narrow area of high efficiency around the Q~n line. The typical efficiency curve
of such a propeller turbine is shown in Figure 2.2 B. Operating at variable speed, the efficiency follows the Q~n
line and so, we find a high efficiency over a wide operating range.

Figure 2.2: Idealised hill charts of A: Kaplan (left) and B: propeller turbine (right)
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The VSO causes higher losses in the electrical system due to the FC as an extra component. Assuming the same
turbine efficiency for a Kaplan and Propeller turbine at the design point, this leads to a reduced system
efficiency. But the advantage of the system only occurs under conditions which are different from the design
conditions. Especially a head variation leads to remarkable efficiency reduction also for a Kaplan turbine, as
shown in Figure 2.3. At VSO, the efficiency shows only very small variations with head.

Figure 2.3: Effect of head variations and speed variations on turbine efficiency (ITT Flygt turbine, 200
KW) [Roberts, 1998]
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VSO does not only allow lower, but also higher speeds than rated. In consequence, the turbine can handle higher
flows as well. Making use of this option in a typical low head run off the river scheme one achieves the same
amount of electric energy with a VSO propeller turbine as with a double regulated Kaplan turbine (for same
design parameters). The cost difference between double-, single-  and unregulated turbines is shown in Figure
2.4. In consequence, one can save about 30 % of the turbine cost for the same annual energy production.

Figure 2.4: Specific cost for different turbine regulation types [Paish, 1995b]
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Another cost related point of discussion is the power factor. IGBT-controlled inverters include a power factor
correction if used together with an induction generator. This saves the capacitor device which might otherwise be
necessary or reduces extra cost for reactive power which is charged by some electricity boards in Europe. Other
technical advantages of the FC are mentioned earlier.

2.2 System technology
VSO can be achieved by different electric concepts. The type of generator, which can be induction
(asynchronous)  or synchronous, is the most important difference between these systems. The following
summary Table 2.1 is therefore showing separate solutions for both types of generators.

Table 2.1: Overview on electro-mechanical conversion systems using induction and synchronous
generators [Heier, 1996]

Conversion System with Asynchronous
Generator (ASG)

Conversion System with Synchronous
Generator (SG)

direct grid connection (stepped 4/6-pole) direct grid connection

DC-intermediate circuit pulse inverter coupling to DC-grid
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Not all of this technical solutions are commercially available for SHP applications. The typically small number
of installed units in SHP compared to industrial variable speed applications or wind energy industry, does not
justify to develop specialised solutions. The following paragraphs summarise the most common system
configurations. Without exception, they have all been developed for industrial or wind energy applications and
only been modified for hydropower applications. All cases studies presented in this handbook use one of the
following concepts for electronic speed variation. In the ASG-concepts, the mechanical speed increaser has in
some cases been avoided by using specialised generators with a higher pole number.

2.2.1 Generators

The vast majority of grid connected SHP plants with rated power of less than 1 MW per unit is equipped with
squirrel cage induction generators, or asynchronous generator (ASG). The rotor windings are formed from an
aluminium diecast or bar winding connected to each other on the end face to the rotor (short circuited). This type
of generator has a simple and robust design and combines high efficiency and low specific cost. The excitation
of the generator is performed via the grid through the rotor. The ASG is directly coupled to the grid with a
normal switch, as soon as synchronous speed is achieved. No synchronisation is needed.

In doubly fed induction generators (DFG) or slip-ring rotor machines, the current into the rotor windings is fed
through slip rings running against carbon brushes mounted on the generator chassis. At part load or for higher
pole numbers, the power factor of the ASG is significantly lower than 1. Consequently, a power factor correction
using a capacitor bank is necessary in most applications and according to the standard international grid
connection specifications. Typical pole numbers are 2 to 8 pole which equal a synchronous speed of 3000 to
750 rpm. Higher pole numbers of up 16 poles are possible, but high reactive power and lower efficiencies in
combination with higher specific cost do often lead to the choice of synchronous generators for these
applications.
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The use of synchronous generators with separate excitation (SG) in SHP stations has a long tradition too.
Especially for off-grid installation (remote power supply, rural electrification), the SG is still the technology of
choice. Due to the high complexity of this type of machine compared to the ASG for excitation and voltage
control, the specific cost of this generator type are significantly higher up to about 800 to 1000 kW. In the MW-
power range, the specific cost of SG are lower than for induction generators. The SG can maintain a given power
factor (e.g. equal to 1) and can easily be operated without a grid by using rotating permanent magnets for a pilot
exciter which supplies the main exciter coils with the necessary magnetic field. In cases, where these advantages
are relevant, the SG is preferred against the ASG.

The permanent magnet excitation synchronous generator (PME) is a still under development, but has
already been successfully tested in many research and demonstration projects. The power range for commercial
products does not yet satisfy the needs in SHP and the specific cost are higher than for any other concept. But
due to the high pole numbers, which are possible and the high efficiency in particular at part load, this type of
generator is often taken into account in order to avoid a mechanical speed increaser. The PME has the highest
potential for development. With increasing power and reliability, reduced cost and improved efficiency, the PME
could become the most important generator for SHP in the future. In particular in combination with a frequency
converter, very efficient and cost effective electrical designs are possible. Again, the relatively small hydropower
market cannot justify extensive research on generators, but can benefit from applications in wind energy or CHP
units.

The different characteristics of the described generator types when directly coupled to the grid. Are not as
significant anymore, when used on combination with a frequency converter. A frequency converter does in any
case rectify the AC from the generator. Therefore, frequency, power factor and voltage characteristics are no
longer depending on different generator types but on the design and control of the power electronics.

2.2.2 Frequency converters

The only type of electronic power frequency converter (FC), or power converter which lies within the scope of
this handbook is the intermediate circuit frequency converter which consists of a rectifier, direct-current or
direct-voltage intermediate circuit and an inverter. Power converters with a direct-current intermediate circuit (I-
FC) are equipped with an inductor for current smoothing, those with a direct-voltage intermediate circuit (V-FC)
use a capacitor for voltage smoothing (Figure 2.5).

Figure 2.5: Principle types of indirect frequency converters (top: I-FC, bottom: V-FC)

The main components of a FC are the power semiconductors which operate like switches. They change between
conductive and non-conductive state and conduct current in one direction only. Therefore they are also called
valves. The main types of semiconductors are thyristors (conventional, GTO, MCT) and transistors (BPT,
MOSFET, IGBT). In particular IGBTs have recently pushed forward the development of power converter
technology for drive and energy engineering applications. Many different converter topologies and circuits have
been developed out of which the six-pulse 3-phase current bridge connection is the most common type for the
application under investigation. Different types are characterised by the origin of the commutation voltage (self-
or line-commutated) and by the source of the elementary frequency (self- or master-clocked).

3~   
=

= 
3~

3~   
=

3~   
=

= 
3~

= 
3~

3~   
=

= 
3~

3~   
=

= 
3~

3~   
=

3~   
=

= 
3~

= 
3~

f1 f2intermediate
DC-circuit

inverter inverter

I

VV



15

Since gird connection does always have the same requirements for the line side inverter, the main options for
different converters exist for the rectifier on the generator side. Depending on the type of generator, they can be
uncontrolled rectifier bridges, diode bridges with DC-DC-regulators or controlled rectifiers.

Thyristor controlled inverters have dominated the market for drive and energy engineering applications in the
1990ies . But they are suffering from high interference with high harmonic grid oscillations and normally need
costly filter devices for reduction of harmonics. Frequency and power factor of the grid current cannot be
controlled. Today, FCs operating with a pulse modulation process, so called pulse inverters, represent the state of
the art. They allow for highly dynamically operation and the supply of almost sinusoidal currents. The switching
frequency varies between 2 and 20 kHz. In addition they can provide pure active power or compensate reactive
power from other sources in the grid. They can also be used as active filters or to maintain the grid voltage. The
availability of cheap components and progress in signal processing have lead to a combination of the mentioned
advantages with low specific cost.

The switching of the semiconductors causes interference emissions over a wide signal spectrum. These must be
limited in order to guarantee the operation of other electrical devices in the vicinity. In addition, the current
provided to the grid is afflicted by harmonics, which affect the shape of the grid voltage. The EMC-standard
regulations are described in IEC 555-2/3. Normally these limits can be achieved by combining an optimal pulse
pattern with a compact filter in the grid line. The permissible harmonics of the line voltage are specified in IEC
1000-2-4 (class 2/3 public and industrial networks). Special line side filters can be used to meet these
requirements.

In order to minimise induced transient overvoltages in the rotor windings from the high switching frequency and
high dV/dt values of the IGBTs, generator-side filters and reactors can be a applied. They should achieve the
limit of dV/dt < 500V/µs. For long distances between the generator and the rectifier, shielded cables and special
filters are recommended. The increased heat dissipation in the generator when operating with a FC due to the
harmonics and the none-sinusoidal voltage can also be reduced using such a filter. The generator fan is normally
mounted on the main shaft and so, ventilation is reduced with speed as well. This can lead to overheating of the
generator at part load, if the maximum torque is still applied. Therefore generators with improved ventilation or
external fan (high heat class) are recommended. Finally, problems such as bearing currents which occur due to
asymmetries in the magnetic circuit of the machine and shaft voltages are reduced with an appropriate filter
design. In addition, a shaft-grounding system can be applied to avoid damage of the bearings.
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Table 2.2: requirements and devices for the grid connection of SHP power plants [Heier, 1996]

Grid connection Disconnection point in accordance with DIN IEC 38, DIN EN 50
160, DIN/VDE 0105 available to the electricity supply company at all times

Switchgear Section switch with at least power circuit breaking capacity
(in pure parallel operation can be realised by SHP plant grid protection)
Design for maximum short circuit current (SHP plant, grid)
Inverter: connection point on grid side

Protective gear Synchronous and asynchronous generators:
� voltage reduction protection, range: (1.0-0.7)Vrated

� voltage rise protection, range: (1.0-1.15)Vrated

� frequency reduction protection, range 48-50 Hz
� frequency rise protection, range: 50-52 Hz

Inverter:
� voltage protection as for generators
� no frequency protection required

Reactive power Power factor in range 0.9 capacitive to 0.8 inductive
compensation Plants � 4.6 kVA per external conductor not required

Larger plants: electricity supply company approval necessary
Self-commutated inverter: not usually necessary

Connection conditions Connection only if all external line voltages are present

Synchronous generator:

� synchronising device necessary

Voltage difference:  � U � 10% UN

Frequency difference: � f � 0.5 Hz
Phase difference:�� � 10°

Asynchronous generators

� no voltage connection in range (0.95-1.05)nsvn

� for motorized starting: limitation of starting current

Inverter:

� connection only if alternating-current side is off-load or the conditions for
synchronous generators are met

Grid feedback Keeping to the compatibility indicators for disturbance variables in
Accordance with DIN VDE 08388 / IEC 1000-2-2:
� voltage fluctuations and flicker
� harmonic currents

The operation of ripple control systems must not be impaired

Commissioning Testing:
� disconnection devices
� meters
� protective gear for one- or three-phase grid failure, frequency

deviations, automatic reclosing
� fulfilling the connection conditions
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2.2.3 Variable speed concepts [Bard, 1998]

The conventional fixed speed power drive system consists of an induction generator directly coupled to the
grid. The turbine and gearbox ratio has to match the available generator speeds which are for standard generators
1500 to 750 rpm (8, 6 or 4 pole). Some manufacturers have specialised on induction generators with a very high
pole number, reducing the rated speed to about 300 rpm. In this case, the gearbox can be avoided.

Squirrel cage induction generator
A simple variable speed concept based on standard industrial products is to use a squirrel cage induction
generator in combination with a 4-quadrant frequency converter (FC) from industrial drive applications. The
rated power of the FC needs to match rated power of the generator. From the electrical point of view, speed
variations from about 30 % to 200 % of the rated speed can be realised. From an hydraulic point of view
variations of � 30 % are sufficient.

Double feed induction generator

Asynchronous generators with slip ring rotors are generally designed with 3-phase AC-windings in the stator and
rotor which can be supplied from current systems of different frequency and voltage. The stator is directly
coupled to the grid and the rotor is supplied by the FC. This leads to an electric power through the control circuit
which is proportional to the speed variation, e.g. for � 30 % speed variation, the rated power of the FC is only
one third of the rated power of the generator. In this case the FC is cheaper and causes less losses, but the
generator is more expensive. Slip ring contacts need to be replaced every 10.000 h.

Separately excited synchronous generator

The FC can be simpler (diode rectifier) and the control of the generator is easier to handle, esp. in isolated grids.
These generators are used in wind energy with up to 80 poles for gearless converters.

gear
box

f
ASG

ASGgear
box

box
gear ASG

SG
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Permanently excited synchronous generator
This type of generator achieves the highest part load efficiencies. Solutions with a high pole number for gearless
concepts are possible. This must qualify for the high cost of the machine. Due to the permanent magnets, the
voltage at the generator cannot be controlled and the FC must be able to handle very high voltages at over speed
e.g. due to loss of load or must be disconnected from the generator.
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3 CASE STUDIES

In this chapter, not only the relevant hydropower power projects funded by the European Commission  but also
other privately financed installations or those funded from other sources are included. Due to the relatively small
number of realised projects and the variety of technical approaches, this allows to show innovative solutions,
which have not been demonstrated in of the THERMIE projects, in particular direct coupled PME-generators
[Bard, 2000b]. In addition, not all THERMIE projects have been completed yet, so there are partially no detailed
monitoring results available. Table 3.1 shows all projects under investigation in this publication.

Table 3.1: Summary of case studies under investigation

# Project number

and location

Year of

installation

Hydraulic

machine

Generator

type

Power

[kw]

Page

THERMIE -Projects

1 HY/213/85/DE
Rottenburg (DE)

1991 double regulated
Kaplan

induction 2x520 20

2 HY/46/92/DE
Ingelfingen (DE)

1995 double regulated
runner regulated

Flender ATB Loher 2x358 23

3 HY/188/97/DE/LU
Katlenburg (DE)

2000 Francis induction 115 26

4 HY/188/97/DE/LU
Bettborn (LU)

1999 undershot
waterwheel

induction 12 30

5 HY/136/97/GB/DE
Windsor (UK)

2001
(planned)

Kaplan, Propeller induction 2x105 33

other projects
6 Hüfingen (DE) 1997 Francis PME-synchronous 18 36

7 Sionne (CH) 1996 Pump-turbine PME-synchronous 50 40

8 Waldenfels,

Rupboden (DE)

1996

1997

propeller Doubly-fed
induction

85

110

43
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3.1 THERMIE-Projects

3.1.1 Hydropower plant Rottenburg

Project number: HY-/213/85/DE

Project title: Water Power Station Rottenburg

Location: River Neckar, Rottenburg, Germany

Year of installation 1991/92

Coordinator: Stadtwerke Rottenburg, Siebenlidenstr. 19, 7407 Rottenburg

Contact: Dr.-Ing. A. Hutarew, Dr. Hurtarew & Partner, Wilhelmshöhe 15,                7530
Pforzheim

Figure 3.1: Bevel gear bulb turbine arrangement and picture of the site [Schirm, 1992]

Power: 2 � 520 kW

Design head: 5.2 m

Design flow: 2 � 12 m³/s

Turbines: 2 bevel-gear bulb turbines, Sulzer Hydro

Generators: 2 � 610 kW, induction generators, 8-pole, ABB

Frequency converter: 2 � 800 kVA, Thyristor controlled, ABB

Site history, hydrology

In the city of Rottenburg, hydropower and river control have a long tradition. In the 19th century, several wooden
weirs and water wheels had been installed. In 1903, the local authority of Rottenburg installed the first
hydroelectric power plant, as one of the first cities in the south of Germany. In the industrial area called “Beim
Preußischen” there were still a turbine and a water wheel in operation, when in the winter 1971/72 the weir was
damaged by ice. For many years, the problem of the damaged weir caused erosion along the bank and the
foundation of the railway bridge. The combination of a hydropower plant with the renovation of the weir seemed
to be very attractive. The low electricity feed tariff at that time made it difficult to find an economically feasible
solution for the site. In 1984, the first commercial concept was developed in combination with the solution of the
flood and erosion problems. In 1989, the construction work for a new hydro scheme started and the plant started
operation 1991 after 18 month of construction including two serious floods [Wagner, 1992].
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Hydraulic machine

For this first variable speed project ever, the initial strategy was to minimise the financial risk of the total project.
Therefore, it had been decided, to combine the double-regulated Kaplan turbines (bevel gear compact bulb
turbine) with variable speed operation. This would guarantee a high energy production, even if the VSO would
not lead to the expected performance improvements of 3-4 %.

The sophisticated software of the turbine manufacturer for the design and modelling of the turbine allowed to
calculate the characteristics of the turbine in the propeller mode (fixed runner blades). The following figure
shows the calculated hill chart. Based on this hill chart, performance and operating curves can be determined.

Figure 3.2: Hill chart of the turbine operating in the propeller mode (fixed runner blades) [Schirm, 1992]

In the hill chart, the operating curve along the maximum efficiency is shown (A) in comparison with the vertical
line, representing constant speed operation at constant head (B). Optimum operation along this line can be
achieved by using the guide vane opening for flow control and the speed control in order to match the actual
head. The theoretical maximum efficiency increase at part load is also shown (C). Finally, the possibility of
using higher speeds allows to handle higher flows. The operating range of the variable speed turbine is increased
(D).

Generator

Due to the integrated bevel gear, this turbine type can be equipped with reliable squirrel cage (short circuit rotor)
induction generators. Each generator has a rated power of 610 kW at 660 V. Generator and FC have both been
supplied by the same manufacturer, so a good electro-technical matching of the generator and FC in terms of
filters, losses etc can be expected.
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Frequency Converter

In order to reduce cost, a standard Thyristor controlled 4-quadrant frequency converter from industrial drive
applications has been selected. These converters, which are generally designed for induction motor applications,
allow to feed energy back to the grid. They have a high efficiency and are equipped with the necessary filters for
the reduction of the harmonics. For the given device, the efficiency at rated power equals 97 %. The frequency
variation which has been considered is about 45 to 60 Hz, which equals 90 to 120 % [Holder, 1992].

Control system

From the signals of two pressure sensors, the actual net head is calculated, taken losses from the trash rake, the
draft tube and other dynamic head losses into account. Net head and opening of the guide vanes lead to the actual
discharge through the turbine. From the H and Q values, the digital control interpolates the best speed from the
assumed characteristic, that has been programmed into the system. The operating curve has been calculated from
the hill chart.

Results
The operating range of the turbine could be exceeded from 20 to 105 % operating at fix speed, to 15 to 120 %
using the given speed variation. For the Rottenburg site, the described overspeed increases the annual electricity
production by 400 MWh, the expansion of the lower operating limit leads to another increase of 100 MWh.
Compared to the expected mean production of 6.1 GWh, this leads to an increase of 8.2 %. The losses in the
generator frequency converter system have been found to be in the range of 3 to 3.5 % operating at 50 Hz [EC,
1992]. Since no improvement of the hydraulic performance of a double regulated Kaplan turbine can be expected
when operating at variable speed, the electric losses lead to a reduced power output in the range of 2 to 4 %.
Consequently, the frequency converter is not used under normal flow conditions [Hutarew, 1992].

Additional tests have been performed to analyse and verify the expected turbine characteristic in the propeller
mode. Table 3.2 summarises the achieved results.

Table 3.2: System performance improvement in % by VSO, turbine operating in the propeller mode

power [kW]

head [m]

200 300 400 500

4.15 11 12 3.5 -
5.00 9 7 9.5 0
5.95 8 8 5.0 4.5

The results show clearly the increase of the system efficiency of a propeller turbine when operating at variable
speed compared to fixed speed operation with the generator directly connected to the grid (no frequency
converter). As one would expect, the increase disappears at rated power and head (design condition). At part
load conditions, total system efficiency improvements in the range of 10 % can be achieved.

For the combination of a double regulated Kaplan turbine with VSO, as it has been demonstrated in this project,
the feasibility of the additional investment and engineering cost is doubtful.
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3.1.2 Ingelfingen Small Hydroelectric Power Plant

Project number: HY-0046/92/DE

Project title: Sanierung der KWKA Ingelfingen mit 2 innovativ angeordneten ölfreien
Rohrturbinen, 1xKaplan drehzahlgeregelt, 1xPropeller frequenzgeregelt

Location: River Kocher, Ingelfingen, Germany

Year of installation 1995

Coordinator: Energieversorgung Schwaben AG (EVS), 88396 Biberach

Contact: Mr. Gerald Ittel, EVS

Figure 3.3: Innovative turbine arrangement for direct coupling of the generator [EC, 1996]

Power: 2�358 kW

Design head: 5.06 m

Design flow: 2�7.2 m³/s

Turbines: turbine 1: s-shape tubular, runner regulated, variable speed, Kössler Iberica

turbine 2: s-shape tubular, double reg. Kaplan, fix speed, Kössler Iberica

Generators: 2�400 kW, synchronous, 16-pole, Flender ATB Loher

Frequency
converter:

2�440 kVA, Thyristor controlled, Flender ATB Loher
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Site history, hydrology
Ingelfingen hydroelectric power station is sited at the river Kocher in Baden-Württemberg. It has a water
catchment area of 1 334 km2 at a mean discharge of 17 m3/sec. The hydropower station is designed for a flow of
Qa=14.4 m3/sec at a head of 6.06 m. The previous installation was equipped with 3 identical twin open-flume
Francis turbines with horizontal shafts directly coupled to the synchronous generators. The machines were
installed in 1921 and it was no longer economically viable to redevelop them. The power station building is an
historic building worthy of preservation, so building a new power station was never an option. This meant that
turbines had to be selected which could be installed in the existing building structure avoiding extensive
reconstruction works or change in the appearance of the powerhouse. Therefore, the old turbines were replaced
by 2 innovative Kaplan tubular turbines rotated in their position by 180°. The expected electricity production in
an average year was 4000 MWh.

Hydraulic machine
The 2 S-tubular turbines are designed for the same hydraulic conditions and have the same design parameters.

Qnom    = 7.2 m3/sec
Qmax    = 7.7 m3/sec
Pel       = 358 kW
Pmax el  = 378 kW

Turbine n° 2 is a double regulated Kaplan with 4 –bladed runner. All moving parts of the runner were
constructed of stainless steel. Turbine n°1 is equipped with the same adjustable runner as turbine n°2, but with
without guide vane adjustment. A fixed runner (propeller turbine) was initially envisaged for turbine n°1, but
when the turbine was dimensioned more precisely, it appeared that the reduction of the overall system efficiency
would not be compensated by the variable speed operation. It was therefore decided to reverse the design and
implement fixed guide vanes and an adjustable runner. Significantly better results were expected with this
arrangement. On this turbine the guide vane opening angle was fixed at the point of maximum efficiency, since it
should be operated at a constant discharge. Consequently, the speed variation of the turbine could only be used
to change the speed in accordance with the head variations, that occur from a changing downstream level at high
flow conditions.

Generator
The two identical synchronous generators are directly coupled to the turbine shaft (Figure 3.3), in order to avoid
mechanical speed increasing. The higher cost of the generator could be justified by the avoided investment cost
for a gearbox and reduced maintenance cost for the drive train. The rated speed of the 16-pole generators is
375 rpm.

Load [%] 100 75 50 25 15

Efficiency [%] 94.6 95.0 94.7 91.7 87.0

Frequency Converter
A Thyristor controlled 4-quadrant frequency converter is chosen from a development for industrial power drive
applications. The efficiency at rated power equals 96.4 %. The speed variation which has been tested was about
340 to 400 rpm, which equals � 10 %.

Control system
For water volumes greater than 7.2 m3/sec, turbine n°1 is initially operated at a constant discharge of 7.2 m3/sec,
while turbine n°2 works off the remaining flow. If the volume of water drops below 7.0 m3/sec, turbine n°1 stops
and turbine n°2 starts up, using the remaining discharge between approximately 1.4 and 7 m3/sec. The turbines
are operated at given maximum efficiency curve depending on the actual net head. Turbine n°2 is operated
conventionally like a double-regulated Kaplan turbine with water level control.

Results
The design and construction of the double-regulated tubular turbine n°2 exceeded the target. Both discharge
capacity and power are beyond expectations, despite the head of water being reduced by the trash rake.
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The single regulated turbine operating at variable speed could not meet the expected results. The nominal power
remained around 25 kW below the design data. In addition, a different frequency converter had to be applied due
to new regulations for grid connection, which caused higher losses than expected.

From the hydraulic point of view, the variable speed operation of a runner regulated turbine can only be used to
compensate the head variations that occur at the weir with changing discharge. This means  consequently
increasing speed with head (and verse vice). Axial turbines do on the other hand increase the flow with the speed
as well. This leads to a contradiction in the control strategy, since high heads and low discharge are correlated.
The test results at Ingelfingen showed, that a higher power output of the turbine could be achieved by increasing
the speed and consequently flow for decreased heads compared to the speed variation that follows the best
performance curve. But for higher speeds at lower heads the turbine is far off the design point. This reduced the
surplus power below the electric losses coming from the frequency converter operation. In November 1996, it
was finally decided, that turbine n°1 should only operate at fixed speed and the frequency converter was not used
anymore.
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3.1.3 Hydropower plant Katlenburg

Project number: HY/188/97/DE/LU

Project title: Variable speed technology for low head hydropower systems

Location: River Ruhme, Katlenburg (Harz), Germany

Year of installation 2000

Coordinator: Kassel University (GhK), IEE REW, Prof. Dr-Ing. J. Schmid

Contact: J. Bard, ISET, Kassel

Figure 3.4: Sketch of vertical axis Francis turbine arrangement

Figure 3.5: picture of the site

Power: 105 kW

Design head: 3.2 m

Design flow: 4.5m³/s

Turbine: Francis turbine, Voith

Generator: 115kW, induction, 8-pole, Siemens-Schuckert

Frequency
converter:

132 kVA, IGBT controlled, Struckmeier
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Site history, hydrology

The site at the river Rhume in Katlenburg equipped with a 105 kW vertical axis Francis-turbine was run by the
local electricity board Energie-Aktiengesellschaft-Mitteldeutschland (EAM) until 1999, and is now owned by the
local company Marquardt. The plant was built in 1909 in the lower part of a power canal of 1200 m length. In
1954, the plant has been renovated and equipped with a new generator and gearbox.

Figure 3.6: head and flow duration curve of the river Rhume

Due to a strong fountain, the flow duration curve of the river Rhume is very flat, which means, the variation of
flow is very small. According to the available gauche data, for more than 170 days a year (exceedance 46%), one
can find the design flow of 4,5 m³/s (Figure 3.6). So, the actual installation would have a medium load factor.
Based on simple assumptions, a head duration curve has been assumed.

Hydraulic machine

For the Francis, manufactured by Voith in 1908, no detailed data or a hill chart are available. From the specific
speed of the turbine of about 60, it can be assumed from hill charts of similar turbines, that there is no strong
effect of  flow variation with speed. For high speeds, a reduction of the flow is likely, for low speeds a slight
increase can be expected.

Figure 3.7 Generator on the test stand (left) and effect of the filter on the voltage increase in the generator
cable (right)
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Generator
In the framework of the project, the existing 8-pole induction generator should be used in order to see clearly the
improvements from the VSO. A special filter had to be designed in order to use it with a frequency converter.
The high voltage changes dV/dt which are caused by the IGBT switches induce very high voltages in the
generator windings. The new filter reduced dV/dt to about 500 V/ms (Figure 3.7 right).

Frequency Converter

For the operation of an induction generator as they are normally used in SHP applications with a rated power
below 1 MW, modern IGBT-controlled frequency converters from industrial applications can be used. They
allow to feed electricity into the grid with a good quality, are series manufactured and have high efficiencies.
From the results of a call for tender, where 8 suppliers offered suitable products, the cheapest standard industrial
product has been chosen.  shows the determined efficiencies of the frequency converter and the generator at
different speeds.

Figure 3.8: Measured efficiencies of frequency converter and induction generator at different speeds and
with direct grid connection.

Control system

At the beginning of the project, it was not considered to replace the mechanical headwater control system.
Accordingly, a strategy had been developed in order to vary speed continuously with a change of the guide-vane
angle or the head, as determined by the monitoring system. Due to general problems with the operational safety
of the plant, the owner decided to install a new digital control system. The speed control was then included in the
software of the control. A table is used to control the turbine speed depending on the guide-vane opening and the
actual head. The monitoring system is a separate hardware. With the new hydraulic system and the more
accurate operation control in combination with the refurbishment of the turbine and the excavation of the power
channel, the power output could be increased by 15 %.

The monitoring data will be used to optimise the turbine operation over the complete hydraulic range, whenever
a change is necessary. Remote access to the data logger and the digital control allows to change parameters in
accordance with the monitoring results from a PC without visiting the site. Information on any problem or
malfunction is automatically transmitted by telephone network. In case the FC fails or the generator overheats,
the FC is switched of, and an electric bypass is used to directly couple the generator to the grid and operate the
plant with constant speed. The principle design of the whole control and monitoring system is shown in Figure
3.9.
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Figure 3.9: Principle configuration of control and monitoring system

Results
After the turbine refurbishment, installation of a new hydraulic system and a new digital control system, the
plant went into operation in spring 2000. During April 2000, the head changed continuously.  Starting from
2.3 m after high flow condition, the head increased with reduced flow in the river up to 3.9 m. During the plant
refurbishment, the power canal has been excavated and does now have a much bigger cross section, than at he
beginning of the project. The result is, that the turbine is continuously operating with fully open guide vanes.
Therefore, no efficiency variation by flow can be achieved.
On the other hand, the strong head variation from 70 to 120 % of the design head could significantly drop the
turbine efficiency. The theoretically corresponding speed variation is shown in Figure 3.10. From 2.3 m with a
corresponding speed of 650 rpm, the speed will be increased to 850 rpm at 3.9 m head. This curve will be used in
order to optimise VSO over the head variation. It can be expected, that the lower operating range will be
improved in such a way, that it is not necessary anymore, to switch of the turbine at very high flows. Monitoring
will be completed in March 2001.

Figure 3.10: power vs head for full guide vane opening
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3.1.4 Waterwheel Bettborn

Project number: HY/188/97/DE/LU

Project title: Variable speed technology for low head hydropower systems

Location: Bettborn, Luxemburg

Year of installation 1999

Coordinator: Kassel University (GhK), IEE REW, Prof. Dr-Ing. J. Schmid

Contact: Mr. Klaus Sommerkorn, Hydrowatt, Karlsruhe

Figure 3.11: Zuppinger water wheel in Bettborn, Luxemburg

Power: 12 kW

Design head: 2.4 m

Design flow: 0.8 m³/s

Hydraulic machine: undershot waterwheel, Zuppinger type

Generator: 15 kW, induction, 4-pole, ABB

Frequency
converter:

22 kVA, IGBT controlled, Struckmeier
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Site history, hydrology

The site of the water wheel is Bettborn in Luxembourg. The plant is run by the local authority. The installation
of the new water wheel itself was also funded by the European Commission in the THERMIE project HY 160/95
LU/DE. Together with a new public building for community activities, a channel has been build to create a
ahead of about 2.4 m using water from a small stream nearby. The waterworks are integrated in a new recreation
park. In this context, the installation of the waterwheel is not mainly motivated by economic but also
demonstration and environmental education purposes for the public.

Hydraulic machine

Water wheels are the oldest type of hydropower converters. A large number of sites have been closed at the
beginning of the century when electricity was used to power mills and hammer-works. Most of these sites are
still existing today, the weirs are used for river control. Modern water wheels have efficiencies of almost 70%
and are a very attractive alternative to turbines if expensive civil works for intake and flume can be
avoided.Water wheels like the Zuppinger-type are designed for a special intake geometry and head. The design
is a compromise between inflow conditions and reduction of rotational flow where the blades move out of the
water at the back side of the wheel. For small sites below 50 kW a flow duration curve is normally not available.
So, the optimisation of  the design is very difficult. In practical operation the only way to optimise the
performance after the installation is to try different diameters of the pulley, which is an expensive and rather
rough way. Optimisation for one flow and head condition leads to higher losses for different conditions. In
addition, undershot water wheels with fixed weirs do not allow any water level control.

A solution for the wider use of water wheels is the combination of variable speed operation and a movable weir
as it has been installed at Bettborn. The weir allows to control the water level by flow variation and the variable
speed to get the maximum energy output for different head and flow conditions. An overriding control system
allows to optimise position of the weir and speed of the water wheel. Whereas it is almost impossible to optimise
a water wheel hydraulically by theoretical calculations, the variation of these parameters allows to find the
maximum energy output experimentally. In trying a wide range of different flow and head situations with
different parameters, a characteristic diagram can be determined. According to the analysis of the power curve
for constant speed and variable speed operation form an earlier project with an overshot waterwheel,  the annual
energy output of the plant is expected to be increased from 32500 kWh at constant speed to almost 40000 kWh
for variable speed operation.

Figure 3.12: Drive train concept for the Zuppinger waterwheel installation at Bettborn

Generator
The drive train of the waterwheel as shown in Figure 3.11 is installed as counter weight of the wooden
waterwheel itself. This improves the handling of the machine during installation and reduces the loads on the
main bearing. A combination of a planetary gearbox and a belt driving the induction generator leads to a
compact and robust solution. The belt reduces torque peaks which could occur. A standard 4-pole squirrel cage
induction generator can be used in this drive train concept.
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Frequency Converter

For the VSO of the induction generator a modern IGBT-controlled frequency converter from industrial
applications is used. The operation and functional specifications such as operating range etc. have been tested in
the laboratory in the framework of this project. At lower speeds, there have been problems with the simple
control of the rectifier. This could later be solved with a control software update by the FC manufacturer.

Control system

In case of a new installation, the cheapest and most reliable way of monitoring a site is to use the digital control
system, where most of the data relevant for monitoring are used for the automatic control anyway. In order to
allow remote access to the control via modem and to download data from the PLC, the software of the existing
control system had to be modified. The original concept was to add specialised monitoring components to the
control system. More detailed investigations have finally shown, that software modifications in the existing
digital control are sufficient. After some technical problems with the electric installation, the system is operating
to monitor data. It is planned to collect data from constant speed operation in order to identify hydraulic
conditions at the site to prepare the programming for automated variable speed operation. The main parameter
for speed control will be the water level and position of the hydraulic intake gate.

Figure 3.13: Principle system configuration and control design

Results
Since automated VSO has not yet been implemented, only some rough results from first onsite tests are
available. They show, that the power increase that can be achieved by VSO of an undershot waterwheel is not as
high as for overshot waterwheels as it has been tested in a different project [Sommerkorn, 1997]. Due to a very
low flow at the Bettborn site over a long period, the FC has been used to test the effect of speed variation in
about 10 other waterwheel installations. The main results of these tests are, that it is not really necessary to
install a FC in the majority of sites. For high flow conditions, it is sufficient to have an option for a 2nd higher
speed by using a pole-switchable generator. The extra cost for this generator is very small compared to a FC and
the energy improvement is still significant compared to constant speed operation. For the low speeds and
corresponding high torques, it is unlikely that direct coupled generators can be competitive in comparison with
serious production components as they are used in this project.
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3.1.5 Hydropower installation for Windsor Castle

Project number: HY/136/97/GB/DE

Project title: Variable speed ultra low head hydropower installation for Windsor Castle

Location: River Thames, Windsor, UK

Year of installation 2001 (planned)

Coordinator: ITPower LTD, Eversley, UK

Contact: Mr. Oliver Paish, ITPower

Figure 3.14: Romney weir, river Thames, United Kingdom

Figure 3.15: drawing of the weir

planing status (6/2000):

Power: 2 x 105 kW

Design head: 1.8  m

Design flow: 18 m³/s

Turbine: turbine1: single regulated Kaplan, fix speed
turbine 2: unregulated propeller

Generator: not yet specified

Frequency
converter:

not yet specified
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Site history, hydrology and concept

The aim of the project is the installation of a low head hydro power plant for Windsor Castle in the UK.  The
system will be installed on Romney Weir on the River Thames. This will be the first such installation on the
Thames, and there are expected to be further opportunities on the 44 Thames weirs. Romney Weir at Windsor
has a nominal gross head of 2.01 m and long-term average flow of 38.5 m³/s. The summer minimum flow is
around 12 m³/s.

Developed and operated by the Royal Household, the plant would provide 200kW of electrical power for
Windsor Castle, generating 1.3 million units of electricity to be consumed within the Castle, so offsetting power
otherwise imported from the grid. The scheme would save 1000 tonnes of CO2 per year, emitted from UK fossil-
fuel power stations. The Household had initially looked at converting the old pumphouse adjacent to Romney
lock for power generation, but the cost and reduced levels of power available made it an unattractive option.

The proposed hydro-electric scheme would incorporate one hydro-turbine in each of the two weir bays on the
southern end of Romney Weir. The weir has 10 such bays, depicted in the photos, and would therefore lose 20%
of its maximum discharge capacity in high flow conditions. Extra spillway capacity will therefore need to be
provided to compensate for this loss of capacity in flood conditions.

The installation would use two propeller-type turbines mounted in a siphon arrangement. In this layout, each
turbine is located above the upstream water level. The turbine is started by a vacuum pump which primes the
siphon. Shut-down is achieved simply by breaking the siphon. In this way, there is no need for an inlet gate to
start and stop the flow. This arrangement uses only the existing foundations of the weir so keeping in-river works
to a minimum. This would be the first such system in the UK. The scheme will use 2 unregulated propeller
turbines both with a nominal rating of approximately 105 kW; one running at a fixed.speed and full flow, the
second identical turbine running at variable speed, variable flow. It is hoped that the combination will achieve
the same part-flow efficiency as an equivalent double-regulated Kaplan.

Figure 1 illustrates the relationship between head and flow at Romney Weir. The head difference is between 2.0
and 2.1m at low flows, but as flow increases, the head falls away almost linearly due to the rising tailwater,
reaching a plateau at 0.7m (when the headwater starts to rise as well). The fall in head is one of the key reasons
why variable-speed operation is believed to be an advantage for this site.

Figure 3.16:  Romney Weir : Head vs Flow, Oct 94 - Sept 96 [ITPower, 2000]
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Figure 3.16 shows the long-term flow duration curve (FDC) for the Thames at Windsor. Inferred from this is the
long-term head duration curve.

Figure 3.17:  Long-term flow and head duration curves at Romney Weir (1978-1996)

Figure 3.18: Turbine Head, Flow, and Power based on long-term flow data (1978-1996)
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3.2 Other projects

3.2.1 Hüfingen

Project title: Getriebelose drehzahlveränderliche Kleinwasserkraftanlage mit Francis-
Schachtturbine und Synchrongenerator

Location: River Breg, Steiner Säge, Hüfingen, Germany

Year of installation 1994

Funding: Stiftung Energieforschung Baden-Württemberg

Contact: ETI, Universität Karlsruhe; Gesellschaft f. dezentrale Energieanlagen mbH (GEDEA)

Figure 3.19: Schematic of the turbine and electrical concept [Köhler, 1997]

Power: 18 kW

Design head: 1.0 m

Design flow: 2,9 m³/s

Turbine: vertical axis Francis turbine (Ruch, today Wiegert&Bähr)

Generator: 22 kW, direct coupled PME generator (42 rpm), Bartholdi Switzerland

Frequency
converter:

customised MOSFET FC, Studer Solartechnik (SST)

Site history, hydrology

The old saw mill site had been abandoned in 1948. After the plant was bought from the company GEDEA,
which is specialised in operating renewable energy plants such as wind energy converters, biogas plants and SHP
plants, it was refurbished in 1994. The old power house and the turbine could be preserved, but a new gearbox
and induction generator had been installed. In 1996 when problems with the gearbox occurred, the site had been
chosen for a research project of the Elektrotechnisches Institut (ETI) of Kassel University funded by the Stiftung
Energieforschung Baden-Württemberg, a fund mainly from the regional electricity boards. The idea was to
replace the gearbox and induction generator by a direct coupled PME generator and to operate the turbine at
variable speed in order to maximise the energy yield.
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The site is installed in a power canal parallel to the river Breg. The turbine is designed for 30 exceedance days,
the minimum discharge is still 25% of the design flow. The gross head changes only between 0,99 and 1,16 m.

Hydraulic machine

The Francis turbine was build in 1948 by Ruch (today Wiegert& Bähr) in a typical vertical axis arrangement.
With a rated speed of 44 rpm at 1.03 m head and a discharge of 2.4 m³/s, the turbine has a mean specific speed of
67. The variation of discharge with speed for this specific speed is very low. At best point, the turbine
performance is 77 %, which is typical for this kind of installation. From hydraulic theory, an improvement of the
turbine efficiency can be expected for off-design points by reducing the speed in accordance with flow. No hill
chart was available for the turbine.

Generator

Based on the research on electric machines and inverter technology, the ETI decided to develop a new FC and a
PME-generator for the VSO of a small hydro turbine. Direct coupled generators with low rated speeds and
consequently high pole numbers had usually been separate excited. The disadvantage are high excitation losses
in the rotor and a lower efficiency of the generator. This problem can be solved by using permanent magnets for
the excitation. In particular new developed rare-earth materials (here: Sm2Co17) allow higher energy densities.
The only manufacturer that could be found to produce this type of generator was the Swiss company Bartholdi,
based on the long experience with separate excited multi-pole synchronous generators. The main design
parameters of the generator are listed in Table 3.3.

Table 3.3: main generator design parameters

rated power [kVA] 22 rated speed [rpm] 42
rated torque [Nm] 5000 rated frequency [Hz] 21
power factor [cos �] 1,0 weight [t]  3,2

The direct coupled PME generator itself leads to a much better system performance over a wide operating range
than the conventional system with a gearbox and an induction generator. The following table shows efficiency
curves for both versions, not taking the FC into account.

Figure 3.20: Power train performance of the existing ASG plus gearbox compared to new direct coupled
PME generator [Köhler, 1997]
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Frequency converter

The development of new FC was one of the main reasons for this research project. Using modern IGBT-modules
for both inverters are self commutated pulse controlled Ac converters. In order to reduce negative effects on the
grid or the generator filters have been designed for input and output. On the generator side a dV/dt-filter is used
to reduce this value from 5000 V/µs to 750 V/µs, on the line side, the ripple of the current is reduced. The
efficiency of this FC exceeds 90 % from 10 % of rated power on. The maximum efficiency is 96.5 %. With a
rated frequency of the generator of only 21 Hz, the FC is also used as an electronic speed increaser. For the given
site, the pole number of the generator could be optimised. This is in general another free parameter for VSO. The
complexity of the optimisation of the total system shows, how helpful adequate simulation tools for the hydraulic
and electric components could be.

Control
A typical problem for the optimisation of the control of old SHP plants are the missing hydraulic data e.g. hill
charts of the turbine. The conventional approach of using curves for the best combination of guide vane and rotor
blade angle or speed can only be used, if these data are available. One option is to try and measure these curves
onsite. These measurements can never cover a wide hydraulic range and separate changes in flow or head cannot
be taken into account.

Besides self-optimising control strategies based on neural networks, that ‘learn’ the best performance curve, a
maximum-power-tracking algorithm can be applied. This algorithm is always searching for the best combination
of parameters, in this case the optimal speed for the actual head and flow. In the framework of this project, such
a control strategy has been developed and applied to the SHP plant. During the operation of the turbine, this
algorithm reduced the speed from about 50 rpm at full guide vane opening to 15 rpm at 60 % opening. The
monitoring results show, that this strategy leads to a significant improvement of the system performance.

Results
A theoretical analyse in combination with the monitoring result gave the following hill chart (Figure 3.21) with
the operating curves of the turbine for variable speed and constant speed.

Figure 3.21: Operating curve of the Francis turbine for constant speed (dashed line) and VSO [Köhler,
1998]

Figure 3.21 shows clearly, how the operating points at VSO move to a lower speed for lower discharge. For the
same discharge, a higher efficiency can be expected. The efficiency curves which have been derived from a
theoretical model show, that there is no strong effect close to the design point, but for part load, the efficiency
increase is significant. The SHP Hüfingen has a very low load factor (30 exceedance days), so that a significant
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increase of the total energy production can be expected. Figure 3.22 shows the effect of the VSO on the
efficiency curve of the turbine.

Figure 3.22: Efficiency curves of the Francis turbine for constant and variable speed [Köhler, 1998].

Taking into account the head and flow duration curve of the site, the following results could be achieved during
the first year of operation. From the monitoring data, the annul mean system performance has been calculated.
The turbine efficiency increased from 68 to 72.5 %. The total system performance, where the new generator
dominates the increase, could be raised from 57 % for the old plant (constant speed, gearbox) to 64.5 % for the
new system. The relative increase of the system performance, which is equal to the increase of electricity
production, was 13 %. Half of this increase was achieved from the new generator, the other half from the VSO of
the turbine.

Since this project was research project, all objectives could be achieved. From a commercial point of view, the
engineering and manufacturing cost of the project cannot justify the increase of electricity production. But the
results can be extrapolated to SHP plants with a much higher power, where significantly lower specific cost can
be achieved. The direct coupling of PME-generators is much cheaper for modern propeller turbines, which
operate at much higher speeds. The technical feasibility has been demonstrated with this project. Innovative
ideas like the new control algorithm and the use of the FC for electronic speed increasing can be used for new
VSO projects. It will be a matter of overall design and cost reduction to introduce this technologies into the
market.
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3.2.2 Energy recovery from drinking water installations

Project title: Neue Umrichtertechnologie für erneuerbare Energiequellen am Beispiel von
Kleinwasserkraftwerken

Location: Drinking water network, City of Sion, Switzerland

Year of installation 1995

Funding: Bundesamt für Energiewirtschaft/Office fédéral de l’énergie

Contact: Prof. Hans Peter Biner, Ingenieurschule Wallis, Sion

Figure 3.23: principle hydraulic and electrical design [Biner, 1996]

Power: 60 kW

Design head: equivalent of 100 m net head (10 bar pressure reduction)

Design flow: 70 l/s (flow regulation from 50 to 80 l/s)

Turbine: pump operating in turbine mode (Sulzer HT-ZA 100-3250)

Generator: customised SG, Bartholdy

Frequency
converter:

customised MOSFET FC, Studer Solartechnik (SST)

Site history, hydrology

In Switzerland, the exploitation of the hydropower potential from pressure reduction in all kinds of water
networks e.g. for drinking water, irrigation, waste water and so on has lead to a large number of projects. In the
drinking water supply network of the city of Sion, a turbine has been installed in 1995. Unlike many other such
installations, there was no 2nd lower reservoir. In order to provide a constant pressure at the outlet of the turbine,
the water authorities therefore decided to operate the turbine with variable speed. This decision was also based
on the fact, that the School of engineering of Wallis in Sion was looking for an application for a new type of
inverter. A cheap, unregulated pump, operating as turbine has been chosen to control the pressure in the water
network by means of electronic speed variation. Through the direct coupled synchronous generator and the
frequency converter the electric energy is fed to local grid. In the first year of operation from end of 1995 to the
end of 1996, the SHP plant produced 150 MWh of electricity which equals about 3000 full load hours.
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Hydraulic machine

In many water networks in the alpine areas of Switzerland, the water which has been collected higher up the
mountains, is fed into a reservoir close to the water supply network down in the valley. In this case, a Pelton-
turbine can be used in order to exploit the energy potential. A second technical solution is that the pressure is
controlled through the network itself or by the reservoir water level. In this case, a pump operating as turbine can
be applied. In both cases, the speed of the turbine can be constant. The turbine is in this case controlled by the
water discharge in the network.

In the majority of networks, the pressure in the pipe coming from the reservoir is controlled by a valve. Only a
Kaplan or a Francis can be used for this kind of pressure control. In principle, the control can be achieved by
guide vane regulation, runner regulation or speed regulation.

Due to the small power range and diameter of the turbine, a guide vane regulation is expensive and normally not
provided by turbine manufacturers. The only feasible mechanical solutions is the runner regulation. Due to the
developments in power electronics and the decreasing cost, the speed control is of increasing interest. It allowed
in this case the use of an unregulated cheap and robust pump for applications in the petrochemical industry. The
technical specifications are given in the following table. In order to avoid water supply problems in case of a
malfunction of the turbine, a hydraulic bypass was installed as shown in the figure.

Table 3.4: technical parameters of the pump-turbine

type of pump-turbine Sulzer HT-ZA 100-3250
range of discharge [l/s] 50 - 80
speed range [rpm] 1800 - 4300
net head [m] 80 -110
efficiency at design point [%] 79 (at 70 l/s)

Figure 3.24: Hydraulic characteristics of penstock and turbine [Biner, 1996]
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Generator

Due to the hydraulic characteristics of the penstock and the turbine, the increase of the discharge from 50 l/s to
80 l/s leads to a decrease of the net head from 100 to 85 m and of the speed from 4200 to 1900 rpm, while the
mechanical power is increasing from 10 to 55 kW (Figure 3.24). This means, that the highest power is produced
at the lowest speed of the turbine and consequently of the generator. The PME-generator which had been
designed for the project could not handle the high torque at the low speed due to cooling problems. Therefore, a
new synchronous generator with rotating rectifier has been supplied by the Swiss company Bartholdi.

Frequency converter

The FC is a development from the Engineering school of Biehl. The design was developed to allow for different
renewable energy sources. Therefore, the following criteria were developed and verified with the developed
hardware:

� high input voltage range: 100 – 750 V
� applicable for small hydro, wind and photovoltaic generators
� high efficiency, cost efficient
� very small harmonic distortion
� flexible control (maximum power tracking or pressure control)

The realised hardware is based on MOSFET transistors which are controlled by pulse-width-modulation (PWM).
Input and output filters reduce ripple and other enharmonic effects of the switching. Even at part load a power
factor equal 1 can be achieved. The high quality of the current allowed to directly fed into the low tension grid.
In order to detect mains faults, a specialised detection unit has been developed, which is also used for other
applications. The power electronic devices are water cooled consuming a maximum of 5 l/s of the drinking water
at rated power. In order to avoid pressure peaks when the grid fails and the turbine would speed to run-away
speed, a power resistor has been installed parallel to the FC. In case of disconnection from grid, the electric
energy will be dissipated in resistor and the speed of the turbine is limited within in the normal operating range.

Control

In the first version of the control strategy, the relevant parameter for the control of the turbine was the discharge
in accordance with the water level in the reservoir. Due to the rapid changes in the consumption, the pressure
changed between 2 and 4.5 bar. Finally it was decided to operate the turbine in combination with another valve
in order to maintain a pressure between 2.5 and 3.3 bar. Consequently, the turbine is switched on, when

� the maximum water level in the reservoir is exceeded
� a flow of 50 l/s is in the bypass off the turbine is exceeded
� when electricity production is required to reduce load peaks in the electric grid

The turbine is switched of, when the minimum water level in the reservoir is reached or the pressure in the
penstock does not stay within the limits of 1.5 to 5 bar.

Results

The performance of the system has been tested and monitored automatically. The maximum efficiency of the
turbine is 79 %, of the generator 95 % and of the FC 96 %. In total, the theoretical maximum system
performance would be 72 %. The highest value that could be found was 71 %. The average system performance
could be determined between 68 and 69 %. Due to the reduced operating range with the new control strategy
(see control section), the plant could only produce 150 MWh in the first year of operation, instead of the
expected production of 300 MWh, which equally about 6000 full load hours. With an optimised control, an
energy yield of 200 MWh is expected for an average year.

In accordance with the limited operating range of the pump-turbine, the pressure and flow control by the turbine
had to be limited. An extra valve became necessary and more water needs to be bypassed along the turbine. This
complicated the overall design and control strategy. Based on the experience of this project, it is planned to
develop a new integrated system using a turbine with a direct coupled PME generator and a valve. Operating at
variable speed, this system could offer a feasible way for pressure reduction in many water network applications.
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3.2.3 Small hydropower plant Rupboden

Project title: Development of a variable speed propeller turbine

Location: River Sinn, Rupboden, Germany

Year of installation 1997

Funding: commercial development by Fella Anlagenbau, Amorbach in cooperation with the
Hydraulic Institute IHS at Stuttgart University (Prof. Göde)

Contact: G. Fella, Amorbach; Prof. E. Göde, IHS, Stuttgart University

Figure 3.25: Powerhouse (left) and turbine-generator arrangement (right) [Fella, 1997]

Power: 100 kW

Design head: 6 m

Design flow: 2.1 m³/s

Turbine: new propeller turbine, Fella Anlagenbau

Generator: direct coupled doubly fed induction generator (500 rpm), Oswald

Frequency
converter:

SIMOVERT, industrial FC, Siemens

Site history and hydrology

In 1994, the company Fella Anlagenbau GmbH started with the development of a variable speed propeller
turbine in the framework of the refurbishment of the SHP plant Waldenfels, operated by the local authority of
City of Bad Brückenau. In 1996, the new turbine has been commissioned. At 5 m head the turbine produces
85 kW electricity from a discharge of 2.1 m³/s [Fella, 1998]. The plant has been designed for 300.000 MWh,
which equals about 3500 full load hours. Based on the experience in this project, a completely new power house
and machinery has been installed at a site in Rupboden, operated by the forest authority Fürstlich Salm-



44

Horstmar’sche Forstverwaltung. Together with the new power house attached to a private house, a new power
channel and civil works have been necessary, but this allowed to realise a complete new turbine arrangement.
The site has been designed for 4400 full load hours.

Hydraulic machine

In cooperation with the Institute for Hydraulic Machines (IHS, Prof. Göde) at Stuttgart University, a new
propeller turbine has been developed. In order to reduce investment and maintenance cost, the mechanical
double regulation was replaced by electronic speed regulation. In particular, the turbine should have no runner
regulation in order to simplify and improve the runner blades. To allow control of the discharge and to maintain
the water level, a guide vane regulation has been considered. A runner has been designed with 4 blades, allowing
milling of a single casted piece. With this design, the typical gap between blade and shaft of a Kaplan runner can
be avoided. This improves the efficiency and reduces soiling and other negative effects. For the finish, a CAD-
file calculated by the finite-element software from IHS , was used to control the CNC-machine. That means, the
turbine runner has directly been manufactured from results of the computer calculations without any
intermediate step. Pressure distribution and currents have been calculated for design and off-design conditions.

Generator

For the given concept, a speed variation in the range of � 30 %. This speed range can be achieved by using a
doubly fed induction generator in combination with a small FC, that has a rated power of only 30 % of the
generator. Compared to a squirrel cage induction generator, where the total electric power needs to be converted,
the losses in the FC can be reduced. It has also been decided to use a direct coupled generator without a
mechanical speed increaser. The new turbine concept allowed to have a speed of 500 rpm at design condition.
The generator is equipped with 12 poles. Internal water cooling has been installed in order to make use of the
dissipated heat for heating the house in the close vicinity of the power house. The generator has been designed
and manufactured by the company Oswald, a regional manufacturer.

Frequency converter

Together with the with DFG, a standard 4-quadrant FC from industrial applications can be used. The power can
be much smaller than the rated power of the generator. The relatively high pole number leads to a low power
factor and high currents for the compensation of the generator. These currents dominate the design of the FC.
Initially, there have been problems in the FC operation, but these could be solved throughout the project.

Results

For this project no detailed monitoring was foreseen. The customised generator in combination with a new
developed turbine does not allow calculation of the system efficiencies. Neither the turbine nor the generator
have ever been tested separately. After some operating experience, the performance of the system was
determined at some operating points for VSO as well as with direct grid connection of the generator. At VSO,
the energy production could only be improved for very high flows. The unexpected high losses in the VSO
cannot be explained yet. For future developments, model tests will be performed for the turbine and a more
reliable generator -FC-concept will be used.
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3.3 Summary of technical results
Variable speed operation has been demonstrated and tested in 15 SHP projects through out Europe since 1991.
Different converter and generator concepts have been developed and installed in a power range from some kW
up to more than 1 MW. The most common hydraulic machines such as single - and double-regulated Kaplan,
propeller and Francis turbine as well as over- and undershot waterwheels are operated at variable speed in the
framework of these projects. VSO of other turbine types including cross-flow and unregulated turbines is under
preparation.

In 11 projects, induction generators have been used in combination with a FC from industrial drive applications.
Only two projects have been realised with a special development of a frequency converter as an application for a
new design in combination with a PME generator. These projects have been most successful from a technical
point of view, but they have more the character of research than of demonstration. There is still no commercial
concept available on the market, which can be applied for different sites and turbine technologies.

In all projects, the frequency converter and generator have successfully been operated. From the point of electric
engineering, there are no major problems reported. VSO is reliable and safe. The frequency converter has not
caused significant operating problems or shut downs, although, this is a very complex device. But this result is
not surprising, if the number of installed FC units in industry is considered. The same situation can be found in
wind energy. The technical availability of WECs is very high (>98 %), also for variable speed installations.
Suitable induction generators are available on the market from standard industry components at the lower power
end (100 kW) and at the higher power end (�600 kW) from wind industry. So far, no VS system from wind
energy developments has been used for a hydropower installation.

The main effects of VSO on the performance of hydraulic machines are:

� extended operating range (lower minimum flow, higher maximum flow)

� higher efficiency for off-design and part load condition of unregulated turbines

In addition, the installation of a frequency converter has the following advantages:

� reactive power compensation

� soft grid connection and shut down

� reduction of dynamic hydraulic effects and loads on the drivetrain

The efficiency of FCs can be found in the range of 95 to 97 %, depending on the rated power. From a power
output of 15 % of rated power on, the efficiency exceeds 90 %. The use of machine side filters reduces
additional losses in the generator and voltage peaks in the windings. At part load and lower speed, FC-operation
can improve the efficiency of an ASG in such a way, that the FC losses become constant over a wide operating
range. Line side filters are necessary to reduce harmonic distortion, but allow for a direct connection to the low
tension grid. Other features like stand alone operation and active filtering, which can be realised by FCs, have
not yet been used in SHP projects.

The combination of direct coupled PME generators with high pole numbers and FCs, leads to the highest
conversion efficiencies at full power and especially at part load. Avoiding a mechanical speed increaser reduces
also the maintenance cost and other problems like vibrations and noise. But, suitable PME generators are not
commercially available yet, especially with high pole numbers and a high power range.

For the control of a variable speed turbine, the same strategies are applied as for constant speed installations.
Either, an operating curve is calculated or determined on site, or a self-optimising control is used to achieve best
performance for any hydraulic condition. The optimisation of the VS-control is in general difficult. Only the
electric power output can be measured exactly. Head and flow are changing continuously. The influence of the
hydrological parameters can only be analysed, if detailed and accurate site monitoring is possible. Even then, it
is hardly possible to prove a performance increase of as little as 5 % for an average year.
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3.4 Economic analysis
It is not possible to give a simple answer to the question: Does variable speed operation pay in small
hydropower applications? For the evaluation of the economic feasibility of variable speed technology, the cost
and electricity production of conventional SHP plants need to be compared with the investment cost and energy
yield of the variable speed option. A problem here is the strong variation of specific investment cost with
parameters such as head and total capacity. In addition, the site specific civil work, which causes typically about
50 % of the total cost and regional or national factors like different engineering standards throughout Europe
contribute to a strong variation of cost. Finally, the load factor has a strong effect on the increase of energy
production and the return of investment is depending on the electricity tariffs, that can be achieved.

In the Low Head Hydro study [Paish,1995 a and b], different sources and a number of case studies have been
analysed. Figure 3.26 shows the cost curves assumed for Europe in the framework of the economic analyses in
this chapter. Since the majority of realised variable speed projects is low head and for low head sites, the
feasibility of any installation is difficult, the expected cost reduction is most interesting. The proposed cost
curves show good coincidence with the specific cost of SHP installations in the framework of the THERMIE
programme from 1984 to 1997.

Figure 3.26: Specific investment cost for low head SHP installations with gross head as a parameter.

For the analysis of the effect of VSO on electricity cost, the total investment cost need to be separated into cost
for the machinery and other cost, since the main effect of cost reduction of VSO is on the design of the turbine
and in an increase for the electric equipment and the generator: If not a completely different concept is
considered, there is no effect on the civil work, flood prevention or fish protection measures. It has been
assumed, that the electro-mechanical equipment (complete turbine) contributes with 40 %, the civil work with
another 40 % and all other cost with 20 % to a new SHP installation.
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Figure 3.27: Specific cost of commercial VSO concepts (generator-FC-systems) [Bard, 2000a]

Commercially available VSO-concepts are at the moment based on induction generators or separately excited
synchronous generators. PME-generators are not yet commercially available for SHP applications, where high
torques and high pole numbers are required. This type of generator is therefore not included in the economic
analysis, but will be discussed under the aspects of future development.

Figure 3.27 shows, specific cost for a 100 KW system and a 600 kW system. A 100 kW system is assumed to be
representative for SHP systems at the lower power end, where VSO can be expected to be feasible, if besides the
pure hardware cost, installation and engineering cost are considered as well. A 600 kW system is representative
for a unit size up to 1-1.5 MW per unit, which is the upper power range, where variable speed concepts are
commercially available from wind energy or industrial electric drive applications.

In a 100 kW system, for both technical options based on induction generators the hardware would cost about
200€/kW. The squirrel cage induction machine is cheaper than the doubly fed machine, but for the latter, the FC
can be much smaller. A synchronous generator causes much higher specific cost due its complexity, the slightly
cheaper FC cannot compensate this.

For a 600 kW system. we first see significantly lower cost for each system due to the economy of scales. The
only exception is the ASG, where specific cost increase again for higher rated power. The difference between the
squirrel cage ASG and the DFG is much smaller. Consequently, the lower cost for the FC lead to lower cost of
total system. About the same cost are caused by a synchronous generator, which becomes much cheaper at this
power range than an induction generator. For a unit power above 1 MW, squirrel cage induction machines can
hardly be found.

For the FCs, a cost curve has been developed from various calls for tenders in the framework of different
projects, mainly hydropower projects. The majority of FCs under consideration is based on developments for
industrial applications as a 4-quadrant converter, that can operate in motor or generator mode. These FCs have
identical power electronic components in the lineside as well as in the machine side inverter. They often can be
used for induction and synchronous generators, whereas for the latter, simpler FCs can be used. In practice this
reduces cost by 10 to 20 %.

Modern IGBT-controlled inverters are still under development, the number of sold units in industry is still
increasing and so we find a significant cost decrease year by year or improved performance and capabilities at
constant specific cost respectively. The cost curve presented in Figure 3.28 is derived from data in 1998 and
1999 and shows typical cost for these years. A variation of a factor two can still be found throughout Europe.
With decreasing cost, this curve can be used to specify the upper cost limit for this technology in the future.
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Figure 3.28: Specific cost of frequency converters (1998/99) [Bard, 1999a]

The given cost curves already allow a first guess for site specific analysis, in order to see, if VSO should be
considered and how much cost are involved to use this technology. In the following section, two case studies are
presented, which cover typical approaches for VSO in SHP.

Case A: Use of a variable speed propeller turbine instead a full Kaplan

One major argument for cost reduction by variable speed operation is the reduction of mechanical components.
From the hydrodynamic principle of how VSO affects the runner performance it is obvious, that only for a fixed
runner (propeller), significant improvements can be expected. Unfortunately, for a double regulated Kaplan, the
guide vane regulation is far more expensive than the runner regulation. This is mainly due to the number of
blades that need to be moved. Runner regulation contributes with 5 to 10 % to the total turbine cost, whereas
guide vane regulation is responsible for 20 to 30 % of the turbine cost. The following table compares investment
cost of Kaplan and variable speed propeller turbines, based on the presented cost curves and assumptions.

Table 3.5: Specific cost [€/kW] for Kaplan and variable speed propeller turbine

Variable speed propeller turbine
site data

full
Kaplan propeller –5% propeller –10% VSO-hardware

100 kW, 2 m 1600 1700 1620 180
100 kW, 5 m 1160 1282 1224 180
600 kW, 2 m 1000 1040 990 90
600 kW, 5 m 720 774 738 90

As shown in the table, a rough estimation of the extra cost for the VS hardware is 10 % of the turbine cost. But,
avoiding runner regulation does not save more than 10 % of the turbine cost. Consequently, no significant cost
reduction can be achieved by using a variable speed propeller turbine instead of a double regulated Kaplan
turbine from the same manufacturer. The turbine cost as they are shown in Figure 3.26 are based on a market
study. The big difference to double regulation is due to the fact that single-regulated for the majority of
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manufacturers and sites means runner regulated. In addition, double-regulation and single regulation is often not
offered for the same turbine arrangement and from the same manufacturer. Finally, the turbine efficiency is
reduced with less regulation. Therefore, the results presented in Table 3.5 are not equivalent with the cost data
presented in Figure 2.4.

For the application of a variable speed propeller turbine (VSP) instead of a Kaplan turbine, an economic effect
can result from the extended operating range and depending on the load factor. The high part load efficiency of
the Kaplan turbine cannot be achieved by a VSP. If part load dominates energy production, the electricity
production is reduced by using the VSP. This might be compensated by an extension of the operating range. This
does still not justify VSO. For a high load factor, especially the increased speed at high flow rates which leads to
a higher capacity could increase the annual energy production.

To use a completely unregulated turbine would definitely result in reduced turbine cost up to 30 %. Assuming 10
% extra cost for the VS hardware, there is a theoretical potential for up to 20 % savings for the turbine or about
10 % for the total installation cost. But again, the site specific operating range and load factor play an important
role for the economic feasibility of this solution.

Case B: Applying variable speed operation to an existing installation

Another application of VS technology, which is often considered, is to equip an existing turbine installation with
VS hardware in order to improve the electricity production. From an economic point of view, this means that an
investment is made, which needs to pay back by increased electricity production. An important parameter is the
pay back period. As in the first example, the economic data are calculated for a 100 kW plant and 600 kW plant.
A relative electricity production increase between 5 and 15 % will be assumed. The pay back time is calculated
for a range of 2000 to 7000 full load hours based on the annuity method. The real rate of interest in the
calculation is 5 %. Only the hardware cost as described earlier are used.

Figure 3.29: Pay-back for VS hardware versus full load hours with production improvement as parameter
in a 100 kW plant (annuity, 5 % rate of interest, 8 €Cent electricity tariff)

For a 100 kW plant with a mean load factor (4000 to 5000 full load hours), the VS hardware pays back in about
4 to 6 years, for an expected production increase of 10 to 15 % (Figure 3.29). If the system improvement is only
5 % at least 6000 full load hours are necessary if 10 years is the longest acceptable pay back period. In practice,
additional cost for the engineering and installation of the VS system need to be taken into account. The pay back
period is extended. As a rough estimation, engineering and installation could easily double the cost. For an
increase of 10 % in a system with 5000 full load hours, the pay back time would then increase from 5.2 years as
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shown in Figure 3.29 to 12.3 years. The same effect on pay back applies, if instead of 8 €Cent, only 4 €Cent can
be achieved as electricity pay back tariff.

Figure 3.30: Pay-back for VS hardware versus full load hours with production improvement as parameter
in a 600 kW plant (annuity, 5 % rate of interest, 8 €Cent electricity tariff)

The same economic analysis is applied to a 600 kW site (Figure 3.30). As one would expect, the economy of
scales effect leads to much shorter pay-back periods. For a site with a mean load factor, the variable speed
system would pay back in 2 to 3 years and even with only 5 % improvement, a pay-back time of 5 years can be
achieved. A reduction of the electricity tariff of 50 % or a doubling of the extra cost for the VS system with 5000
full load hours would increase the pay-back time for 10 % increase from 2.4 years to 5.2 years. Both parameter
modifications at the same time would lead to 12.3 years.

The general economic analysis of different technological options is a complex problem. Many parameters and
site specific conditions effect the economy of SHP installations. Without the detailed analysis of head and flow
duration curves and their effect on the turbine performance, the influence of VSO cannot be determined. A cost
reduction in the range of 10 % is possible for particular sites. Other cases show no cost reduction, or even higher
cost for a VS system. In an early planning phase, the necessary detailed and precise data are often not available.
Therefore, the following chapter will discuss preliminary analysis in a general way. This will allow to decide,
which site and which design has a potential for cost reduction, and which does not. For a promising site and
design, a more detailed investigation should then follow.

3.4.1 Pre-feasibility analysis

It has clearly been shown in the previous sections, that feasibility of variable speed technology is a complex
topic. Even for a given site, a variation of the considered load factor can change the situation completely. A pre-
feasibility analysis is necessary in order to justify more detailed investigations. Very important are the
hydrological data. For most sites, only the flow duration curves are available. In this case, a head duration curve
must be very roughly calculated based on the geographic and hydrological situation. The accuracy of this
calculation is a critical point for the pre-feasibility analysis.

The next problem is to calculate the turbine performance based on the hydrological data. Even, when the hill
chart of the turbine itself or a similar turbine is known, the effect of the draft and intake at the installation can
cause significant changes for the real installation compared to the expected performance. In addition, the limits
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of the operating range due to cavitation, rough running or resonant drive train effects have to be taken into
account. For a new installation, this data can be received from the manufacturers. For old sites, a lot of
experience is necessary. One solution for this problem could be to perform on-site tests with a FC. At least for a
small range of hydraulic conditions, which can often be influenced by movable gates, the assumptions can be
verified and the affect of VSO can be determined. Up to a power range of about 200 kW, air-cooled FCs in
compact cabinets are available from the manufacturer, which can be interfaced between generator and grid very
easily. The cost for such a test should be justified in order to reduce the risk for the investment, if no good data
are available. In case of a new installation, such a test should not be necessary.

If the necessary data can be collected, the following specifications have to be investigated in various technical
options for optimisation:

� different turbine concepts
o type of regulation,
o runner diameter and speed,
o opening angle of the blades,
o number of units
o speed variation

� drivetrain concepts
o type of generator
o generator synchronous speed (pole number)
o need for mechanical speed increaser (gearbox, belt)
o frequency converter concept, speed variation (electronic speed increasing)
o grid connection specifications

A suitable technical solutions then needs to be checked from the economic point of view. For each option under
investigation, investment cost and expected energy yield need to be compared. In general, many planners will
not be able or willing to do all the necessary analysis. It can be expected, that in the future planning software
(e.g. expert systems) can help to reduce the cost and increase accuracy for such pre-feasibility analysis.

3.4.2 Design recommendations

As shown in the previous sections, it is very difficult to give general design recommendations for the application
of VSO in small hydropower. In principle, VSO does only improve the off-design or part load performance of
hydraulic machines. On the other hand, a double regulated Kaplan turbine does still produce more energy at sites
with very low load factors, when rated power is not often achieved.  The following list covers a few typical cases
with rather simple statements:

� a double regulated Kaplan should only be operating at VS in order to extend the operating range, e.g. in
cases, where the number of units can be reduced by this measure.

� runner regulated turbines should not be used for VSO

� for a propeller turbine with guide vane regulation, the increase of energy production is significant, but
the replacement of runner regulation by electronic speed variation is in general not feasible.

� completely unregulated turbines can significantly improve part load efficiency, when operating at
variable speed. Only for special turbine arrangements this option is technically feasible.

� in general, turbines that have significant performance losses at off-design head or flow promise
reasonable benefits from VSO

� applications and sites with known strong changes in the hydraulic conditions (pump-turbine operation,
extreme change in flow or head over a long period etc.) should be taken into account for VSO

� the investment for the frequency converter and the expected increase of energy production should be
compared to other measures such as bigger turbine, new generator and gearbox, power channel
excavation etc.

� in case of refurbishment, detailed analysis of the hydraulic data in combination with an on-site test with
a FC is recommended.
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3.5 Conclusions, future development
Variable speed operation in small hydropower is often mentioned as a measure to improve performance and
reduce cost [e.g. Engel, 1997] Today, cost reduction does not apply e.g. for propeller turbines, if only runner
regulation is replaced. In addition, it is not in general possible, to improve the energy production compared to a
double-regulated Kaplan turbine. But still, there are a number of cases, when VSO seems to be a suitable
solution.

For further exploitation of this technology, cost reductions need to be achieved, in particular for the frequency
converters. The turnover of the FC-business in industrial drive application does grow in the range of 10 % p.a.,
wind energy grows with 30 % p.a. This fast growing markets have strong effect on the specific cost of FCs.
From the beginning of the 1990ies, the specific cost dropped to about 30 % until today. In the same time, the
technology has been developed further. The efficiency of FCs is very close to the technical limit of the hardware
already. Only very small improvements can be expected in the future. But, for the specific cost a further
significant decrease is realistic. This will certainly help to open new markets, also in small hydropower
applications.

For the standard types of generators such as induction generators and separately excited synchronous generators,
neither significant efficiency improvements nor cost reduction can be expected. For smaller turbine diameters
and accordingly higher speeds, the proportion of direct coupled standard generators will increase due to the
advantages of avoiding mechanical speed increasing. But, the most promising development is expected from the
permanent magnet synchronous generators, which can be manufactured with very high pole numbers and high
efficiency. In particular the combination with FCs has many technical advantages. New designs and cheaper
magnet materials will help to reduce the high cost and increase the available power range. Even in the MW-
range, new discoid designs as they are under development for WECs, might also be adapted for hydropower.

Site refurbishment using variable speed technology might often cause too high engineering cost, if only the FC is
installed and many site specific modifications are necessary e.g. in the control. These cost could be reduced to a
very small proportion, if the FC is installed together with a new control and a new generator. In this case, a
component package could be used, that consists of the control, the FC and the generator. Once, the technical
details for such a hardware combination have been specified and the hardware has successfully been installed, it
can easily be applied to other sites with a different power. Especially an optimised combination of a digital
control for the plant operation with the features of the frequency converter control can reduce the engineering
and hardware significantly. E.g. the FC-control can be used for the grid and generator supervision and for the
start and stop procedure [Bard, 1999b].

From the turbine technology point of view, the most promising market is not the sophisticated high-tech turbine
with very high efficiency. It is more the simple turbine concept, which does not allow for mechanical regulation
due to the turbine arrangement, or where mechanical control would increase the turbine cost significantly.

Figure 3.31: Unregulated compact turbines for low head applications [Bard, 1999c]

Examples are completely unregulated submersible turbines which can only be cost effective, if they are very
compact and nor guide vane or runner control is installed (Figure 3.31). In this case, the energy production can
be increased significantly only by adding VSO to the concept. The relatively high increase will easily justify the
extra cost. A similar example are Siphon-turbines as shown in Figure 3.32. Here, guide-vane control is not
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necessary to close or shut down the turbine. This can be performed by simply opening a valve in order to
ventilate the siphon. For many existing weirs, this can be a much cheaper solution than any other turbine
concept. Variable speed operation of one or more turbines can help to improve the flow control, increase the
operating range and the efficiency of each turbine according with the head variations.

Figure 3.32 Siphon turbine arrangement for cost effective installation at existing weirs. [Bard, 1999c]

Finally, there can be other reasons to avoid mechanical runner regulation such as helical fish-friendly runner
designs (Figure 3.33). This runner does not allow for regulation and the only way, to come back to a reasonable
efficiency at part load is to operate it with variable speed. Not only the smooth pressure distribution, but also the
missing gaps at both ends of the runner blades reduce fish damage. So, there are even environmental reasons,
which support the introduction of variable speed operation in small hydropower.

Figure 3.33 Fish friendly turbine design: variable speed operation recommended (Courtesy Alden
Research Laboratory) [Odeh, 1999]
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The success of VSO in wind energy cannot be transferred to the SHP market, mainly because of the much
smaller number of units and the site specific conditions. But in the mid-term, the application of VSO can be
expected for niche markets, where not only the cost of the electricity production but also other features like
pressure control in water networks, pumping and turbine mode or electrical specifications such as power factor
compensation, active filtering or grid-parallel and isolated operation are required.
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