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Abstract:
In rural areas of developing countries, where off-grid electricity generation is the only viable way of obtaining a reliable source of power, the correct siting of a base transceiver station is critical to the feasibility of its installation. This report addresses some of the challenges facing the use of a pico-hydro power solution to provide a transceiver station’s power supply, and considers a number of different solutions to improve its implementation. It focuses in particular on the power conversion efficiency of a pico hydro system, and suggests methods to increase this.

31.
Introduction


31.1.
Mobile Phone Network Infrastructure


41.2.
Power Supply to a Base Transceiver Station


51.3.
Research Project Goals and Objectives


72.
Pico-Hydro Generation Systems


92.1.
Overall Power Conversion Efficiency


103.
A Qualitative Analysis of the System Power Requirements


113.1.
Hydro Power Variability


113.2.
Fluctuations in Minimum Electrical Power Supply


123.3.
System Design 1 - Worst Case Scenario


133.4.
System Design 2 - Energy Storage


143.5.
Turbine Ideal Operating Speed


163.6.
Consequences of Transient Inefficiencies


173.7.
Section Conclusions


184.
An Experiment To Optimise An Testing Rig’s Power Conversion Efficiency


194.1.
The Construction of the Testing Rig


204.2.
The Characterisation of an Electric Motor to Model a Turbine


224.3.
Maxwell’s Equations to Describe Generator Behaviour


234.4.
Simplification of Armature Circuit


244.5.
Modelling the Testing Rig As A System


264.6.
Testing and Results


284.7.
Alternator Torque-Speed Characteristics


314.8.
Control System


324.9.
Section Conclusions


324.10.
Further Work


335.
An Investigation Into Using Closed-Loop Control Systems to Moderate An Alternator’s Field Current


345.1.
Closed Loop System 1 - “Perturb and observe”


365.2.
Closed-Loop System 2 - Computer Simulation & Controller


375.3.
Comparison of Different Control Systems


385.4.
Further Work


406.
Voltage economics


406.1.
Further Work


427.
Summary of Research Project Findings


428.
Acknowledgements


429.
Software


4310.
References




1. Introduction
The new millennium has brought with it an explosive increase in the use of mobile phones in developing countries. “Africa alone has grown from 10 million to more than 200 million subscribers in the last four years, and is expected to triple by 2011”
.
Amongst the commercial benefits brought about by this increase, it is generally recognised that access to information communications technology such as mobile phones can contribute to the economic development of a community, and an increase in its standard of living3. Farmers in Africa used to have to sell their harvests to the first person and first price they met on the street. Now, the owner of a mobile phone can obtain the best price by ringing up a number of buyers and arranging a drop-off
. In Bangladesh, the Grameen bank is enabling hundreds of women to buy a mobile phone and provide a lucrative “public pay-phone” service in communities where there is no land phone access
. In Mali, phones used in rural communities connect local doctors to a much needed network of consultant physicians who give advice on specialist medical practice3. Mobile phone networks are also helpful in the event of a disaster. A text can be sent to all online mobile phones in an area where a serious natural disaster has been predicted. This system has already been put in place in Tokyo, Japan to give citizens a few minutes notice to carry out the essential safety procedures.

It is clear that the expansion of mobile phone networks into developing countries is much needed. Unfortunately however, the limiting factors have been found to lie in “equipment costs and a lack of supporting infrastructure”3.
1.1. Mobile Phone Network Infrastructure
When a user makes a phone call, the signal is first sent to a nearby base transceiver station via radio waves. This is then relayed to the base station controller in charge of that particular base transceiver station, which organises all of the signals from other base transceiver stations and sends out streams of data to the network sub-system. Here, the calls are inserted into the public switched telephone network along with other calls from every other network in the area, including landlines
.
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Figure 1‑1: Schematic showing the basic components of a mobile phone network.
Base transceiver stations can reach mobile phones in a range of approximately 40km, but this varies with several factors and can be as little as 5km across particularly hilly areas. Siting a transceiver station also needs to take into account its predicted use. They can typically handle around 300 phone calls at any one time, and if more than this is needed in a particular area then the range of a transceiver station no longer becomes the main factor determining it’s siting. In one case a station may need to be placed in between two nearby communities, so that signal coverage might be provided for both of them. In another case however, two communities might need their own individual stations, even though they are well in range of each other, because there needs to be a high enough phone calling capacity to suit the demand. It is evident then that siting a station is critical to its viability, and so any constraints to this must be avoided or minimised.
1.2. Base Transceiver Station Power Supply
One of main challenges of installing a base transceiver station is to provide the 1-2 kW of electricity it needs to operate
. More often then not, the station will be connected to a local electrical grid supply. In developing countries however, a reliable, nearby source of grid electricity is rarely available, and making long distance connections can cost up to £100k6. In cases where a grid connection is too costly, or too susceptible to regular power-cuts, the network operators have opted to supply the necessary power using off-grid electricity generation. In one of its simplest forms, this is achieved using a diesel engine that runs an electrical generator. This has several disadvantages however:
· Running costs are expensive as fuel is consumed.

· Regular refilling of the fuel supply is hindered by the inaccessibility of a rural site.

· For a large network of off-grid stations, the harmful emissions of these diesel engines become significant in the long-term.

Other off-grid generation solutions need to be considered as improved alternatives to the diesel generator. The solution needs to be low power (around 1.5kW), should be more economically feasible than a diesel generator, and not constrain the siting of a base transceiver station enough to threaten its viability. Renewable technologies such as solar and wind power are being developed by Motorola as a combined solution6. The energy source addressed in this report is hydro power, and is still in the feasibility stages of development. This research project addresses some particular aspects of increasing the feasibility of a hydro solution. It will determine some of the challenges inherent in its use, and address these by suggesting novel implementation of existing technology. It will focus mainly on the electrical aspects of generating power, but will also briefly cover power transmission in Section 6.

1.3. Research Project Goals and Objectives
The overall goal of the project is to contribute towards increasing the feasibility of a hydro solution for powering a base transceiver station, and does so through the following objectives:
1) Determine the potential benefits of increasing a pico-hydro system’s power conversion efficiency.

2) Build a testing rig to analyse the behaviour of a three phase alternator when driven by an electrical motor.

3) Determine what factors significantly affect the behaviour of an electrical machine, when driven by an electrical motor.
4) Design a control system that will moderate these factors in a way that will maximise the efficiency of electrical power generation.
5) Evaluate a design rule to determine the power transmission voltage, as a compromise between power losses against capital costs.

Due to time constraints, some of these objectives were not completed to their full extent. In sections where there has not been a concluding deliverable that fulfils the objective, further work has been described that may be carried out to obtain it.
2. Pico-Hydro Generation Systems
This section will give a brief introduction to the different parts of a pico hydro generation system (except for the base transceiver station which has already been described in Section 1). It will also describe some assumptions that will be made througout the extent of this report.
[image: image3.png]Base Transceiver
Station
Water Stream

Infrastructure Energy Management \

System

—ifl 9

Turbine Electric Machine





Figure 2‑1: Schematic sketch of different components in system.

Water Stream
Hydro power is proportional to the product of the water flow rate, and the height is falls from, also known as “head” (see Equation 3‑1). Whether the power is manifested as a high flow rate and a low head, or a low flow rate and a high head, will greatly influence the design of a lot of the system’s components.
This research project has been carried out with the intentions of implementing a high flow rate, low head design.

Infrastructure

A weir or dam can be built to increase the stream head at a particular point in the river. It may also be constructed to satisfy a need for water storage during the drier months of the year.

Turbine

Turbines convert the power available in a moving fluid stream, to a more concentrated and useful form: mechanical shaft power. Their designs vary greatly with different scenarios, and operate at different speeds depending on their shape and size.

Electric Machine (Generator)
An electric machine will generate electrical power if mechanical shaft power is supplied to its drive shaft. The rotating shaft induces a voltage across its armature terminals, as per Faraday’s Law (see Equation 4‑1), and current flows through the armature circuit as a result. This current induces an opposing torque on the driving shaft on the generator, as per Ampere’s Law (see Equation 4-3).
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Figure 2‑2: Some relevant parts of an electrical machine.
There are many different types of electric machines, but the one used in this research project is an alternator. In order to provide the necessary magnetic field inside the machine, a voltage is applied across its internal electromagnets. The current that flows through these coils is called the “field current” If; the larger the field current, the larger the magnetic field induced by the electromagnets.
Energy Management System

Unless the electric machine has been designed specifically to do so, the electricity it generates would not be suitable for supplying straight into the base transceiver station. The energy management system processes this electricity so it is of a form that the station can use effectively. Moreover, the energy management system has an energy storage capability, and careful design will allow the system to overcome periods of little available hydro power by storing energy during wetter periods.

2.1. Overall Power Conversion Efficiency

Electrical machines today are very efficient. Any attempt to research a small improvement in this highly advanced field would not be of significant contribution to the efficiency of the whole system. Much more relevant is the implementation of the above components in a way that will work together efficiently. This report does not try to increase the efficiency of the electric machine in itself. In fact, for the purposes of simplicity this whole research project ignored all frictional and electromagnetic losses in an electric machine, and assumed that they were 100% efficient. Instead, the research project focused on improving the interaction between the turbine and the electric machine, linked mechanically by a drive shaft. The efficiency of concern here is the overall efficiency of the power conversion from that available in the flowing water, to the electrical power outputted by the electric machine. This was dubbed the “overall power conversion efficiency”, ηPC:

[image: image5.wmf]Power

 

Hydro

 

Available

Generated

Power 

 

Electrical

=

PC

h


Equation 2‑1: The overall power conversion efficiency.
3. A Qualitative Analysis of the System Power Requirements
The function of the electrical machine is to convert the available hydro power into electric power that the energy management system can use. As well as converting the form of the energy, it needs to be designed so that it can reliably meet the minimum power requirements of the energy management system at any particular time. Although the energy management system would be constrained mainly by the site itself, and designed prior to the electrical machine, it is useful to visualise this minimum power requirement as a “power demand”: the minimum power that the energy management system needs to see in order to provide a reliable source of energy to the base transceiver station. If the power supplied by the electric machine drops below this quantity, the base transceiver station will suffer a power cut. In this report, this quantity will be referred to as the energy management system’s “minimum electrical power supply”, Pems.
This section will address the ways in which the electric machine will work with the energy management system to cope with the variability of the hydro power supply and provide a steady and reliable source of energy to the base transceiver station. It will also determine how an increase in the overall power conversion efficiency might improve the siting options of the station.
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Figure 3‑1: Schematic illustrating difference in mechanical power supplied and electrical power generated.
3.1. Hydro Power Variability
Hydro power is heavily dependant on the amount of water flowing through the stream at the point of power extraction. It depends on several geographical factors, most of which fluctuate annually as illustrated by the example in the graph below.
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Figure 3‑2:  Flow rate over a three year period through the River Avon at the measuring station in Amesbury.
The available hydro power, Phyd, can be estimated using the equation below:
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Equation 3‑1: The available hydro power in terms of the rate of flow
.
Using the above equation, it was calculated that the hydro power available during the peak flow towards the end of 2006 (about 8 m³ s-1) flowing down a 1 m high weir was around 73.6 kW. However, a pico hydro system would look to use only a fraction of the water flowing through the river Avon. a scale has been added to the graph above to indicate what a typical available hydro power might be.
3.2. Fluctuations in Minimum Electrical Power Supply
The minimum electrical power supply will depend on the charge state of the storage system. When it is full, the electrical current flowing into storage will be very little; just enough to make up for any power lost due to storage inefficiencies. As the charge state decreases and tends towards empty, the current flow increases, and this may happen several times during the period of a day.

One simple way to ensure that the minimum electrical power supply is always met, is by committing to always supply the peak value (i.e. when the storage is empty). This means that whilst the minimum electrical power supply is not at a peak (i.e. when the storage is full or partially full), the difference will be released as a heat dump.
There are some social factors that might affect long-term seasonal variations (e.g. harvesting periods bringing about the need for more mobile phone usage to discuss the trading of goods on the market), but data from a test site in Namibia shows that these variations are too small to be accounted for.

This analysis will commit to supplying 1.5kW as a minimum electrical power supply to the energy management system throughout the year, as this is the typical consumption of a base transceiver station. For a real system however, a power factor will need to be evaluated and applied, as the peak power will exceed 1.5kW when the battery is being charged.
3.3. System Design 1 - Worst Case Scenario

A cheap method of reliably satisfying the power requisites of the base transceiver station is to find a site that will provide enough available hydro power to meet the minimum electrical power supply at every point in the year. In other words, if the “minimum available power”, Pmin, is higher than the minimum electrical power supply, no energy storage would be necessary, and the cost of a storage system would be saved.

Any surplus energy during periods of high available hydro power could be released to a heat dump, as illustrated in the graph below. For the purposes of illustration, the overall power conversion efficiency has been fixed at 100%.
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Figure 3‑3: Graph showing the “worst case scenario” design solution applied over three years at a site of the River Avon. This graph has ignored any inefficiencies in the power conversion.

Although this system would work, the options for siting the pico hydro system are limited to those sites where the minimum available power is sufficiently high. Most sites will see large fluctuations in available hydro power, and would not be able to comply with this requirement. As shown in the figure above, the site on the River Avon would only be able to supply a minimum electrical power supply of about 1kW, and would not be enough to power a transceiver station. In order to expand siting options, energy storage must be considered. 
3.4. System Design 2 - Energy Storage

By investing in some sort of energy storage (e.g. lead acid battery banks, pumped water storage, flywheels, etc), the available hydro power can be allowed to dip under the minimum electrical power supply for a period of time. The size of the storage capacity will determine how long this period of time will last, and the size of the allowable deficit in available power.

The graph below shows the available hydro power, Phyd, in the Avon River for a period of fifteen days in 2004, and the minimum electrical power supply at a constant 1.5kW. Superimposed onto these are curves showing what the available electrical power might be if there were an energy storage system in place, and is an indicator of the charge state of the storage system. If the available electrical power drops below 1.5kW, this means there is no longer enough stored energy left to meet the minimum electrical power supply, and the transceiver station suffers a power cut. This curve is shown on the graph for storage systems of increasing capacity, and illustrates how larger storage systems have higher values of minimum available power, Pmin.
It is this increase in the minimum available power, that improves the options for installing a base transceiver station at that site; and so it will be by finding a method to cost-effectively increase Pmin that this report will contribute to improving the viability of their installation.

The graph has been realised on a relatively small scale, but it is equally applicable to any length of time. For example, enormous energy storage could theoretically be implemented to compensate for a very dry season in summer by storing sufficient excess energy in winter. 
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Figure 3‑4: Graph showing the available hydro power at Amesbury in the River Avon over a period of days. It also shows the theoretical available stored power for a number of different storage sizes, whilst a constant power is being drawn. This graph has ignored any inefficiencies in the power conversion.

Once the overall power conversion efficiency, ηPC is known, the size of the storage capacity is sized in order to bring the minimum available power up above the minimum electrical power supply. Following is an analysis to determine some of the factors that the overall power conversion efficiency might depend on, and what this means in terms of raising the minimum available power.

3.5. Turbine Ideal Operating Speed
A particular turbine’s shape and size will determine an angular speed at which it outputs a maximum mechanical shaft power
. This means that in order to maximise the efficiency of the power conversion process, an electrical machine should be designed to operate at this speed (after any necessary gearing).

The turbine ideal operating speed, wopp, varies with flow and is demonstrated by the data from a wind turbine below. As the flow increases, so does wopp.
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Figure 3‑5: Graph showing the ideal operating speed for a wind turbine. Trends are similar to those of a hydraulic turbine.
A simple method to design an electrical machine would be to identify the speed of the turbine during the period of minimum available power, Pmin, and specify the machine to operate most efficiently at this speed.  After this point, the available power would increase, and so would the ideal operating speed of the turbine. Because the generator is not designed to operate most efficiently at this higher speed, the overall efficiency of the power conversion would decrease. Naturally this decrease in overall efficiency is not sufficient to decrease the total supply of power to the energy management system, which rises gradually with the available hydro power.

The graph below is a five day subsection of the data in Figure 3‑4; a simple hydroelectric generation system with some storage capacity. It demonstrates qualitatively how the system would react if the available hydro power dipped below the minimum electrical powers supply. Two things should be observed:
1. The available electrical power decreases. This is because the stored energy is depleted to make up for the lack of hydro power (similar to Figure 3‑4).

2. The turbine ideal operating speed decreases to match the design operating speed of the electrical machine, and the overall power conversion efficiency increases as a result. This use of this design means that the system is at its most efficient when it is in need of most energy. 
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Figure 3‑6: Graph showing the behaviour of a basic hydroelectric system when reacting to a dip in available hydro power.

3.6. Consequences of Transient Inefficiencies
As explained in the previous sub-section, the overall power conversion efficiency is at its highest only when the available hydro power is at its lowest. This sub-section will explore what benefits would result from maintaining a maximum efficiency at all times.

It is during the recharging phase that a more efficient electrical machine will benefit over a less efficient one. By improving its efficiency outside of the “low available hydro power” region, the system will make better use of the regions of high available hydro power to recharge the storage system as quickly as possible. This benefit would be most apparent for sites where the water stream flow fluctuates frequently, and the storage system needs to recover as soon as possible to prepare for the next dip in available hydro power. The graph below illustrates an example of how this more complex design might overcome two consecutive dips in available hydro power. It also shows how a simple generator design with no consideration for varying ideal operating speed might fail to provide the minimum electrical power supply for a period of time.
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Figure 3‑7: Graph showing the consequences of having a poor efficiency at interim periods of high available hydro power.

The result of this is that, by designing an electrical machine to operate efficiently at all turbine operating speeds, the minimum power available, Pmin, is increased, and the options for placement of a base transceiver station are expanded.
3.7. Section Conclusions

· Through implementation of energy storage and other techniques, system design should seek to raise the minimum available power, Pmin, of a site, to expand the options for placement of a base transceiver station.
· Turbines will extract power from a stream most effectively when operating at a particular speed. This “ideal operating speed, wopp” increases with the flow in the stream.

· For a simple electric machine design, the overall power conversion efficiency decreases with an increase in available hydro power.

· A more complex electrical machine design could moderate its internal operating parameters to maintain a maximised efficiency regardless of operating speed; resulting in an increase of a site’s minimum available power, Pmin.
4. An Experiment To Optimise a Testing Rig’s Power Conversion Efficiency
This section aims to explore the different variables affecting the performance and behaviour of an alternator. In doing so, it will demonstrate how the field current of an alternator can be moderated to maximise the overall efficiency of power conversion. It will also suggest one method for controlling the field current, so that it might track its optimum value over a variety of operating conditions.
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Figure 4‑1: Generator input, output, and internal variables.

The following experiment was carried out to investigate the above. A car alternator was fixed to a testing rig, and its rotor coils were tapped into for easy access. An electrical motor, housed inside a power drill, was used to provide the mechanical shaft power into the alternator, and resistors were used to control the electrical power being drawn from it.
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Figure 4‑2: Illustration showing a basic view of the parts of the experiment, and how they are wired into the electrical schematic.
4.1. The Construction of a Testing Rig
When directly linking an electric motor to an alternator, aligning the drive shaft correctly is essential for both efficiency and safety. Any misalignment will lead to excessive vibration and stresses in the drive shaft, and could potentially result in mechanical failure at any weak point on the rig. In order to prevent this, a support platform was designed for the electric motor which enabled the pitch of the motor to be altered. This was done by altering the height of all the four corners of the platform, until it appeared that the drive shaft was sufficiently aligned with both axes of rotation.

Some margin for vibration was also designed for by using a socket piece to fit onto the extruding nut from the alternator shaft. This allowed some give between the two axes of rotation and ensured that no stresses would build up in the drive shaft.
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Figure 4‑3: Design to connect drive shaft to alternator and allow some margin for vibration.

In most cases, where a higher reliability and efficiency is needed over ease and cost of build, pulley wheels would be fixed to both shafts and a circular belt would transfer the power between them. As well as allowing a large margin for any misalignment in the shafts, it enables the user to gear the power from the driving shaft up or down according to the specifications of the motor. In other words, by changing the respective sizes of the pulley wheels, the angular speed of the generator shaft can be increased or decreased, with the associated decrease or increase of driving torque.
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Figure 4‑4: Connecting shafts using a belt and pulley wheels.

4.2. The Characterisation of an Electric Motor to Model a Turbine
The graph below shows the torque-speed characteristic of a turbine immersed in a flowing stream. Superimposed on top is a characterisation of the electric motor used in this experiment.
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Figure 4‑5: Graph showing the torque against speed characteristics for a turbine (data obtained from Reference 8), and the electric motor used in this experiment.

Although the electric motor characteristic has been scaled down for purposes of the illustration, this graph shows that the trends map onto each other reasonably well.  However, it will be necessary to keep the small differences in mind when carrying out the experiment, and refer back to them once the results are evaluated.

Experiment to Characterise the Torque-Speed Characteristic of an Electric Motor
At some point during the experiment it will be necessary to record values of the torque being exerted by the electric motor. One way to do this is by characterising the torque-speed relationship of the motor to be used. It then becomes a simple matter of measuring the motor speed using a tachometer, and inferring the torque it exerts as a result.

Usually a dynamometer would be used to accurately measure this relationship. Unfortunately, such a tool was unavailable at the time of the experiment, and a “Prony brake” (shown in Figure 4‑6) was made instead. This is a device that clamps on to the shaft and exerts a frictional force opposing the motion of the electric motor. This frictional force can be regulated by tightening or loosening the bolt holding it in place. The bolt also acts as a point of contact from which to measure this force using a top pan balance. 

[image: image19.png]Silver-Steel Socket

Wooded Brake Pads

Clamp
/

Tightening Bolt

Scales

Electric Motor





Figure 4‑6: Diagram showing implementation of Prony break.

The torque readings were obtained from the mass readings by converting to weight (multiply by acceleration of gravity) and multiplying by the perpendicular distance to the centre of rotation, x.
A tachometer was used to measure the speed of the motor as the Prony break was tightened further and further, exerting an increasingly larger torque on the shaft, up to the point where the motor stalled.

As the motor had different power settings, this process was repeated a number of times. It became increasingly difficult however for high power settings. The clamp “floats” on the silver-steel socket while it rotates. At high speeds this led to violent vibration, and resulted in poor balance readings. The brake pad also started to char due to significant frictional heating. Consequentially, there were very few readings for the higher power settings.
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Figure 4‑7: Graph showing the results of the characterisation of the motor, for its different power settings. It also shows the lines of constant power, which increase towards the top-right.
It was later found that because of high losses in the alternator, low power settings would not be suitable for experimentation. Results would largely be determined by the factors affecting the frictional and electromagnetic losses, rather than by the behaviour resulting from the power conversion. Power settings 7 and 10 were selected as a suitable compromise between having a sufficiently large power, and having enough readings to support the drawing of a trend line.

Because these characteristic have been obtained using fairly rudimentary methods of experimentation, they are unlikely to be very accurate. As a result, two torque measurements taken under identical conditions, but under different power settings, might result in two slightly different results. And so in order to ensure consistent results, only the trend line from power setting 10 will be used to take readings.
4.3. Maxwell’s Equations to Describe Generator Behaviour
Below are derivations of and Ampere’s Law, and Faraday’s Law (respectively); two of Maxwell’s equations
. They are the governing equations for most electric machines:
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Where:

Te = Electromagnetic torque

E = Electromotive Force (e.m.f.)




M = An coefficient


If = Current through field windings

Ia = Current through armature

w = Rotor angular speed

Equation 4‑1 and Equation 4‑2 (respectively): Derived from Ampere’s Law, and Faraday’s Law. Often used to describe generic electric machine behaviour9.
The electromagnetic torque of an electrical machine is that which opposes the torque exerted by the driving motor or turbine. This torque is the result of electrical power being produced, and works to “extract” power from the drive shaft.
The electromotive force (e.m.f.), E, of an electrical machine is the influence that drives a current through its armature circuit.

4.4. Simplification of Armature Circuit
The electromotive force, E, in the armature of the alternator cannot be measured directly, and must be inferred from the two values that can be measured: the voltage across the terminals, V, and the current through the armature, Ia.

The equations governing the armature electrical circuit are fairly complex. This is mainly due to two reasons:

1. The non-linear characteristic of the diodes in the rectifying bridge
.
2. The reactance brought about by the inductance in the armature coils. This is essentially a sort resistance to alternating current, and results in a phase difference between the current and voltage oscillations
.
In this experiment, a much simplified model will be used to represent the behaviour of this circuit. The internal resistance of the armature coil will be represented by a single resistor, the output of the generator will be represented as a single-phase DC supply, and the effect of coil inductances ignored.


[image: image23]
Figure 4‑8: Schematic illustrating the simplified circuit used to model the armature circuit.

This simplification is likely to have a significant effect on the results produced, and undermine any conclusions on electric machines as a result. However, it is still useful as a starting point, and will still serve to characterise the behaviour of this particular alternator. Although a variable resistor cannot dynamically model the complex behaviour of a battery in any way, by specifying a particular resistance it can simulate any one charge state. For example, a very large resistance might simulate a fully charged storage that has cut itself off from accepting any more energy in order to protect itself. A very low resistance might simulate a depleted battery trying to charge itself up as quickly as possible. As long as the experiment is carried out for a range of resistances, from practically infinite right up to a short-circuit, then all possible scenarios will have been considered, and the behaviour of the alternator fully explored.

The governing equations for the circuit describe above are given by Ohm’s Law
 and by correct summation of the voltages in the circuit:
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Where: all symbols mean the same as in Figure 4‑8, and Va = The voltage drop across the armature resistance / Ω.

Equation 4‑3, Equation 4‑4, and Equation 4‑5, respectively: Equations governing the behaviour of the armature circuit.
By substitution of Equation 4-4 into 4-5, the following relationship is obtained:
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Equation 4‑6: The electromotive force as a function of the terminal voltage and the armature current.

To find Ra, the terminals of the armature were short circuited, so that RL = 0, and the voltage drop across the armature internal resistance, Va, is equal to the terminal voltage, V. Equation 4-4 was then used to find that Ra = 0.3 Ω.
4.5. Modelling the Testing Rig As A System
The simplified model of the testing rig described over all the previous sub-sections is illustrated in Figure 4‑9 below. The different quantities described can be separated into 2 types:

· Operating parameters (input): The variables fixed before running each experiment.

· Measured variables (output): The variables which are measured once the system has come to a steady state.
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Figure 4‑9: Illustration showing the testing rig as it was modelled.

When the electric motor is switched on and begins to supply mechanical shaft power to the alternator, a number of things happen simultaneously:

1. As the alternator rotor begins to speed up, an electromotive force is induced, as per Equation 4-2.
2. This electromotive force drives a current through the armature circuit, as per Equations 4-3, 4-4, and 4-5.
3. This current creates an electromagnetic opposing torque on the drive shaft, as per Equation 4‑1.
4. This opposing torque acts against the driving torque exerted by the motor, and decreases its net angular acceleration.
5. Independently, due to the internal behaviour of the electrical motor, a change in angular velocity will bring about a change in the driving torque, as per Figure 4‑7.
This dynamic period comes to a settling point once the modulus of the driving torque equals the modulus of the opposing electromagnetic torque. For this reason, both measurable variables will be referred to from this point on simply as the Torque, T. A simple program was written to model this behaviour using nothing but the equations above, and an example of the output graph is shown below. 
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Figure 4‑10: Graph showing how the measurable variables change until they arrive at a steady state when the modulus of the driving torque and the modulus of the electromagnetic torque are equal.

4.6. Testing and Results

Results for the experiment were obtained by systematically changing the operating parameters over the following ranges:
1. Field current was varied from 1.33 V to 3.03 V.
2. Load resistance was varied from a short circuit to an open circuit.
3. Only power settings 7 and 10 were tested.
The following graph shows the torque plotted against the armature current for power setting 10:
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Figure 4‑11: Graph showing experimental results in a torque versus armature current plot.

This plot shows that the torque on the shaft of an alternator in steady state operation increases with current, and field voltage. This would be perfectly consistent with Equation 4-1 (T = M.If.I), except that the experimental results intercept the axis at a value greater than zero. This is due to phenomena that have not been accounted for: even though no current flows through the armature circuit, an opposing torque is still exerted on the shaft due to hysterisis and eddy currents
. As the graph shows, the effect of these phenomena increase with the field current.

The following graph shows the torque plotted against the armature current for power setting 10:
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Figure 4‑12: Graph showing experimental results in an electromotive force versus angular speed plot.

This plot shows that the electromotive force in the armature of an alternator in steady state operation increases with current, and field voltage. These results are consistent with Equation 4-2 (E = M.If.w), except for the data points corresponding to an open circuit reading. The reason that they are removed from the otherwise linear profile could well be down to oversimplification of the armature circuit (see Figure 4‑8). Because the inductance of the coils only plays a part when the current is changing, it makes sense that actually, the only correct readings for electromotive force on the graph are the ones where there is no current flowing at all.

Further work should be done to account for these inaccuracies with the relevant formulae. For this report however, it is sufficient to keep them in mind whilst reading the rest of the section. 

4.7. Alternator Torque-Speed Characteristics
Trend lines were drawn for the results above, and functions of T(I) and E(w) were obtained for the different scenarios. Equation 4‑3 was substituted into Equation 4‑6 to obtain the function I(E). These three functions were then used to obtain T(w), the electromagnetic torque opposing the driving torque at a particular speed.

A lot can be learned by plotting torque-speed characteristics for the various different field currents, against the torque-speed characteristics of the electric motor (performing the function of a turbine). At any particular speed, a vertical line can be drawn through the graph to determine the driving torque of the motor and the opposing electromagnetic torque of the alternator. As described previously, if these are not equal the resulting torque on the shaft will always tend to bring the system to a steady state where they are equal; where the two lines cross.

The graph below shows the torque-speed characteristics for the motor/turbine at two different power settings, imitating two different river flow rates (refer back to Figure 4‑7 to see constant power curves for a torque against speed graph). The ideal operating speeds of the motor/turbine, where it performs at maximum power (see Figure previous section) were calculated and labelled as shown. The graph also shows four torque-speed characteristics calculated using the experimental results obtained under different field currents. Here the lines were drawn for when the load resistance, RL equals 1Ω, simulating a large current from the alternator into the energy management system. The two motor/turbine curves and the four alternator curves can be matched in different combinations to create eight different systems with eight different “operating points” where each system will settle to a steady state.
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Figure 4‑13: Graph showing the torque-speed characteristics of an alternator operating under different field currents, and a constant RL=1Ω. 
Superimposed onto that are the torque-speed characteristics of a motor (modelling a turbine), for two different power settings (modelling two different river flow rates). 

This graph shows that by increasing the field current, the same alternator will exhibit behaviour represented by a steeper torque-speed characteristic. This suggests that by carefully choosing the correct field current, the alternator torque-speed characteristic can be moderated so that the system operating point (where the two lines cross), falls right on top of the ideal operating speed of the motor/turbine. This would enable the turbine to work at its maximum efficiency and result in an overall higher efficiency of power conversion. If the flow rate of the river were to change, incurring a change in the torque-speed characteristic of the turbine, the operating point would move away from the ideal operating speed. However, if a control system were implemented to track this change, the field current could then be controlled to ensure that the alternator characteristic follows this ideal operating speed.

In the graph above, two straight lines have been drawn through the ideal operating speeds of the two different power settings, and the intercept (starting torque) was estimated by following the trend . These are the alternator characteristics that will enable maximum turbine efficiency. A rough scale was plotted on the graph to estimate what field current needs to be provided to obtain these ideal characteristics. The result was that, in order to obtain maximum efficiency from a motor at power setting 7, the field current should be set at about 1A, and for power setting 10, the field current should be set at about 2A.

Upon referring back to the shape of the turbine torque-speed characteristic in Figure 4‑5, the single “operating point” at which the system settles to would also occur in a system where a turbine is used instead of a motor. This concludes that the motor has accurately modelled the behaviour of a turbine.

A similar graph has been drawn below for the same systems, but operating for a resistance, RL equals 19.5 Ω. This simulates a smaller current flowing from the alternator into the energy management system.
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Figure 4‑14: Graph showing the torque-speed characteristics of an alternator operating under different field currents, and a constant RL=19.5Ω.

The effect of decreasing the armature current is clear: to obtain the necessary alternator characteristics that will enable an operation at ideal speed, much higher field currents must be provided. In this case, in order to obtain maximum efficiency from a motor at power setting 7, the field current should be set at about 2A, double that of the previous graph. For power setting 10 however, it is impossible to estimate a value as there is not enough experimental data to support the alternator trends at such high field currents.

To show that the highest overall power conversion efficiency is obtained at these “ideal field currents”, the following graph of overall power conversion efficiency against field current was plotted for the experimental results obtained from the system where RL=19.5 Ω. To calculate the overall power conversion efficiency, the electrical power (voltage x current) was divided over the maximum power obtained by the electric motor (see Equation 2‑1). Note that the efficiencies do not reflect typical values expected for a hydro system. In practise, the turbine running this alternator would be of a much higher power, and would bring about much higher efficiencies. In this case however, the losses are a very large portion of the generated power.
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Figure 4‑15: Graph showing the total power conversion efficiency of a system with resistance, RL=19.5Ω, against field current.

The graph reflects the conclusions drawn from Figure 4‑14, that the ideal field current for power setting 7 is about 2A, and that there is not enough data to accurately measure the ideal field current for power setting 10.

4.8. Control System

For operating parameters where there is sufficient data to make accurate estimates of the ideal field current, a open-loop control system could be devised to provide the all-round maximum efficiency described in Section 4:
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Figure 4‑16: Possible control system to control the value of the field current.

The advantage of this system is that it is very simple to implement computationally. The disadvantage is that as it is an open loop system, it is very susceptible to any change in the environment. Factors that have not been taken into account to devise the look-up table, such as the temperature of the alternator, or wear of the brushes, could result in a change in its behaviour that is not reflected in the system’s choice of “ideal” field current.

4.9. Section Conclusions
1. Using a common shaft to transfer mechanical power from a motor or turbine to an alternator is inefficient and unreliable.
2. The electric motor found inside a power drill models the behaviour of a turbine reasonably well.
3. The behaviour of an alternator cannot be modelled accurately without taking into account the inductance of the coils.
4. The behaviour of an alternator cannot be modelled accurately without taking into account the electromagnetic and mechanical losses brought about when the alternator spins.
5. A turbine or electric motor driving an alternator will come to a steady state at a particular speed. This speed will change depending on the operating conditions of the system.
6. If the field current of an alternator is changed, its behaviour changes.
7. By controlling the field current of an alternator, it can be forced to operate at the ideal operating speed of the turbine or motor, no matter how this might change.
8. By controlling the field current of an alternator, it can be forced to operate at the ideal operating speed of the turbine or motor, no matter what electrical current flows through it.
4.10. Further Work

1. Investigate the benefits and inefficiencies of using pulleys and belts to transmit the mechanical shaft power from the turbine shaft to the alternator drive shaft.
2. Take into account the effect of coil inductance on the analytical model created.

3. Take into account the effect of electromagnetic and mechanical losses on the analytical model created.

4. Obtain more accurate and plentiful results to devise a look-up table upon which a the field current of a system could be controlled.
5. An Investigation Into Using Closed-Loop Control Systems to Moderate An Alternator’s Field Current
Power is often manifested as a product of two constituent variables: force times speed; torque times angular speed; voltage times current, and water flow times pressure drop are all different examples of power. When power is converted or transmitted from one system component to another, there can be some constraints imposed onto the “composition” of this power. The figure below illustrates some examples of these constraints that might be encountered in a pico hydro system.
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Figure 5‑1: Some examples of the constraints put on the “composition” of power in a pico hydro system.

These constraints should be designed for; in this case:

· The pitch of the turbine blades should be designed to cope efficiently with a changing flow rate
.
· The field current of the electric machine should be designed to cope efficiently with a changing driving torque (see Section 4).
· The duty cycle of a boost converter should be designed to maintain a steady-state voltage slightly above that of the battery bank
.
Whether these variables (blade pitch, field current, time step) are controlled during operation or are fixed at implementation needs to be considered. Electrical variables are easier to control than mechanical ones, because there are rarely any moving parts. However, sometimes it might be necessary to overcome this difficulty if the losses incurred by not controlling this variable are unacceptable.

This section will assume that controlling the field current is a worthwhile venture, and will address the ways in which it might be possible to do so.

There are several different ways to control a variable in a system, and most of them can be separated into two different types: open-looped systems, and closed-looped systems. These names refer to the schematic that is drawn to represent them.

An open-loop system, such as the one described at the end of the last section, follows a straight line and evaluates the value of the controlled variable using nothing else other than the functions embedded into it at the time of implementation. A closed-loop system, has at least one feedback loop in it that informs the controller of the current, or past states of the system. It will evaluate the value of the controlled variable using the functions embedded into it at the time of implementation and the information fedback from the system. This feedback loop offers a far better control of the system, as it takes into account unpredictable external influences (such as additional friction losses due to hot weather conditions, and wearing of, or damage to parts) that are rarely accounted for accurately in any model. On the other hand, the design of closed-loop system is far more complex, and if done poorly can lead to system instability and large oscillations of the controlled variable.

Following are descriptions of two very different closed-loop systems which could be implemented to control the field current in an alternator.
5.1. Closed Loop System 1 - “Perturb and observe”

As its name suggests, this method of control relies on creating a disturbance in the system. It then detects how the system has reacted to the disturbance and makes a decision based on this information.

This method is very commonly implemented in electronic power control components (such as the boost converter mentioned above) used in photovoltaic solar panel systems15. The problem is analogous to the one addressed in this report: a photovoltaic solar panel will generate most power at a particular voltage. However, if too much current flows then the voltage drops dramatically and the power generated decreases. This “ideal voltage” changes depending on how much sunlight the panel is receiving, and so this needs to be controlled in a closed-loop system. The component does this by disturbing the system with an increase in current. If the power increased when this happened, then the component will bring about a step increase in current. If the power decreased when it happened, then the component will bring about a step decrease in current.

This same method could be applied in an alternator, where the pico hydro system could be disturbed with an increase in field current and the change in power output detected. However, there are important differences between a pico hydro system and a photovoltaic system which must be taken into consideration. A photovoltaic solar panel will almost instantaneously react to a change in current, and so the disturbance can be repeated many times a second. Also, the smallest detectable power fluctuation in a photovoltaic system will be much less than 1% of its power output, ensuring that this disturbance has a negligible effect on the overall efficiency of the power conversion. In a pico hydro system, the inertia of the electric machine rotor and the turbine means that the system will only settle after a few seconds. Also, because of all the unpredictable factors affecting a system with moving parts, the minimum detectable power fluctuation could well be a significant part of the total power output. As a result, it is neither possible, nor desirable to carry out a check on the system regularly over small time scales. In fact, because significant changes in operating parameters are only likely to occur over long periods of time (see Figure 3‑4 for the variation in available hydro power over the period of fifteen days), any check on the system over small time scales would not demand a change in field current at all.

One modification that could be made to tailor this method to pico hydro generation, would be to insert a timed pause between checks. This would ensure that the system is not constantly being subjected to significant disturbances, and would maximise the usefulness of the disturbances when they do occur. Another improvement could be made by making the resulting step increase or decrease in field current proportional to the magnitude of the systems reaction to the initial disturbance. This would result in a more effective moderation of the field current.
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Figure 5‑2: Flow chart to illustrate a perturb and observe type control system how it might be implemented in a pico hydro generator.
The advantage of this system is that it is very simple to implement. The entire system could be written in a few lines of code, and would be very reliable as a result. Moreover, it does not rely on any functions devised experimentally or calculated using a simplified model, and so will continue to work effectively regardless of any unpredictable changes in the system.

5.2. Closed-Loop System 2 - Computer Simulation & Controller
A more continuous control could be achieved by implementing a computational model of the system. The Matlab© simulation package called Simulink© has a pre-written block of code that will model the behaviour of an electrical machine using a number of input parameters defined by the user. These parameters include mechanical inputs such as the net torque on the shaft, and electrical inputs such as the field current. The armature circuit can be modelled using other Simulink© pre-written blocks, such as resistors or even battery banks.

The field current could be controlled by a control function such as a proportional (P) controller, or proportional plus integrator (P+I) controller. The ideal turbine operating speed for the current flow conditions would be evaluated using a look-up table or function (see Figure 3‑5), and the difference between this and the current operating speed calculated. The controller would then use this difference to immediately evaluate a new value for the field current, and bring the system to its ideal operating speed as quickly as possible.
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Figure 5‑3: Schematic illustrating the implementation of a controller to moderate the field current of an electrical machine. The electrical machine is modelled by a pre-written block of code.

For this model to accurately represent a real-world system, some information would need to be provided. Examples of this might be the type of electrical machine, its internal electrical parameters (field-armature mutual inductance, armature coil impedance, Coulomb friction torque, etc), and the system inertia. Ideally however, it would be the model that defines these parameters and determines the specifications for the necessary parts and functions as a result. So this model potentially serves two uses:

· To provide the ideal system specifications of an electrical machine and controller function, for a particular site with known flow rate data and energy management system requisites. (see “Further Work” below)
· To control this system once it has been implemented, to continuously moderate the field current in the electrical machine, and maximise all-year-round efficiency as a result.

5.3. Comparison of Different Control Systems

Now that three different options for control system have been described, the best one should be chosen based on their advantages and disadvantages.
	Control System
	Advantages
	Disadvantages

	Open-Loop System

(Figure 4‑16)
	Simple to implement.
	Very susceptible to external influences.

Relies on data from experiment/model.

	Closed-Loop System 1

(Figure 5‑2)
	Simple to implement.

Very reliable.
	Very slow reaction time.

Disturbances cause inefficiencies.

	Closed-Loop System 2

(Figure 5‑3)
	Very fast response.
	Complex implementation.

“Black box” pre-written code means there could be unexpected results.


Table 5‑1: Comparison of three different control systems.

It would seem that the open-loop system is not a favourable option, as its susceptibility to external influences renders it unreliable for long term, unsupervised use. The decision between the two closed loop options however, is more difficult. A quantifiable test is suggested, whereby both control systems are created using Simulink©. They should be implemented with a suitable simulation for an energy management system, and run for a year’s available hydro power data. The available hydro power data should be chosen such that both control systems have a period of down-time when they have failed to meet the minimum electrical power supply and the base transceiver station suffers a power cut. Once, the test is run, the number of hours of down-time for each system can be evaluated, and is a quantifiable measure of how effective the control system is. A simulation should also run for a system which is not controlled; described in Section 3-6 as a “simple generator design”. This would give a measure of how effective it is to have a control system at all. The tests should be repeated for available hydro power data of increasing variability.
5.4. Further Work

This section does not contain sufficient results to support any conclusions. Instead, further work is suggested that should lead to conclusive findings:

1. Model control system 1 in Simulink©, and simulate its implementation in a system.

2. Model control system 2 in Simulink©, and simulate its implementation in a system.

3. From control system 2, produce a program that will specify the optimum electric machine and controller specification for use with a particular energy management system, and available hydro power data (or turbine power data).
6. Voltage economics

The siting of a base transceiver station powered by pico hydro is inherently constrained to sources of available hydro power. One way of expanding the options for siting away from these areas is by transmitting the electrical supply power through copper cables. As shall be shown below, the maximum distance that the power can be transmitted is defined by a compromise between cost and power loss.
The power lost, P​lost, in a cable length of resistance, R, is defined by the following equation:
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Equation 6‑1: Power lost through transmission
.

Where V is the voltage across the length of transmitting cable. If higher voltages are used then thinner copper cables can be bought, and savings can be made.
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Figure 6‑1: Graph showing the cost of transmitting power at a particular voltage, with a 5% loss. Data calculated using current price of market copper per kilo.
This graph would indicate that the highest possible voltage should be used. What is not shown by the voltage are the costs of producing such high voltages, as well as the constraints imposed by health and safety. 

6.1. Further Work

1. Account for cost of producing high voltages, and cost of required safety measures.

2. Evaluate the optimum transmission voltage for cables of different lengths.

3. Determine the cost of the transmission cables as a function of its length.
7. Summary of Research Project Findings
Following is a summary of the most important findings of this research project:

6) In order to improve the viability of installing mobile phone networks in developing countries, the options for siting a base transceiver station must be expanded.

7) The use of a storage system raises the minimum available power, and expands options for siting a base transceiver station.

8) Increasing the overall power conversion efficiency of a pico-hydro system expands the options for siting a base transceiver station.

9) The overall power conversion efficiency of a pico-hydro system comprising of an alternator as its electrical machine, can be increased through rigorous control of the alternator’s field voltage.

10) A closed loop control system should be used to control the field voltage of an alternator.

11) The siting options for a base transceiver station can be expanded by transmitting the electrical power supply through copper cables.

12) The maximum distance that the power can be transmitted is defined by a compromise between cost and power loss
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