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Abstract

Both the theory and the test results show that the E-core electromagnet linear
actuator, which is based on the variable reluctance principle, can generate a normal

force in excess of 400kNm™ when there is a flux density of 1T within the airgap.

When the actuator is used as a driver in a submersible water pump for use in
boreholes the results show that the pump is capable of pumping up to 90% of the
expected value. Pressures in excess of 10 Bar have been achieved, whilst the pump
was operating at frequencies up to 30Hz. The flow rate was less than 0.2Is”,
however improvements to the pumping system are given, and the desired 11s™ flow

rate is achievable at a delivery head of 100m.

The use of linear actuators for use in submersible water pumps is a relatively new
technology, and as the demand for safe clean water increases, it provides for
sustainable development. The actuator utilises a D.C. supply with solar panels as
the source, giving the potential for global use, particularly in developing countries
(the South).

The design of the driver can be optimised for selected parameters. However, the
development of such drivers does have limitations, the overall diameter of the pump
is restricted to that of the bore-hole size, 4 or 6 inches; further the length of the
pump is dictated by the straightness of the bore-hole. Consequently, design tools,
for the design of E-core Variable Reluctance Linear Actuators, (VRLA), are given.
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1.1

1.2

Chapter 1

Introduction

Introduction

This chapter first states the aim of the thesis and then gives the background to the
thesis, which gives an insight to the reason why the work was initiated. The chapter

then goes through the thesis explaining what is in each chapter.

The Aim of the Thesis

The aim of the research is to design and develop a linear actuator pumping
mechanism for a submersible water pump for use in boreholes. The pump capacity
is to be able to achieve a delivery head pressure in excess of 10Bar with a minimum

flow rate of 1.01s™.

Background

Many people in rural areas of developing countries (hereafter termed as ‘the South’)
have a shortage of a clean water supply, which leads to terminal health and extreme
living conditions, leaving little option, to either migrate to urban areas intensifying

existing problems or die in the rural districts.

It is not financially viable to provide distribution girds for the geographically vast
rural areas of the South, therefore sustainable stand alone water systems are vital for
the survival of the billions of people living in such areas. Encompassed in nearly

all water systems is the use of some type of pump.

The provision of clean safe water is paramount to the survival of the South; many

Martin Gain ~ Maiter of Piitosophy Thesis - 2007
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methods of extraction currently exist, each having their own capabilities and
problems, with some supplies being tapped from boreholes. The use of a borehole
in order to provide a safe water supply, is not a new concept, neither is the use of
photovoltaic (PV) water pumps, however the use of a submersible solar powered
water pump (PVP) driven by a linear actuator in conjunction with an induced flow

system is.

The problems of other water pumping systems and types of pump have been
investigated and in an effort to resolve the problems of past system failures, in
particular those of PV systems possible solutions have been explored. This
includes the problems and choice of solar panels, whether or not controllers are

required, and the design of a linear actuator as a driver for the pump.

Consideration of sustainable development and the consequence of pump failure has
been the drive throughout the design and development of the linear actuator, the
urgency of finding an ‘off the shelf” pump for universal use rather having to design
for each geographical site and the differing social and economic circumstances can
not be overstated. However, the proposed linear actuator and water pumping
system is not the solution to the worlds rural water supply shortage problems, but it
will, providing there is adequate empathy of the problems of the South, go a long

way to abating the problem.

Unlike many of the world's natural resources, water can be replenished. However,
it is vitally important that humans conserve water and help to maintain the quality
of water by discontinuing practices that contaminate and pollute the supply faster
than it can replenish itself. Humanity requires a supply of fresh water to sustain
life. Water supply systems provide water for irrigation, homes, businesses,

industry, and waste removal.

Hand-carried water is still common practice in the South, where water is carried
from rivers/streams/ponds to small villages/communities, in much the same way as
they did in antediluvian times. When surface water becomes scarce, people use the

stored rainwater, which is caught by and stored in open tanks. In deserts such as the

Mertin. Cairr - Maiter of Phitosophy Thests - 2007
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Sahara, the only dependable water sources are the oases. Elsewhere, water supplies
are often inadequate because supplies are limited and the water is often
contaminated. Such water was often responsible for typhoid, dysentery, and
cholera. Along with malaria, these diseases are still a major problem today,

particularly in the South.

From information gathered, globally the total amount of fresh water is 2.53% of the
total water on the planet, some 35,029,000km’ or 3.223 x 10 litres, [1-4]). The
majority of freshwater is groundwater; although plentiful as a resource, its needs to
be tapped. It follows that one appropriate method of doing so is by the use of

boreholes, where the water is withdrawn by means of a pumping mechanism.

The problem of ‘clean’ water is an international problem with no easy solution.
The South bears the brunt of the problem, which is exacerbated by global warming,
population displacement, and migration, to name but a few. However, development
of new techniques may well go a long way to abating the problem. People must
work together as change is difficult to implement; for any scheme to work the social

aspects and consequences must be taken into full consideration.

Water is the fundamental requirement for life, and because individual
circumstances, which dictate the amount of water individuals require, vary
throughout the world, no exact figure can be placed on consumption. However, a
guide to the minimum requirements to sustain life is available from the WHO[5],
(Re: Table 1).

Table 1 shows the minimum requirements’ of water intake per day with respect to
individuals’, animals, and crops per cultivated hectare, for tropical areas. It should
be noted that these figures were published in 2003, and are read as a true account at
the time of publication. Undoubtedly these figures will change in the future. It is
suspected that the figures will increase due to such aspects as health issues and

climate change. As climate change develops, the problem will be exacerbated.

Martin Cain - WMaitor of Phitosphy Thasis - 2007






In many areas of the South water supplies are limited and often contaminated. Such
water supplies are often responsible for water related diseases associated with poor
environmental health conditions, such as cholera, diarrhoeal diseases, malaria,
schistosomiasis and typhoid; represent the single largest cause of human morbidity
and mortality. In areas of the South with inhospitable surroundings millions of
people do not have an adequate clean water supply consequently 25 000 people die
every day due to unsafe water, [14]. For health reasons alone, there is an urgent
need to make an improved water supply to the maximum number of people in the
minimum period. Short and Oldach state “Good access to a new borehole in

Nigeria was found to reduce illness by 50%.”, [14].

However, the consequence of not suitably designing and maintaining the water
pumps and borehole can still lead to health issues. People build up immunity to
certain diseases; should any toxins be removed from the supply immunity may be
reduced having potential for increased illness. In case of pump failure, here lies a
further problem, as users would revert to the old water source succumbing to what
could be a life-threatening illness. In general, sustainable safe water requires good
design and a correctly sited borehole, ‘clean’ borehole surroundings and ‘clean’
reservoir outlets alongside good maintenance and management of all parts of the

system including the borehole.

Humans require a supply of fresh water to sustain life. Water supply systems
provide water for irrigation, homes, businesses, industry, and waste removal. Water
is also necessary for public needs, such as water hydrants for fire fighting, and
street cleaning. Urban water supply systems usually include works for the
collection, transmission, purification, storage, and distribution of water. The North

may take this for granted however the South does not afford this luxury.

There is a lack of detailed information/knowledge about the long term impacts of
domestic water and environmental health initiatives and interventions on local
people's hygiene behaviour and physical wellbeing. This makes designing and

developing new water and health policies and strategies extremely difficult, since

Martin Gain - Waiter of Piosoptiy Thasis - 2007



there is so little realistic and historically informed data on which to base current

thinking and future practice.

Both the microstructure and macrostructure of a community need to be considered
for any project to be sustainable. Although there is an urgent need to make water
readably available to all, without more ado, at present in many areas, this is not
possible without major changes to current practices. At current rates of investment,

it will take 25 to 40 years to realize this.

Nevertheless, sustainable development is feasible and has already been proven
when using VLOM and Appropriate Technology. The case for installing
sustainable boreholes as a means of extracting ground water is justified with the
case of vastly improved health in Nigeria. Similarly, having set its own guidelines
and standards the IFTA has enabled small communities in places such as Malawi to
buy boreholes with the extra capital gained from Fairtrade. This investment in
domestic water and environmental health systems and services will further

contribute to improvements in physical well being and improved prosperity.

Since, ‘Water is the keystone of the bridge to Sustainable Development’, the axiom
remains that people's understanding, participation, and responsibility are
indispensable factors for successful projects and programs. The challenge remains
how to weave these attributes into the provision of drinkable, reliable safe water

supplies to the South in the coming decades.

However, there still remains the problem of a clean water supply for the harsh
environment of the remote areas, even some urban areas, of the South. In order to
achieve this, full consideration must be given to the principles and practices of
Sustainable Development, Appropriate Technology, and Village Level of Operation
and Maintenance (VLOM), [16, 31]. For it is a complex matter, where the
individual issues overlap and at times are so entwined that they are inseparable.
This is important throughout development and implementation of any new system,

otherwise, the goal of the project may never be realised.
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Bearing in mind that the main aim of the research is to design and develop a linear
actuator pumping mechanism for a submersible water pump for use in boreholes;

thought must be given to the issues already raised.

Thesis Structure

This chapter now goes through the layout of the thesis, giving a brief of the contents

of each chapter.

Having given the background to and the aim of the thesis in this chapter, the thesis
is taken forward in chapter 2 with a literature review. This chapter gives a brief on
the principles for lifting and moving water. It then continues with a general
description of pumps and wells, providing for the purpose of this thesis a distinction
between deep and shallow wells. The chapter continues by listing the most
common types of pumps which is supported with a description of some of the
pumps that are currently available. This is followed with the reasoning behind the

choice of a linear pumping action.

As solar powered water pumps are on the increase, and range considerably in style,
listed are some of the solar powered devices, including Photovoltaic Powered
Pumps (PVPs) which are potentially the ‘end’ product for the topic of this thesis, —

“Linear Actuator for a Submersible Water Pump for use in Boreholes”.

The chapter then probes applied solar energy and gives a brief of the development
of solar powered water pumps. It also provides some insight into past failures by
outlining the problems and pitfalls of the present day systems that are currently in
use. Having explored the problems encountered and the improvements made to
PVP systems and their performance; the potential for further improvements is
investigated by looking at various ways in which linear motion, actuators, can be
achieved. The chapter also provides a comparison of topologies, and concludes

with a chapter summary.
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Chapter 3 introduces the application for the actuator, the pump system and the
individual components of the pump system. The chapter includes a general review
of potential power supplies for the linear actuator and pump. Having explored the
potential of various power supplies, the chapter examines the characteristics of solar
cells (a photovoltaic array, i.e. a constant current source). The chapter continues by
discussing the need for a controller for the pumping system. This is followed by a
break-down of the pump components, and then explains the principle of operation.
The chapter then gives the design requirements, and notes the imposed restrictions,
and incorporates an evaluation of the static head and the required frequency to

achieve the desired flow rate. This information is then collated in a summary.

Chapter 4 introduces concepts for the realization of linear motion. The chapter then
shows the model results and makes a comparison of the generated forces for the
different actuator topologies. This is followed with a theoretical evaluation of the
stricture of the chosen E-core actuator outlining the requirements and the
interlinked issues involved with the design of such a pump. The chapter continues
with the initial test results achieved when using a single E-core, giving a brief
description of the methods used to determine the generated force, and the

inductance, and a summary of the theory.

The chapter then investigates of the use of springs and gives an account of the

potential for an increase in the force of the actuator.

The chapter then continues with the design and manufacture, which shows and
describes the workings of both diaphragm and piston versions of the linear actuator
water pump. This is followed with the results of the pump tests for all the pump

variations.
The chapter then continues with a three part discussion, which includes a system

analysis, the use of springs, and the performance, problems and potential of the

pumps; and then concludes with a brief summary of the chapter.
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Chapter 5 considers the results of chapter 3 and chapter 4, and investigates and
discusses possible improvements for the design and operation of a solar powered
water pump. The first issue under discussion is the thermal quandary of the system
and possible solutions are given. It then discusses switching methods for both
electrical and mechanical control of the armature movement and provides a solution

that utilises a mechanical carbon brush switching system.

Chapter 6 covers areas of preliminary investigations and possible future
development. The chapter introduces three possible uses of permanent magnets
within the actuator and pump system. The chapter also discusses the ‘stacking’ of
E-core and the relevant inductance changes. This is followed by a section about
improving the stroke length of the actuator. Then having given the case for the use
of diaphragms, and the factors surrounding the hydraulics of the system, the chapter

ends with a method of improving the output flow rate of the present pump.

Chapter 7 gives a general discussion of the findings of the research. Chapter 8
gives recommendations for improving the performance of the D.C. powered linear
actuator water pump, the thesis is then brought to a close with the conclusions of

the research in chapter 9.
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2.1

Chapter 2

Literature Review

Introduction

This chapter gives a brief on the principles for lifting and moving water. It then
continues with a general description of pumps and wells, providing for the purpose
of this thesis a distinction between deep and shallow wells. The chapter continues
by listing the most common types of pumps which is supported with a description
of some of the pumps that are currently available. This is followed with the

reasoning behind the choice of a linear pumping action.

As solar powered water pumps are on the increase, and range considerably in style,
listed are some of the solar powered devices, including Photovoltaic Powered
Pumps (PVPs) which are potentially the ‘end’ product for the topic of this thesis, —

“Linear Actuator for a Submersible Water Pump for use in Boreholes”.

The chapter then probes applied solar energy and gives a brief of the development
of solar powered water pumps. It also provides some insight into past failures by
outlining the problems and pitfalls of the present day systems that are currently in
use. Having explored the problems encountered and the improvements made to
PVP systems and their performance; the potential for further improvements is
investigated by looking at various ways in which linear motion, actuators, can be
achieved. The chapter also provides a comparison of topologies, and concludes

with a chapter summary.

Principles for lifting and moving water

To all intents and purposes there are five different mechanical principles in which

the way water may be lifted or moved and they are in the main independent of each
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other. The most obvious is the downward flow of water under the influence of
gravity. The next is the direct lift, the physical lifting water in a container. Since
water is incompressible it can therefore be ‘pushed’ or displaced. Another method
is the generation of a velocity head, where water is propelled to a high speed, and
the momentum of the water used either to create a flow or to create a pressure. The
last, is by using the buoyancy of a gas, such as air, to aerate the water which in turn

will lift a proportion of the water.

Pumps and Wells

Many different types of pumps for water systems are currently available [32],
ranging from rural water supply handpumps to fully automated systems. Choosing
the wrong one may lead to unsatisfactory water service. At present, firstly the
capacity of pump needed is determined, and then an appropriate pump type is
chosen. The capabilities of the present systems vary considerably from pump to
pump. Some are only suitable for shallow wells and boreholes, with others best
suited for deep wells and boreholes. However, this depends on the type of pump in
use. Some are only capable of raising water up from depths of 7m (due to losses,
7m is an approximate practical value of a reciprocating suction pump), whilst others

such as force pumps can pump water from depths of up to 450m.

Basically there are two categories of pump. Regardless of the pump type, each kind
pulls water by suction from the well, and pushes the water by pressure into the
distribution system. With this in mind, why then is there a distinction between deep

and shallow wells?

Logically, a difference between deep and shallow wells can be defined as a 12m
depth being classified as a shallow well, and a deep well as being 12m or greater in

depth, for example 450m.

Shallow well pumps placed at surface level, depending on type, can be limited to a

delivery head depth of 7m. For a suction pump to be able to lift water from depths

HMertin Cuin - %m%%y@% - 2007

13



2.3

([httoot o Crngeneeoring, Dmhanr prireriity

greater than 7m, the pump needs to be lowered until it is within 7m from the water

level. It can then raise the water to its own level and then push it to the surface.

Of all the pumps used for deep boreholes, those that are located at the bottom of the
borehole are of particular interest, especially the submersible pumps. However,
there are several different types of pumps used to achieve this, each differing in

performance.

Pump Types

The complexity of pumps that are used in present day systems, range from the
simple mechanical mechanisms of handpumps to the complex electromagnetic
pumps of the nuclear industry. Many types of pump are available, which include;
Tesla Pump, Clark Pump, Stirling Cycle Pumps, Sonic Water Pumps, Solar

Powered Pumps. The most common pump types are listed below,

e Handpumps

¢ Electromagnetic Pumps

¢ Centrifugal Pump

Impellers

Turbine Multistage Pump

O O O

Submersible Multistage Pump
o Ejector Pump
e Positive Displacement Pumps
o Helical Rotor Pump
o External Gear Rotary Pump
o Reciprocating (Piston) Pump

o Reciprocating (Diaphragm) Pump

In general, pumps are either centrifugal or linear, the main types of pumps

considered with respect to this thesis are reciprocating linear pumps. In general,
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reciprocating pumps operate by suction. Pumps that operate by suction cannot

pump air; consequently, the pump must be primed.

In raising water by suction, all the pump is doing is removing air from the inside of
the pipe. As this occurs, the pressure inside the pipe drops below its original
pressure, i.e. atmospheric pressure. Since the pressure acting on the water outside
the well is atmospheric, and the pressure above the water inside the well is less than
atmospheric, the water in the well rises because of the difference in pressures. As
the pump continues to operate, more and more air is removed from inside the well
further lowering the pressure, until the atmospheric pressure finally forces the water
in the well to the level of the pump. Assuming the pump in use is 100% efficient,
the maximum height to which the atmospheric pressure could push the water is
approximately 10m. However, no pump is 100% efficient and in practice, most

pumps can only raise the water 5Sm to 7m.

Handpumps

There are many different handpumps [32] readily available for the use in wells and
boreholes. However, the performance, and the many problems associated with
these pumps are investigated and presented in ‘WORLD BANK TECHNICAL
PAPER NUMBER 6 UNDP Project Management Report Number 2’, titled Rural
Water Supply Handpumps Project - Laboratory Evaluation of Hand-Operated

Water Pumps for use in Developing Countries, [33].

In the report there is no clear distinction between deep and shallow wells, however
Arlosoroff’s [33] report for the United Nations Development Program suggests
depths up to 7m for all the pumps tested, with the exception of a shallow force
pump (Ethiopia Type BP50 — Manufacturer/Supplier EW.W.C.A)) having 12m
nominal maximum depth, to be classified as shallow wells. Nevertheless, with
some of the pumps in the report it is difficult to distinguish at what level the
demarcation occurs. For example, the Dragon No.2 (D) manufactured/supplied by

Kawamoto of Japan [33] was supplied as a shallow well pump with additional
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components for conversion to deep well use, the working range being from 7m to

45m, no demarcation line is drawn between the two levels.

Electromagnetic Pumps

By means of comparison to handpumps, the other extreme is the use of
electromagnetic pumps. Electromagnetic pumps are used solely with fluids that are
good electrical conductors, such as the liquid metals used to cool nuclear reactors.
The pipe carrying the fluid is placed in a magnetic field, and a current is passed
transversely through the fluid. This establishes an electromagnetic force in the

direction of the flow that drives the fluid forward.

Centrifugal Pumps

The operating principle of the centrifugal pump can be illustrated by considering
the effect of swinging a bucket of water around in a circle of water at the end of a
rope. The force pushing the water against the bottom of the bucket is centrifugal
force. If a hole were cut in the bottom of the bucket, water would flow through the
hole. Further, if an intake pipe where connected to an airtight cover over the top of
the bucket, the flow of water out the hole would result in the development of a
partial vacuum inside the bucket. This vacuum would bring water into the bucket
from a source at the other end of the intake. In this way, continuous flow from the

source and out through the bucket would be established.

In terms of real centrifugal pumps, bucket and lid correspond the pump casing, the
hole and intake pipe correspond to the intake and discharge of the pump, and the
rope and arm perform the functions of the impeller, (Re: Figure 2.1).

Centrifugal pumps include radial flow, axial flow, and mixed flow units.
Centrifugal pumps consist of a pump casing, an inlet pipe a discharge pipe and an
impeller. As the impeller vanes rotate water is drawn in through the central inlet
pipe near the axis and the water is then discharged via the outlet pipe located on the

circumference of the pump casing. As the impeller rotates, the fluid is forced
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Impellers

There are two basic types of impellers, volute, and turbine. Turbine impellers are
surrounded by diffuser vanes, which provide gradually enlarging passages in which
the velocity of the water is slowly reduced, thus transforming the velocity head into
pressure head. Volute impellers are characterized by having no diffusion vanes.
Instead, its impeller is housed in a case, which is spiral shaped and in which the
velocity of the water is reduced upon leaving the impeller, with resultant increase in
pressure. Choice between these two types varies with the conditions of use. The
volute type is generally preferred for large capacity, low head use for shallow wells.
A volute pump operates best with non-viscous liquids. The turbine type is used in

water wells for deep lift installations.

A vane pump consists of a cylindrical casing with a small, internal rotor positioned
off centre. Spring-loaded vanes project from the rotor to the casing. As the rotor
revolves, the volume of fluid enclosed by successive vanes is decreased, thereby
increasing the fluid pressure. Such units can handle small amounts of liquid or gas.
For high-speed vane pumps, springs arc unnecessary because the vanes are forced

against the casing by centrifugal force.

Turbine Multistage

Turbine Multistage pumps operate under the same principle as the turbine-impeller
centrifugal pump except there are one or more impellers mounted close together on
a vertical shaft. The bowls are positioned below the water level, and the discharge
pipe and shaft extend to a motor on the surface. These pumps are usually used for
high capacity from deep wells up to 450m deep. The capacity and pressure depends

on design, diameter, and number of impellers. The advantages: Produces smooth,

even flow and is easy to frost proof The long drive shaft ;équifes a stralghtand

vertical well casing. The disadvantages: To repair the pump, it must be pulled from

the well.
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Submersible Multistage Pumps

This type operates like a centrifugal pump except that several impellers are
mounted together on a vertical shaft. The impellers and motor are in a housing,
which is positioned below the water level. Submersible pumps can lift from up to
300m. The pump capacity and pressure depends on diameter, speed, and number of
impellers. The advantages: Submersible pumps produce a smooth and even flow
and are easy to frost proof. They also have a short pump shaft to the motor. The
disadvantages: This pump type is easily damaged by sand in the water, and repair

requires pulling the pump out of the well.

Ejector Pumps

An alternative name for an ejector pump is a jet pump. The basic components of
ejectors are a nozzle and venturi tube. The process by which they operate is that,
water is delivered, under pressure by the centrifugal pump through the nozzle of the
gjector. The sudden increase in water velocity as the water flows through the
narrowing nozzle decreases the pressure of the water. As a result, the water speed
near the outside of the mouth of the nozzle is very high, and the pressure is very
low. The low pressure zone acts as a partial vacuum and water from the well is
sucked from the well around the inlet pipe of the nozzle and into a venturi tube.
The gradual enlargement of the venturi tube decreases the water velocity and
increases the pressure. The centrifugal pump then picks up the flow, sending part
of the water through the discharge pipe and the rest back to the injector. If the well
is shallow, the pump is on the ground surface and the jet and centrifugal pump are
adjacent to each other. Water can be raised from up to 7m. For deep wells, the
centrifugal pump is still on the surface, but the jet and venturi are submerged inside
the well casing. Water can be raised in this way from up to 26m. The advantages:

The only moving part in the pump is the impeller, so repairs are few. For both deep

‘and’ shallow wells, jets can be offset from the well for casy access. The

disadvantages: These pumps are easily damaged by sand, and as the distance the

water needs to be lifted increases, the amount of water diverted from the
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Helical Rotor Pumps

The helical rotor pump operates like an auger to force water up through the pump.
As the screw rotates, the material is pushed along this moving cavity. If the
discharge end is designed to close the cavity, the pressure builds up, forcing the
fluid into the outlet line. The motor and auger are in a housing under the water
level. The capacity of the pump depends on the design of the rotor. Water can be
pumped from depths of up to 300m and well casings can be 100mm or larger in
diameter. The advantages: Helical rotors produce a smooth and even flow, and they
are easy to frost proof. In addition, there is a short pump shaft to the motor. Sand
also damages these pumps less than any other type. The disadvantages: Repair of

the pump requires pulling it from the well.

Reciprocating Positive Displacement Pumps

There are two general types of reciprocating pumps. The piston pump and the
diaphragm pump. Both types of pump operate by using a reciprocating piston or
diaphragm. The liquid enters a pumping chamber via an inlet valve and is pushed

out via an outlet valve by the action of the piston or diaphragm.

Piston Pump

A piston pump can be based on a single piston (figure 2.3) or, more likely, multiple
parallel pistons. The pistons are reciprocated using cams or crankshafts, [35]. The
stroke length of the positive displacement pump is generally adjustable. This type
of pump can deliver heads of up to 1000bar. The largest sizes of piston pumps can
deliver flows of 40m’/hr (11.11Litres per second). In practice these pumps are
more likely to be used for metering low flow rate fluids at more modest pressures in
laboratories and chemical process plants. Piston pumps are not generally suitable

for transferring toxic or explosive media.
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displacement), and is adaptable to hand operation. The disadvantages: It causes a

pulsating discharge, and may cause noise and vibrations.

Deep Reciprocating (Piston) Pump: - This is the same as for shallow except the
pump cylinder is attached to the bottom of the drop pipe. As the piston moves up
and down, it pumps water up through the drop pipe. Deep-well piston pumps can
lift water from 180m. Double acting piston pumps can pump 65% more water with
only 15% more horsepower. The advantages and disadvantages for this type are the

same as for shallow piston pumps.
Diaphragm Pump

At present there are two types of diaphragm pumps; the hydraulically operated
diaphragm pumps and the air actuated type. However, other methods of drives can

be implemented, such as the use of electromagnetic linear actuators.

Diaphragm Pumps have many advantages over the traditional piston pumps,
particularly because the pump's working parts are never exposed to the liquids
being pumped. In comparison, the same liquids being pumped generally lubricate
the upper working parts of, piston, plunger, and roller pumps, and the bearings and
seals are always in contact with the chemicals or water. Since these devices have
no piston rings through which fluid can leak, they are often used to pump toxic

fluids or to avoid contamination of biological fluids.

In general, the design of diaphragm pumps is that the diaphragm is pushed not
pulled. When they pressurise liquids, they are being thrust by a piston and are
correctly seated on the head of the piston for that purpose. Consequently, the
diaphragms are fully supported, therefore do not stretch, pull, deform, or suffer any
other stress that they were not designed for.

In a diaphragm pump, a pulsating flexible diaphragm replaces the piston. When the
piston ends its ‘power’ stroke; the diaphragm goes back into the lower part of the

cylinder, assisted by the piston or under the force of gravity, creating a slight
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vacuum in the pressure chamber thus drawing fresh liquid into the head, which will
then be pushed out to the non-return output valves by the diaphragm, when it is
pushed again by the piston.

Providing that the inlet lines and valves from the source are not clogged, the filter is
clean, and the inlet non-return valve in the line feeding the pump is open, there is no
problem. The diaphragm pulling the liquid into the chamber is not stressed.
However, if there are obstructions in the line of any kind, the diaphragm has to pull
hard to fill the chamber, creating a high vacuum. This now causes the diaphragm to
be pulled by the piston head, deforming the centre mounting of the diaphragm. If
the pulling effect becomes extreme due to a higher degree of clogging, and, of
course, a higher inlet vacuum, then the diaphragm will be severely deformed and
even be eroded by the edge of the washer holding it to the head of the piston.
Inevitably, the washer will cut the diaphragm, subsequently diaphragm failure with
possible damage to or failure of the pump and/or a contaminated output the result of

mixing of lubricating oil and water.

Maintenance - A common problem encountered when pumping is that of caking-up
resulting in blockages and pump failure. Chemicals, especially liquid absorbing
powders and coppers have a habit of caking-up in the fittings. However, the
function of the proposed pump is to pump water, therefore, the main problems of
caking-up are envisaged as those resulting from the minerals present in the water
source and those arising from electrolysis, degradation of materials, and rust.
Careful choice of materials at the design stage or the provision of a sacrificial earth

can overcome/prevent any electrolysis problems.

The best prevention for this problem is to regularly clean the filters, washing the
screens out thoroughly. Also, check the inlet non-return valves periodically for
blockage. If the output is still reduced to a trickle or little more, and not what is
considered normal, then there is some blockage either in the output line or internal

plumbing (;f the puinp.
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Another common cause of the high vacuum problem is the inlet non-return valves
lines that are closed when the pump is started. Diaphragm pumps will pump air
when there is no liquid around, so if the inlet non-return valve is closed, they will
sit and suck vacuum with the subsequent consequences, probably the easiest

solution to this problem is to prime the pump before use.

Hydraulically operated diaphragm pump

The hydraulically operated diaphragm metering pump is used for similar duties as
the piston pump. It has some significant advantages compared to the piston pump
in that the design does not require glands or piston seals. The diaphragm in the
hydraulically operated diaphragm pump [37] (figure 2.5) is actuated using a plunger
pump arrangement. This provides full support of the diaphragm allowing high
pressure operation. The pump can include for duplex diaphragms with the interface
being monitored for failure of the diaphragm in contact with the fluid. This type of
pump can be used for pumping toxic and explosive fluids. The pump can deliver
heads of up to 700bar and transfer flows of up 20m’/hr (5.56/s), [34]. These
pumps require continuous monitoring as the diaphragm is under high fatigue
loading and the inlet and outlet valves are subject to erosion and blocking. Under a

high quality maintenance regime these pumps are very reliable, [35]
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Figure 2.5 - Hydraulic operated diaphragm pump [37]
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The pump is designed around a skeleton of stainless steel rods which ensure that
hydraulic forces put the plastics components in compression rather than tension.
Non-Metallic parts are machined from solid block material for maximum strength

and Chemical Resistance. The air shuttle valve is externally mounted.

The sectional drawing, figure 2.7, shows two diaphragms that are connected by a
rod. The reciprocating motion is produced and powered via compressed air, and is
controlled by the air shuttle valve, which receives a changeover signal at the end of
each stroke. Each diaphragm fluid chamber has an inlet and outlet non-return
valve, which are connected by manifolds to the respective common inlet and
common outlet ports. Depending on the application, the non-return valves can be

gravity-seated balls or other types such as flap valves.

The primary control of the pump flow rate and pressure is normally by means of a
pressure regulation valve in the air supply line. Because the air acts directly on the
fluid via the diaphragms, the maximum fluid pressure which can be generated at
zero flow condition is equal to the air pressure being applied. It follows that to
| make the pump operate at a useful flow rate; the driving air pressure must be higher

than the fluid delivery pressure of the pump.

The maintenance intervals for these pumps are normally determined by the life of
the diaphragms; the length of diaphragm life is dependant of the total number of

operating cycles and degree of stress, which they encounter.

In order to maximise the lifespan of the diaphragm, the following points should be

taken into account

e The driving air pressure should be set at the minimum level required to
achieve the duty.

. Contmuous operatlon at the max1mum ﬂow rate should be av01ded - it is

best to slow the pump to a steady rate even if takes longer to finish the task.
e Allowing the pump to run without fluid for long periods should be avoided.

Fitting an automatic cut-out device should be considered.
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The pump can also be controlled by a valve or similar restriction device but these
must be installed in the pump delivery line. If the delivery line is closed
completely, the pump will ‘stall’ and remain stopped. When the delivery line is

reopened, the pump should automatically start pumping again.

Due to the reciprocating pumping action, pulsations are generated which can cause
vibration in the pump and pipe work; particularly at higher flow rates and pressures.
This effect can be reduced or eliminated by utilising one or all of the methods given

below.

¢ Reduce the flow rate and/or operating pressure.
e Use flexible inlet and outlet hose.
¢ Fit a pulsation damper in the pump discharge line.

¢ Fit an additional pulsation damper in the pump suction line.

A simple form of pulsation damper may be created by fitting a “tee’ in the line with
a vertical/rising branch pipe which is sealed at the top, creating a bubble of air

which compresses and expands to absorb the pulsations.

Most diaphragm pumps are capable of self priming even when ‘dry’, from depths of
up to about 8m. However, the practical depth possible depends on several factors,

the main ones being; -

e The vapour pressure of the liquid and operating temperature.
e Type and condition of the pump non-return valves.

¢ Volumetric efficiency of pump.

¢ Total length and route of the suction pipe work.

* Avoidance of any leaks in suction pipe work.

The pump should be located as close as possible to the liquid source and the suction
pipe work should rise steadily from the liquid source to the pump suction. When

priming, the pump can only empty air from the suction line into the delivery line at
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low pressure. Therefore, there must be a vent for the air arriving in the delivery

line.

Diaphragm pumps can be suitable for handling a certain degree of solids and sludge
etc. Some pumps are available which, when equipped with flap type non-return
valve, will pass any size solid that fits into the suction port. Normal units will be
rated for passing solids of a certain size and if necessary, should be fitted with a
suction strainer to restrict entry accordingly. Liquids containing abrasive solids
may cause wear, particularly in the non-return valves, and may damage the
diaphragms. Special materials may be used for the vulnerable parts to achieve a

satisfactory life.

Pump Construction Materials

For handling water and other harmless liquids, cast iron or aluminium are the
normal materials for diaphragm pump chambers and manifolds. Stainless Steel
versions are readily available for handing chemicals, solvents and for ultra clean
duties. For the more extreme corrosive chemicals, versions are available in plastics
such as polypropylene, polyethylene, P.V.D.F. and P.T.F.E. for ultimate resistance
against the properties of the pumped fluids and the working environment. Many of
the lower priced polypropylene plastic pumps are of moulded construction and are

not as robust as those with solid plastic components.

Materials for Diaphragms

For water and other normal fluids, the common diaphragm materials are Nitrile,
Neoprene, -and Ethylene Propylene synthetic rubbers. For some chemicals and
solvents, Viton synthetic rubber will be suitable although more expensive. For
extreme chemicals, P.T.F.E. diaphragms will be specified; often as an over-lay on a
synthetic rubber backing. Generally, P.T.F.E. diaphragms, being less flexible, will
have a shorter mechanical life and on some makes of pump will require

modification to shorten the operating stroke when converting from rubber
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diaphragms, [38]. These materials are also suitable for use as valve seats and flap

type non-return valves.

Submersible Pumps

Submersible pumps can have a rotary or a linear driving device, and are either
powered by A.C or D.C. The linear device can use either use a piston/s or a
diaphragm/s. The type and performance of submersible pumps vary considerably,

some examples are given below.

Flygt HX Submersible 5" Water Supply & Irrigation Pumps (50Hz)

(Reference - ITT Flygt - an ITT Industries company - Products, data and

performance sheets)

These pumps manufactured by Flygt, are in general used for supplying water; it is
claimed that they avoid problems with suction, un-priming and noise. They are

radial type impeller pumps for use in 6" boreholes and come in seven sizes.

The pumps operate on a 230+10% voltage supply, and can be either single or 3-
phase. Depending on the type/model of pump the power ranges between 0.55kW
and 1.1kW. They are approximately 0.5m in length, with a diameter of 128mm;

therefore they are suitable for use in a 6" borehole.

On the data sheet provided Flygt state that the 1.1kW pumps that provide a flow
rate of 70l/min can achieve dynamic heads of 80m. However, when reading the
performance graph it was found that the best dynamic head achievable, with a flow
rate of 70l/min, is actually only 38m. Nevertheless, the pump can achieve a
dynamic head of 80m, but only with a minimal flow. This ambiguity was found to
be true for ail the pump data; the highest flow rate for any of the pumps is 120/min,
and the greatest obtainable head for any of the pumps is 80m.
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delivery rates, to prevent motor overloading even during prolonged use. The pump

also has good suction capacities at both low and high delivery rates.

‘Pedrollo’ SK Submersible Borehole Pump Range

Mode Size | Power | Dynamic Head | Max. Flow Rate Q at lowest Head

No.# (inch) | (kW) | Range (m) Us | Vmin | UVhr | m’/hr

5SKm100 5 0.75 77m — 10m 0.83 50 3000 3

4SKm100 0.75 68m — 5m 0.83 50 3000 3

4
5SKm150 5 1.1 53m - 10m 13 80 4800 4.8
5SKmIOOM | 5 0.75 42m—-3m 1.3 80 4800 4.8

Table 1.1 — The SK Performance Data

The “Pedrollo’ 4SR8 - 4" Multistage Borehole Pump Range offers a flow rate up to
3.3l/s (200 L/min - 12m*/hr), and with a dynamic head up to 280m. As with the SK
range the pump are fitted with a patented anti-seize system. However, unlike the
SK range the pumps are capable of handling entrained sand, up to a maximum sand
content of 150g/m®. Nevertheless, the pump has some limitations, namely, the
maximum temperature of the fluid being pumped is +30°, and the pump is limited
to a maximum of 20 starts per hour. These pumps are therefore more versatile in
their use, and can be used in both domestic and industrial applications. 4SR pumps
can be installed in wells with a diameter of no less than 4"(100m), and by

comparison to the SK range five times longer in length, at 1.5m.

The 4SR range has four pumps which can operate with both single and 3-phase and
another four more powerful pumps that operate with 3-phase only. The power of
these impeller multistage pumps ranges from 0.75kW to 735kW (1HP up to 10HP);
the greater the number of impellers the greater the power. The power of the
4SRm/4 and the 4SR8/4 (m indicates single phase: the RHS #4 indicates 4

impellers) is 0.75kW, and both pumps have the same flow rate versus head

maximum flow rate of 3.3l/s (200 L/min - 12m3/hr). These pumps have minimal

output at 27m. Whereas, the 3-phase 4SR8/42 has 42 impellers with a power rating
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liquid itself; and the second invention a submerged pump with coaxial opposing

pistons driven by double lobed camshaft.

Patent 1 - Description of Patent number EP0048224 - Liquid pump [41]

This patent states “This patent is based on the creation and maintenance of an
oscillatory motion of the liquid in the tubing connecting the original location of the
liquid with the point to which it must be transferred. During the various phases of
the oscillation the pressure of the liquid in the various points of the tubing varies
cyclically, passing alternately from higher to lower pressures than the liquid would
have in absence of the oscillations. By designing the oscillating system with
suitably rigid elastic organs, so as to achieve oscillations of suitable frequency and
amplitude, a pressure cycle is achieved with an amplitude such that the minimum
pressure achieved periodically at the starting point of the tubing is lower than that
of the liquid to be pumped. However, the maximum pressure achieved at the end

point of the tubing is higher than that of the surroundings.

Therefore, by opening and closing certain valves placed between the tubing and the
starting and arrival points in correspondence with the phases of the pressure cycle
described above, liquid enters the tubing at one end and exits at the other.
Obviously, this transfer of liquid through the tubing occurs through the energy of
the oscillation. This oscillation in turn must be continually fed through the

administration of work by an external energy source, of any type.”

This invention concerns a pump for liquids constructed so as to achieve an
oscillating system in which the mass consists of the mass of liquid itself. Currently,
volumetric pumps, (i.e. piston, membrane, casework pumps), and fluid dynamic
pumps, (i.e. centrifuge, axial pumps) are known to be capable of supplying the
broadest range of lift and delivery. However all of these pumps have in common
the following problem: the. pressure.at the.inlet may not be lower .than-the vapour
pressure of the liquid in question, Torricelli's principle [42]. This limitation places
constraints on the position of the pump with respect to the liquid: indeed, in the case

of water the pump may never be placed at a theoretical height greater than 10.4m
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groups, each consisting of a balanced, coaxial and opposing piston couple 7 on

spool 10 and with a spring 12 return.”

Apart from the use in boreholes, Mencarelli et al. [44] claim that there is “no
practical limit inherent to the pressures” and that the pump has “a particular

suitability to applications fed by sun energy or applications with low power”.

This is a novel design, although simplistic, it is a rotary pump and consequently it
has more than one moving part, as in a linear pump, therefore there is potentially

more chance of mechanical failure.

Solar Energy as Energy Supplies for Pump Applications

Probably the first direct link between water pumping and solar energy occurred in
the seventeenth century. “In 1615, Solomon de Caux published a description of a
working solar “motor”. He used a number of glass lenses mounted in a frame that
concentrated the sun’s rays on an airtight metal chamber partially filled with water.
The sunlight heated the air, which expanded and forced the water out as a small
fountain.” [45].

The first attempts to convert solar energy into other forms revolved around the
generation of low-pressure steam to operate steam engines. The first axicon
(conical mirror concentrator, collector) was used to operate steam engines, but
proved less efficient than conventional coal-fuelled steam engines. However, the
current trend is to move away from coal-fuelled energy supplies, as a consequence,
in remote areas there is potential for solar powered engines. Solar collectors of the
parabolic type were first used to operate a printing press. The Ericsson-cycle hot-
air engine can be used for the conversion of heat into motive power; this therefore

provides potential for a solar energy powered pump. -
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Thermocouples utilising solar energy develop a voltage between a hot junction and
a cold junction, each junction consisting of a pair of wires of different materials

such as iron and nickel, hence thermoelectricity.

Meinel and Meinel [45] claim that in 1955, some 28 countries were involved in
research, covering 15 different categories of solar energy. In 1976, UK-ISES
published “Solar Energy, a UK assessment”[46], which was a major review of solar
energy and gave particular emphasis to the potential contribution which solar
energy might make to the future energy requirements of the UK. Since, then a great
deal of new information has emerged, partly because of the increase in national and
international research and development programmes. There has also been a marked
increase in the number of demonstration projects and in the general level of

awareness of renewable technologies.

Solar cells have progressed from the early methods which used the effects of
sunlight on semiconductors with transparent gold coatings for electrodes; through a
stage of using copper oxide and cadmium sulphide cells; to the use of two new
semiconductors, lead sulphide and thallium sulphide. Improvements to solar cells

continue and are becoming cheaper as they become more readily available.

All of the above have potential to supply motive power to a pump. As solar
powered water pumps range considerably in style and are on the increase, listed are

some of the solar powered devices,

Rubber Belt Elastocaloric Engine (Powered by a Solar Pond)

¢ Solar Concentrator Stirling Cycle Water Pump

e Solar Powered Belt Turbine Engine

¢ Solar Powered Spring Engine (Based on Metal Leaf Springs of Shape
Memory-Metals)- oo

¢ Solar Powered Wire Engine for Driving Water Pumps

e Stirling Cycle Water Pump Employing Heat from a Solar Concentrator
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e Photovoltaic Powered Pumps

Solar Powered Pumps

In contrast to the pumps previously mentioned, §2.3, solar powered water pumps
are on the increase, and range considerably in style. The focus is now Photovoltaic

Powered Pumps — PVP’s.

In 1981, the use of photovoltaics was still considered as a “future application”.
However, it was thought that in the near future the provision of pumped water for
human and animal consumption and for irrigation, particularly in the South, was
feasible. At the time, around 250 million (this figure now exceeds 1.2 billion [47,
48]) of the world’s poorest people lived in areas which experience extended dry
seasons, during which crop production is impossible without irrigation. It was
envisaged that with proper land management and water resources, food production
could be at least doubled, and life in many parts of the world could be transformed
with pumped water. Jesch [49] gives the example: “a 20m well in the Sahara can
provide 20m’ of water per day, enough to sustain some hundreds of people and as
many head of cattle”. Jesch [49] goes on to state, “Water pumping, disinfection,
and desalination are very suitable applications for photovoltaics because, with an
adequate reservoir, pumping can be restricted to the daylight hours and no

electricity storage is required”.

Similarly, since solar powered water pumps (PVP’s) are localised, they can have
additional benefits to merely pumping water, such as the solar panels charging
batteries, hence the provision of a lighting system for small communities, so
providing for sustainable development. The quantity of solar panels in a PVP’s
array could be increased so providing additional benefits to the community Jesch

[49] gives a example of “a 3kWp array, extendmg over an area of 30m to 40m

could prov1de basic hghtmg, refngeratlon educational TV and pumped water for 50

African houses.”
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Such scenarios would give freedom of human resources within the local community
enabling women and children to be educated or being able to help plant and reap
crops, leading to self-sufficiency. Other benefits would be improvements in health,
which is a major factor for providing safe clean water. Internationally, in excess of
25,000 people die every day due to unsafe water. Vast improvements in health
have already been achieved in Nigeria with the use of boreholes to provide clean
water thereby reducing illnesses such as dysentery, malaria, and typhoid by around
50% [16]. Further, the provision of a safe clean water supply could be an incentive
to prevent the population drift to the towns, even encouraging skilled people to

move to the villages, resulting in a boosted economy.

The global health problem arising from the lack of access to clean water is
interminable having grave consequences for the future. The UK Meteorological
Office predict by 2080 (assuming unmitigated greenhouse gas emissions) an
estimated 290 million additional people will be at risk of falciparum malaria,
(clinically more dangerous than the more widespread vivax malaria) [15]. The
problems of the South can be significantly reduced with the provision of clean
water, Short and Oldach [50] state “Solar (photovoltaic) powered water pumps
could be a real instrument for the alleviation of water related deaths and illnesses in
developing countries through the provision of clean water”. However, this is not
the sole solution to the problems of the South. Despite the benefits that access to
sustainable clean water supplies can bring, the complex, inter-related social and
technical issues also need to be addressed. Short and Thompson [16] state “Solar
(photovoltaic) powered water pumping has the potential to bring sustainable
supplies of potable water to millions of people in developing countries.
Unfortunately, in many cases the application of the pump technology ignores the
sociological and economic needs of the users, leading to lack of maintenance,
inappropriate financing schemes, inadequate system management and ultimately,

failure of the pump.” To ensure the future sustainability of solar powered water

pumps so reachlng 1ts full potentlal the three plllars of sustalnable development

must be 1mplemented at the de51gn stage to meet the needs of those who could use

them. The social and economic aspects of sustainable development and the issues
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involved in solar water pumping projects are discussed in the background section of

chapter 1.

Short and Mueller [51], state that “For many years, solar (photovoltaic) powered
water pumping has been portrayed as being able to revolutionise water provision in
rural and developing communities. Mass produced pumps and cheaper PV panels
have been promised, with the possibility of bringing safe water to those people who
currently lack the basic human right. Although inroads have been made into
reaching such an ideal situation, the current reality is somewhat different.” Solar
powered water pumps have been available since the late 1970s; however, their
potential has not yet been accomplished. In 1978, the aim was to install ten million
units by the year 2000 [52], however, by the year 1998 only 60,000 units had been
sold [53]. In some areas fifty percent of the pumps no longer work. Why? What is
the problem? Is it the politics? Is it the design?

Problems and Improvements to PVP Systems and Performance

Isolating the exact cause of the problem is not easy as there is no singular answer;
the political issues are outside the scope of this thesis. Nevertheless, there is a
definite link to the take-up rate for installation of systems. However, these complex
issues are highlighted and referenced in chapter 1; the references take an extensive
look at the issues, encompassing a general synopsis of water and surrounding
issues, such as, Sustainable Development, Appropriate Technology, and Village

Level of Operation and Maintenance (VLOM).

With respect to the problems pre-1980, system failures were attributed to the solar
panels having module encapsulation faults, insect attack on exposed resin surfaces,
cleaning problems, ‘hot spot’ failures, connection faults, and lack of lightning

protection, which have now largely been overcome with improved design and

-protection-[49] -
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However, the physical nature of the site/s where the use of PVP’s is envisaged is
probably remote often with dusty, arid conditions; consequently cleaning problems
will remain. Although Jesch [49] in 1981 claimed that cleaning problems had been
resolved evidence suggests otherwise, as in 1999 Hammad [54] quotes
“temperature as hot as 40°C and dust blown from a constant desert wind”. Both
conditions have the potential for solar panel failure, inverter failure and controller
failure. The work of Mosalam Shaltout et al [55], shows that humidity also has an
influential bearing on the type of solar panel used. It is evident that climatic
variations will always be of significance to the design of a PVP system, however
these changes are beyond our control, therefore the system should be designed in

such a manner as to minimise the effect.

In 2000, Jafar [56] developed a model that predicts the flow rate of a PV pumping
system to an accuracy of 8% and showed that the flow rate is a function of both
irradiance and head. The model enables predictions to be made for any
combination. The procedure was applied to the Solar Star 1000 pumping system.
The reasoning for the model was that the degree of acceptance of PVP’s by the
people of Fiji was extremely low, the PVP having a history of failures and lower
output than that expected by the users. Most of the problems arose because the

system had been undersized and did not reach demand levels.

Badescu [57], states “A major advantage of PV pumping systems is that they are
naturally matched with solar radiation as usually water demand increases during the
summer when solar radiation is a maximum. A directly coupled PV pumping
system is composed of a PV array directly connected to a DC motor driving a
centrifugal pump. It is certainly the cheapest, simplest, and most reliable of all the
different PV pumping systems”. The system has been thoroughly investigated [57-
60).

It is acknowledged by Badescu [57], that the optimum PVP design would be a PV
arrarlAyA d{rectly connected to a DC fhdfbr, a pdint reiterated by Short and Mueller
[51}
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However, as late as 2001, a 45% failure rate is noted by Kaunmuang [61], who
attributes most failures to blockage of pumps and pipes and inverter failure. In
2002, Short and Mueller [51] comment on PVP standard systems, with AC motors
driving centrifugal pumps, and highlight an almost 20% inverter failure rate in field

tests.

Whether the system is AC or DC, the problem of matching the Maximum Power
Point (MPP) curve of an array remains so some kind of controller is required.
Inevitably, cost becomes a major issue, particularly in the South. Short and Mueller

[51], state “two lessons to be learnt regarding electronics and controller:

1. If any kind of controller is to be used, be it for a DC brushless motor, an
inverter for AC provision or a specialised MPP Tracker (MPPT), it must be
inherently extremely reliable, or easily repairable/replaceable at local level.

This places severe limitations on such a controller;

2. Given these limitations, it must be questioned whether or not a controller
should be used at all. Indeed, whilst electronic systems should have
increased in dependability since Roger concluded “direct coupling (between
motor and array) is the most reliable pumping technique” [62], the evidence

points otherwise.”

Predictably, cost is always a factor. History demonstrates how dreams and
aspirations have been quashed and resulted in a very poor uptake in a concept
utilising a new technology, as in the case of solar hot-water heaters and solar house
heating systems, 1955-1970, where cost was major factor. The added expense of
complex controllers and batteries is immaterial in the more affluent North as spares
and repairs are easy to access. However, the expense of complex controllers and

batteries adds to the financial burden in the South. Therefore, PVP’s must not only

be reliable and robust, they must be economically competitive.

i T R BT A,

The problems associated with pump system failure and downtime for maintenance

arc.
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o If the pump system fails, it may be a considerable time before a competent
person is available to inspect the pump, and even longer to source and
replace parts.

e Unless planned the same applies to downtime for maintenance.

e The consequences of either being that water users will be forced to resort to
the more traditional methods of water collection, with the potential of a

recurrence of health and social issues.
Obviously, the key to resolving these problems is reliability.

Another possible reason for the slow uptake of the systems could be that most
pumps are designed for a specific application, even custom made, therefore the
variations between sites is not provided for, as no single pump is suitable for all
sites. As stated previously there are many different types of pumps available, each
having their own specifications and performance, none of which have a

multipurpose/multi-site use.

In 1999, the performance of different photovoltaic water pumping systems was
investigated by Arab et al [59], using Typical Meteorological Year (TMY) data
from four distinct Algerian climatic sites: Algiers, Bechar, Oran, and Tamanrasset.
Their investigation involved three different profiles, “three tank capacities, two PV
modules types, two PV array configurations, and several pumping heads, applied to
two centrifugal pumps”. Although the study used centrifugal pumps, it takes into

account the different parameters of the system and its geographic location.

Arab et al [59], when discussing the performance of PV water pumping systems,
state, “Photovoltaic (PV) pumps constitute a potential option whose widespread
application is precluded by a lack of information and experience. The system
performance is influenced by many parameters like the total manometric pumping
head, the motor-pump type, the PV array configuration and the geographical
locatlon Further, tﬁey cohclﬂdé;‘ v“t~heﬂ PV' generator costs can decrease if the
simulation program accounts for the kind of pump, the pumping head and the daily

load profile. The system can be optimised by studying individual requirements
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with a simulation program.” The hard facts of economics have defeated previous
solar energy programs [45], consequently any model that encompasses cost is of
value. Nevertheless, the study is applied to individual circumstances, which

detracts from the idea of an off-the-shelf pump for universal use.

Some sites may require more solar panels or a different type of solar panel [55] to
achieve the same output depending upon the geographical location of the site. In
order to meet the supply demands of the water pump system the configuration of
the array can be adapted as required for each individual installation site. This
modular nature of photovoltaic systems greatly reduces cost, when compared to the
enormous expense that would be incurred if a grid system were used for the rural

districts of the South.

The study by Mosalam Shaltout et al [55], for the determination of suitable types of
solar cells for optimal outdoor performance in desert climate investigated the
integrated spectral response (ISR) and the electrical power over 32 spectral bands
for monocrystalline, polycrystalline, and amorphous solar cells. Deviations were
found in the behaviour between the ISR and the electrical output power in the

measured bands. The results of ISR are shown in table 1.2.

Solar Cell Type Spectrum | Maximum sensitivity at wavelength
Amorphous silicon Visible A=0.522um
Polycrystalline silicon Infrared A=0.922um
Monocrystalline silicon | Near Infrared A=0.704um

Table 1:2 - Maximum sensitivity wavelengths for different types of solar cells[55]

From the results of their investigation, they conclude that, “the monocrystalline
solar cell is more efficient than the other types.” Since visible radiation is reduced
in the desert climate and the cost of the monocrystalline cell is far greater than that
of the polycrystalline solar cell, it is advisable to use polycrystalline cells in PV
applications. However, they also recommend that monocrystalline cells be used for
areas of increased humidity. Nevertheless, they do not rule out the use of

amorphous solar cells suggesting that they could be used in conjunction with an
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anti-reflective coating, so increasing the cells efficiency by 1.38%. This is a small

improvement in efficiency of the solar cell.

The choice of cell with respect to cost is rarely relevant, as the cost of a cell is
evaluated in terms of pounds per peak wattage, £/Wp. The fact that an individual
cell costs more is in general outweighed by the improved peak wattage. The advice
of choosing one type cell over another due to cost is debatable; perhaps it would be

more beneficial if it were the pumps efficiency that was improved.

Muselli et al [63], have developed a methodology to determine the optimal size of
PV-hybrid subsystems and to optimise the stand-alone system management. They
claim it is a “valuable tool to design and evaluate PV-hybrid power supply systems
for remote areas in terms of sizing and system operation”. To that end, the
installation of a PVP system must be included in such designs, so providing for

sustainable development.

In 2001, Joyce, Rodrigues and Manso [64] developed a PV stand-alone system
model based on the current—voltage characteristic of the modules and on a linear
relation between the battery voltage, the state of charge (SOC), and the internal
resistance of the battery. The reason for the model was that Portugal still has
approximately 7000 homes isolated from the grid system and the intention was to
provide “the same service quality to the end user that a grid system provides”.
They claim “very good agreement between the calculated yields and the
performance indices for both the simulated and measured values”. They also
conclude “The model can be used to simulate the behaviour of the system during
long periods and with different load distributions, using meteorological synthetic
data, which will lead to a better understanding of stand alone PV system. An
important feature of the model is its modular conception, which permits the model
to be used in different types of PV systems like pumping systems”. Whether
batteries required or not, the model provides a design tool for the development of
PVP’s.
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Badescu [57], claims that the use of batteries in conjunction with solar cells
improves the PV pumping system operation by compensating for changes in the

irradiance incident on the PV array.

Both Arab et al [59], and Badescu [57] have used a water storage tank to improve
the PV pumping system operation. Arab et al [59], discuss the influence of
different geographical locations on the PVP system along with the influence of the
tank capacity over a number of autonomy days. Self-sufficiency is vital for small
communities to survive. Using the total daily supply demand, over 24 hours, and
different peak demand times, in order to prevent a water shortage, the tank storage
discharge must be able to compensate for the shortfall in the pumps output.
Nevertheless, this was found to vary depending on geographical area and time of
year, unlike Badescu [57], whose model only included one site, Bucharest, states,
“There is no obvious dependence on month and season”. However, he agrees that
the use of a water storage tank improves the PV pumping system operation. Arab et
al [59], conclude “The daily load profile has little influence over the relative deficit
if there is a tank with at least one autonomy day.” ... “the geographical location
influences the system performance.” ... “the PV generator costs can decrease if
the simulation program accounts for the kind of pump, the pumping head and the
daily load profile.” From the results it was also determined that the smaller the tank

capacity, the greater the number of deficit hours.

In 2000, Kolhe, Kolhe and Joshi [65], when working with a centrifugal pump
directly powered by photovoltaic PV array suggest that when designing a DC PM
motor the magnetic field constant should be appropriately selected so extracting the
maximum power from PV array. They state, “The DC permanent magnet motor
coupled with centrifugal pump has the better matching when directly powered by
photovoltaic (PV) array. The important parameter of DC permanent magnet (DC
PM) motor is magnetic field constant.” They conclude, “It has been found that the
maximum output is available at the output-energy-weighted average value of
magnetic field constant. Their research may well improve the performance of a DC
PM motor directly coupled to a PV array by achieving the maximum mechanical

output for the pump.
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However, the problem remains that this will be only pertinent for a limited number
of sites, those that involve the use of (DC PM) motor centrifugal pumps. In the
paper it is unclear whether or not the motors are brushless; if not then the
maintenance problems associated with brush gear remain. Further, even though the
use of PMs improve the efficiency of a DC motor not all centrifugal pumps use

permanent magnets, therefore it is still not suitable for all sites.

In 1995 a possible improvement to PVP’s was proposed by Perris and Salameh
[66], the idea was to replace the rotary motor and gearbox with a linear DC motor
drive system positioned at ground level and coupled to the pump via a long
connecting rod. Although this is a move towards the desired system, the use of a
connecting rod in deep boreholes has potential problems. This idea was not entirely
new. Prior to this date, in 1991, when Whitfield et al [67], were researching ways
to improve the cost effectiveness of small solar photovoltaic water pumping
systems, they moved beyond the assumption of a rotational motor, by suggesting
that the drive system should be dc powered, brushless and placed in the borehole
directly coupled to a reciprocating piston. Nevertheless, this opens the options of
having the drive system based on the brushless permanent magnet principle or the
variable reluctance principle. Furthermore, tangential forces from a conventional
linear motor topology or normal forces from an electromagnet topology could be

used to generate the thrust force.

Linear Motion Topologies and Actuators

At present, the majority of electrical machines are of a rotary configuration,
principally due to their application. Obvious exceptions to this are the development
of ‘Maglev’ levitating high speed trains, projectile launchers, and small biomedical
actuators. Historically, long-stroke linear motion has been achieved with the use of
motor driven cams and linkages, hydraulic rams, pneumatic rams, and motor driven
ball-screws, none of which are appropriate for use in deep narrow boreholes.

Therefore, the concept of using a direct drive linear electromagnetic device seems
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to be logical. Not only is there the benefit of having a small (in size) actuator that
will fit in the reduced envelope of the pumping device, for use in boreholes, the
concept allows for efficiency, simplicity, and improved positioning accuracy;
however the mechanical advantage of the use of the motor gearbox is lost. Further
advantages are reduced maintenance and a far less chance of component and system

failure.

For a number of years now the use of linear actuators has been, and continues to be,
on the increase, with many advancements being made as the field of linear actuators
expands. There are many designs available all serving their own purpose;
consequently, this review identifies only some of the innovative concepts of linear
actuators. Howe [36] states “many actuator types and topologies are emerging with
widely varying operational characteristics, in terms of displacement (rotary or
linear), speed of response, positional accuracy and duty cycle. As a consequence, it
is difficult to give a general overview of the current status of magnetic actuators.”
An important point raised by Howe [36], is that most of the work undertaken by
himself and his associates on specific actuation systems for a range of applications
has only been made possible because of the emergence of high-energy, rare-earth

magnets.

Howe [36] states “Of the various motor technologies and topologies, the tubular
brushless permanent magnet motor offers significant advantages, in terms of
specific thrust force capability and efficiency.” There are two designs of tubular
brushless motors, slotless, and slotted, both longitudinal flux motors; the latter
generates a high thrust force. The work designed for Mueller and undertaken by
Baker [68] has developed a linear generator for a direct drive marine renewable
energy converter, a tubular machine, which needs to react a shear force of 100
kNm™.

Similarly, Brooking et al [69], use the principle of a variable reluctance permanent
magnet (VRPM) machine for a réciprocating electrical generator claiming a shear
stress of 100kNm™. The work was based upon the topology developed by Iwabuchi
et al [70] and Spooner and Haydock [71]. Weh, Hoffman and Landrath [72], and
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the further development of High Torque Machines by Spooner [73] further support
this. As with Howe’s work on magnetic actuators, Baker also demonstrates the
potential advantages of using, Permanent Magnet (PM) based topologies, although

it is in the field of generators.

A Linear Induction Motor (LIM) produces a translational motion. Sen [74]
compares rotary induction motors with LIM’s noting that the thrust-velocity
characteristic of the linear induction motor has the same form as the torque-speed
characteristic of a rotary induction motor. Sen states “An important application of a
LIM is in transportation”. Other applications currently implemented include
pumping of hot liquid, sliding doors, and curtain pullers, all reciprocating motions,

suggesting that LIM’s may be suitable for pumping water.

When discussing the linear actuator section of a reciprocating induced flow pump,
Short and Mueller [51] state “If an airgap of 1T could be achieved in the
electromagnet topology, a normal stress of 400kNm™ would be achieved.” When
comparing conventional linear motor topologies to that of electromagnet topology,
as shown in table 1.3, clearly the final option offers the best choice in terms of
desired thrust and the ability to fit inside the physical envelope available in the

pumping chamber.

LINEAR TOPOLOGIES
TYPE STRESS FORCE/
(Type) Unit Area
(kNm™)
Variable Reluctance Machine Shear 40
Variable reluctance permanent magnet (VRPM) Shear 100
Electromagnet topology (With an airgap of 1T) Normal 400

Table 1.3 - Comparison of Linear Topologies[51]

Nevertheless, other means of creating linear motion need to be considered.
Solenoids have been used for several years as a means of operating electrical door

latches and locks.
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Olaru et al [75], embrace a few constructive concepts, e.g. the conceptual idea of
utilising the axial force of a solenoid in conjunction with a non-magnetic plate
under repulsion. However, this is immersed in a transformer oil-based magnetic
fluid which may prove to be impractical unless within a sealed chamber if it were to
be used as the driver of a water pumping system. As with Howe’s paper and
Baker’s paper, Olaru et al [75] support the case for the use of permanent magnets
stating “Force is greatly increased with use of a permanent magnet placed on [sic
‘in’] the core of the solenoid”, achieved by applying PM’s (sic permanent magnets)
to the outside edges of the electromagnet. When discussing displacement, Olaru et
al [75] outline two different types of support. The first, an elastic support
generating displacements of 0.1mm - 0.4mm although they do state that this is
dependent on the elastic constant; they further state that the actuator with elastic
support is sturdier and more manoeuvrable than the second type with a support axle.
The second, a support axle utilising a pendulum mechanism, produces
displacements of several millimetres. They conclude “The actuator proposed in the
paper generates low forces and very small displacements controlled rigorously by a
dc current.” This is the only indication of the generated force, however they do
state “The load behaviour is influenced by the value of the resistance force,
produced by the actuated piece”. A DC current controls the displacements via an

electronic tensiometer bridge determining any differential.

A paper by Howe [36], shows the use of an armature placed between two E-cores
which produces a tangential force for a reciprocating positive displacement
diaphragm air-compressor of the type used in pneumatic medical applications.
From the presented model it can be shown that it is possible to achieve a
displacement of up to 7.5mm for a given flow rate; however this is dependent on
the frequency. The predicted displacement and airflow rate frequency responses are
given at 40 and 80 mmHg delivery pressures. No indication is given to the
dimensions of the pump; the use is for medical applications, which suggests that the
E-core are small and the forces generated 7are small, however the principle of

operation may be of use in the design of a linear actuator for water pumps.
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Sedda, Fageon and Yonnet [76] have developed the use of electromagnetic actuator
valves with small airgaps, which are robust and easy to control, for use in an
internal combustion engine. They have improved on the conventional form of a
valve actuator, simple electromagnetic valves are equivalent to two C-core
electromagnets attracting a moving part at each end of its stroke. The stroke is
relatively high at approximately 8mm. The moving part operates by the use of
springs and producing a type of harmonic oscillator. The improvement comes from
the fact that they polarize the C-cores by adding the flux of the permanent magnet,
in series, to the coil flux. By doing so, it is possible to obtain permanent attraction
forces and since the force is now a linear function of current for a given airgap the

motion of the moving part is more easily controlled.

Guerin et al [77] have taken this a stage further with the use of parallel polarized
actuators, which utilise only one coil and one magnet. They claim, “...the force
direction and the force intensity are directly driven by the current in the coil”.
However, the force intensity is questionable because once again they incorporate
springs into the system, so is it the spring force or the electromagnetic force that
operates the system? On the other hand, they state, ... main advantages of this
configuration are its great compactness”, and “...the structure operates as a
concentrating flux system”, consequently a ferrite magnet can be used. The main
disadvantages are the complexity of the shape of the magnetic circuit, and the non-
planar flux circulation, which make it difficult to construct with soft iron

laminations, but iron powder materials can be used.

Comparison of Centrifuge and Linear Output Characteristics

With conventional centrifugal pumps and motors the Flow Rate (Q) versus Head (h)
charactenistic is of a parabolic nature therefore any small change in the x-parameter
(due to the quadratic function) will result in large changes in the y-parameter, i.e. a
small change in Head will result in a greatly reduced Flow Rate. The point of
maximum efficiency for such pumps occurs at the intersection of the apex of the

parabola and the axis of symmetry of the parabola, (figure 2.12).
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for the entire power now being drawn and therefore more flow. The 25W increase

in hydraulic power means that the flow rate increases by a factor of 1.83.

Summary

This chapter has introduced the principles of lifting water and distinguished
between deep and shallow wells. This chapter has discussed the most common
types of pumps and this has been supported with a description of some of the
submersible water pumps that are currently available and their performance. The

chapter then gave two novel patents on pump design.

The chapter then probed applied solar energy and gives a brief on solar powered
water pumps. It also provides some insight into past failures by outlining the
problems and pitfalls of the present day systems that are currently in use. Having
explored the problems encountered and the improvements made to PVP systems
and their performance; the potential for further improvements is investigated by
looking at various ways in which linear motion, actuators, can be achieved. The

chapter also provides a comparison of topologies.

From the literature gathered, it appears, that improvements made to PVP systems,
and the performance of PVP systems have been directed at specific sections

opposed to the system in general.

Within the Solar Powered Pumps category Photovoltaic Powered Pumps, PVP’s are
at present becoming more readily available. Short and Mueller [51] when
discussing solar powered water pumps state “Previously designed systems appear to
have matched off-the-shelf components, in order to standardise the systems and
reduce costs. However, this may not be the optimum solution for the application
and the environment in which the system is being used”. The aim of the thesis is to

provide an actuator for a linear pump which is suitable for all pumping situations.
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Within the chapter is the reasoning behind the choice of a linear reciprocating
pumping action. Earlier it was concluded that the electromagnet topology, with a
normal stress of 400kNm™, would produce the desired thrust force and hence be
able to operate at the greatest depth. Therefore a linear reciprocating pump utilising
a normal force has been chosen as the method for driving the PVP. However, the
ability to fit an actuator inside the physical envelope available in the pumping
chamber may be a limiting factor consequently the tangential topology cannot be

ruled out.

The thesis no progresses with chapter 3, which gives the pump and actuator

specification, which in turn leads to the design of the linear actuator in chapter 4.
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3.1

3.2

Chapter 3

Pump and Actuator Specification

Introduction

This chapter introduces the application for the actuator, the pump system and the
individual components of the pump system. The chapter includes a general review
of potential power supplies for the linear actuator and pump. Having explored the
potential of various power supplies, the chapter examines the characteristics of solar
cells (a photovoltaic array, i.e. a constant current source). The chapter continues by
discussing the need for a controller for the pumping system. This is followed by a
break-down of the pump components, and then explains the principle of operation.
The chapter then gives the design requirements, and notes the imposed restrictions,
and incorporates an evaluation of the static head and the required frequency to

achieve the desired flow rate. This information is then collated in a summary.

Application

Primarily the actuator is the driving mechanism for a submersible water pump for
use in boreholes. Undoubtedly their will be other appropriate applications for the
actuator, and other uses for the pump apart from boreholes. However, the focus of

the design is for a submersible water pump for use in boreholes.

Pump System

Figure 3.1 shows the general layout of the water pump system. This system
consists predominantly of a photovoltaic array (solar panels), a control system, and
the pump system. The reservoir is the point of discharge for the delivered head of

water. The importance of the choice of location is mainly for health improvement,
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Renewable energy sources are sources of energy that do not use up the earth’s finite
mineral resources. The renewable forms of energy currently being explored and
developed are solar energy, solar cells, wind energy, tidal energy, wave energy,
geothermal energy, biomass energy, and bio-cell technology. Hydroelectric energy

is already widely exploited and has limited scope for further expansion.

In general, geothermal energy can be excluded because in many regions this would
involve very deep drilling to reach usable sources, and involves considerable
technical problems. Even though many individuals require clean water in coastal
areas, at present it is prohibitively expensive to provide either tidal energy or wave
energy. Since, any use of such a power supply would not cover all areas this
method of power supply can be disregarded. This potentially leaves three
categories of power supply for the pump, namely; bio-energy, solar energy, and

wind energy.

Wind energy is a pollution free cheap source of energy, however it requires a
method of storing electricity for use when the wind drops. Similarly, a method of
storing electricity applies to solar energy, for times of poor irradiance, and during

the hours of darkness.

Bio-energy falls under two categories, namely, biomass fuels and bio-cells.
Biomass energy relies on the combustion of biofuels, such as, methane generated by
sewage or by farm, industrial, or household organic waste. Therefore, biofuels
could be used for A.C. generation. Biofuels can include specially cultivated
organisms or crops, for example, cane sugar, grown for their energy potential. One
problem arises from this, in that; the areas in which the pumps are required tend to
drought areas, therefore poor crops and no fuel. The other bio-energy method
involves the use of bio-cells. This is a comparatively new method in that it uses
rotten silage and raw sewage as an electrolyte and has gauze electrodes (i.e. both for
the anode and cathode) that are submerged in the sewage. However, thlS
| technology is still in its mfancy and at present would not produce an adequate
power supply. Both these bio-energy methods could also assist in resolving the

sanitation problems of the South.
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In contrast, the use of the present industrial-sized batteries would supplement the
use of either wind energy or solar energy. The main disadvantage of such batteries

is the potential pollution problem.

Solar energy, in particular the use of solar cells, has previously been investigated in

§2.8, §2.9, and §2.10 of the literature review of chapter 2.

All three energy supplies, that is, solar energy, wind energy, and bio-energy, could
be used to power the pump. However, the initial criteria for the project required the
development of a solar powered water pump, of the photovoltaic type, a PVP.
Since, it was previously decided to use solar cells; the thesis now progresses with
the view of using a photovoltaic array, and investigates the potential for using solar

cells as a power source.

Photovoltaic Array

Photovoltaic arrays consist of banks of solar cell devices that convert solar radiation
to an electric voltage and provide a DC current. The photovoltaic array provides
the power supply; it consists of a number of solar panels connected in series to
provide the necessary voltage and a number of these strings connected in parallel to

provide the required current rating.

The solar constant 1.35kWm™ is a measure of the rate at which solar energy
intercepts the earth’s atmosphere normal to its edge, when the earth is at its mean
distance from the sun. The lower the sun is in the sky the greater is the atmospheric
absorption, a consequence of both the time of the day and the latitude. The greatest
concentration of solar energy is around the equator; any digression from the equator

reduces the intensity. However, because of the earth’s tilted axis, the surface of the

- earth’can~be divided into different-zones, namely*the*Torrid Zone, thé” Temperate

Zone, and the Frigid Zone.
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The Torrid Zone includes all latitudes on the earth’s surface where the sun is at the
zenith (vertically overhead) at least once a year. The Torrid Zone extends 23.5° on

either side of the equator.

The Temperate Zones include all positions on the earth’s surface where the sun
appears above the horizon but never at the zenith. The Temperate Zones extend

from latitudes 23.5° to 66.5° both north and south of the equator.

The Frigid Zones include all locations on the earth’s surface where the sun is below
the horizon (and above) for at least one full day annually. The Frigid Zones extend
23.5° from the poles.

The geographical effect of reducing the intensity of solar energy is also seasonal,
especially in the northemn latitudes where the variation from summer to winter can
be considerable. Another limiting factor for the intensity of the solar energy is
altitude; the greater the height above sea level the less is the absorption by the

atmosphere, clouds and pollution.
In the UK, the average solar energy is received at a rate of about 200Wm™,

Without delving into the physics of solar cells and how they work it is necessary to
have an understanding of their features, the current versus voltage (I-V)
characteristic, the power characteristic and maximum power point, along with the
polynomial characteristic of the maximum power point (MPP) curve. The effect of

these climatic conditions must be considered within the overall pumping system.

Other factors such as the reflection of light, heating of the cell, impurities in crystals
and thickness of the cell that contribute to its efficiency, can be more easily
controlled and are assumed to be negligible. For example, the heating of a silicon
based solar cell will only have 2mvC’! drop in voltage (1 €. 2 ;mllhvolts per : degree

centlgrade) this small change in voitage has lltt]e effect on lts overall performance.
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. Figure: 3.2 — PV and Pump Characteristics
(Ref: [51] Figure 2)
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centrifugal pump, a reciprocating pump,

The 1-V characteristic demonstrates the behaviour of the voltage of the solar cell in

terms of current. Each plot represents a different light intensity measured in

Js™'m™ or Wm™  or (kWm™). In general, the cell acts as a constant current source
over a given range. However, as resistance increases, figure 3.5, (due to a rise in
temperature), a breakdown can occur at the point where the cell can no longer
maintain the established level of current and the current drops to zero. At this
point, the point of intersection of the I-V characteristic and the abscissa, is the value
of the open circuit voltage V,. Similarly, the short circuit current I, can be
determined from the point of intersection of the I-V characteristic and the y-
ordinate. The value of I, is dependent on the light intensity; I, reduces as the light
intensity reduces, therefore, a reduction in power occurs. However, the I-V

characteristics for all levels of light intensity behave in an analogous manner.

To obtain the MPP, the point where the maximum available power is dissipated in
the load for any specific light intensity, the product of the current and voltage is
calculated over the range 0V-V,, and 0A-I,,. The results superimposed on the -V
characteristic reveal the MPP. By plotting a vertical axis through the peak of the
power plot (shown in figure 3.3) the point of intersection with the abscissa
determines the maximum operating voltage V., at point C. By introducing a

horizontal axis at the point of intersection of the new vertical axis and the I-V

" characteristic ‘enables the maXimum ‘curtent T, to be obtained; at point™B.  The

light intensity again plays an important role and the variations in light intensity
result in a polynomial track for the MPPs (Figure: 3.4). Consequently, the

HMartin Cain - Master of Philusaphy Thests - 2007

64






3.5

KEY:
———- [.¥ Charactenistic
------ 1 & ¥V Maximum Plot
Power Characteristic
. : E
15 Decreasing Resistance o L

o

T A
0 50 100 150 180

VOLTAGE (V)

= Load Lines of Constant Resistance
6 = Operating Points

Figure: 3.5 — The effect of load resistance on operating points.

The load resistance determines the operating point that is situated at some point
along the I-V characteristic (figure: 3.5); the gradient of the slope of a line

connecting the I-V curve to the origin is the conductance.

The ideal scenario would be for the solar cell to act as a ‘true’ constant current
supply, however this is not possible due to climatic changes. The variation in light
intensity cannot be prevented. However, increasing the number of solar cells will
compensate for low light intensity, thereby catering for geographical variations in
individual site conditions. For safety reasons, there are limitations to the number of
solar modules that can be connected in series, and this varies according to size,

type, and the manufacturer.

Controller

A controller can be sub-divided into an interface between the PV generator and the
pumping system and a switching control mechanism for the driver section of the
pump. The alternative is to have a system that is self-oscillating, working at its own

natural frequency.
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Should the load resistance remain constant (e.g. the straight line passing through F
in figure 3.6) and the irradiance fall, then the available power will reduce.
Similarly, as shown in figure 3.5, any change in load resistance (i.e. change in
gradient of the straight line) will also affect the available power for the system from

the solar cells.

It 1s acknowledged by Badescu [57], and Roger [62], that the optimum PVP design
would be a PV array directly connected to a DC motor. A pumping system that is
composed of a PV array directly connected to a DC motor driving a centrifugal
pump is certainly the cheapest, simplest, and most reliable of all the different PV
pumping systems [S7]. This may not be so for the system under consideration,

which invokes the use of a DC linear actuator for a reciprocating pump.

The reason that direct coupling may not be appropriate for a DC linear actuator can
be seen in Figure: 3.2, which gives a representative comparison of operating points
for a centrifugal pump, a reciprocating pump, and the Maximum Power Points

Curve, the operating points take completely different tracks.

If any kind of controller is to be used, such as a MPP Tracker (MPPT), it must be
intrinsically very reliable; if not, easily repairable/replaceable at a local level. This
places severe limitations on such a controller. Despite the fact that electronic
systems have increased in reliability, as late as 2001 a 45% failure rate is noted by
Kaunmuang [61], attributing many of the faults to the use of electronics itseif.
Similarly in 2002, Short and Mueller [51] comment on PVP standard systems,
highlighting a 20% inverter failure rate in field tests.

Given these limitations and concerns over past problems, it must be questioned
whether a controller should be used at all. System failures of the past suggest that

the controller electronics will give rise to potential problems and subsequent

fallures Inev1tab1y, cost becomes a ma]or issue, partlcularly in the South the cost

Lan By smpfidd FL T RTE T -

may well outwelgh the beneﬁts
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armature is situated between the two E-cores of the system, and is the driver for the
piston mechanism.  The armature provides the direct link between the

electromagnetic force and the mechanical output of the actuator, figure 3.7.

The induced flow section of the system doubles the output of the pump at high
heads and increases the output at zero head by a factor of 7. However, this is purely
theoretical as it is not upheld practically. Burton and Short [79], claim “At low
heads a doubling of flow output from existing wind-electric or photovoltaic-driven

systems may be achieved”.

The induced flow system works on the principle of having a hydraulic equivalent
capacitance and inductance incorporated in the output stage of the pump. The
capacitance section stores the hydraulic kinetic energy and the hydraulic inductance
section causes a restriction in piping; the pulsating output of the pump causes a
‘plug’ of water to oscillate in the induced flow section, the energy of the ‘plug’ then

draws more water from the pump.

The induced flow is outside of the scope of this thesis, however further details can
be obtained from, Burton, J.D. and T.D. Short, Induced Flow Reciprocating Pumps
Part I and Part 2., (78, 79].

Principle of Operation

The principle of operation is that of a reciprocating pump consisting essentially of a
cylinder and a diaphragm/piston, driven by an engine or motor, in this case an
electromagnetic linear actuator. As the piston moves down, the inlet non-return
valve opens, and simultaneously, the outlet non-return valve closes. Water floods
the chamber due to the submerged head. The pressure within the chamber is then at
equilibrium with the submerged head. Then as the piston rises, the inlet valve
closes, due to the rising water, and the outlet valve opens, likewise due to the rising

water, so driving the water from the chamber.
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The force exerted by the piston on the chamber of water through a vertical height is
known as the delivery head (h), figure 3.8. The delivery head can be considerably
greater than that of the submerged head. Figure 3.8 shows a schematic picture of
the ‘Reciprocating Induced Flow Pump System’.

Since the cylinder is under pressure during the discharge stroke, the worst-case

static force acting on the piston is given by equation 3.1.

Foin = PEM A, + PER A, N ... Eqn: 3.1

Where;
F.» = Minimum force required to open the outlet valve (N )
p = The density of water at 4°C (1.0x107 kgm™)
g = Acceleration due to gravity (9.81ms™)
A =Outlet Head (m)
h, = Submerged Head (m )

A,,.. = Cross-sectional area of outlet pipe (m?)

Dpipe

A ... = Cross-sectional area of piston (m*)

piston
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Figure: 3.8 - Schematic diagram of Reciprocating Induced Flow Pump
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This expression (equation 3.1) describes the minimum force required to open the
outlet valve hence the thrust required from the actuator. The first term represents
the force attributed to the outlet head (h;), the second term, represents the force
corresponding to the submerged head (h;). The cross-sectional area of the outlet
pipe is represented by Api; likewise, the cross-sectional area of the piston is
represented by Apiqon.  Equation 3.1 assumes that the force required within the
piston chamber is negligible, because the stroke length is very much smaller in
comparison to the borehole depth (100m) and the submerged head (although

variable, even at 1m).

Design Requirements

The focal point of the system for the purpose of this thesis is the design of the linear
actuator, (the pumping mechanism). It involves the design of a linear actuator
utilising a linear normal force opposed to a tangential shear force by means of
electromagnets. In general, the linear actuator forms an integral part of ‘An

Induced Flow Solar Powered Submersible Water Pump’.

The rationale is to have an off-the-shelf pump for universal use, rather than having
to design a pump for each individual circumstance. The aim is to achieve a pump
that will pump at least 10 bar pressure with a flow rate of one litre per second. The
pump is to be used in conjunction with an induced flow system, which would at
least double the output. The main use is envisaged as pumping water from

boreholes, this imposes restrictions on the dimensions of such a pump.

In order to investigate an appropriate linear actuator a typical specification of the
pumping requirements is necessary. “The swept volume at the piston
characteristically varies from 0.11s™ to 0.05ls”. This is a consequence of the short
stroke length of the actuator. The frequency of operation can be in the range of
10Hz to 20Hz” [51]. Restrictions are imposed to the overall dimensions of the

pump by the size of borehole. Borehole diameters are typically either 6” or 4” in
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diameter, 152.4mm, and 101.6mm respectively, with typical heads of 100m, (ogh),

which correlates to 10 bar pressure.

Size Restrictions

The housing for the submersible section of the system is restricted to the diameter
of the borehole; since the pump is for universal use, the diameter of the smaller
borehole is to be used, having a maximum diameter of 101.6mm (4 inch borehole).
However, this needs to be reduced in order that the pump can be lowered down the
borehole and allow water access to the system. Thus, the suggested value is 90mm
or smaller. A cylinder having a 90mm external diameter with a wall thickness of
Smm reduces the available space for the workings of the pump to 80mm internal
diameter. The system uses an E-core and an armature as a linear driver, forming
the actuator which is the principal moving part for the pumping system. The
dimensions of the E-core have a significant influence on the performance of the
actuator. This in turn has a direct effect on the force produced, the inductance of

the cores [80], and hence the time constant and the frequency of operation.

Determination of the maximum size of the actuator

Consider an E-core with the leg format shown in figure 3.9.

Let, A=xand B=3x=3A

Then, InternalDiameterd = + x* +(3x)
Giving, ¢ = V10x?

So, X=,4— m Eqn: 3.2

Let the housing have an internal diameter of 80mm. Using equation 3.2, it can be
shown that the maximum dimensions for the cross section of the E-core are 25mm x

75mm, however the depth may vary, depending on the number of turns in the coil.
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Figure 3.10 - Pressure versus Depth of Borehole
Equation 3.1 gives the worst-case static force acting on the piston. Assuming that a
19mm diameter outlet pipe and a piston of 80mm diameter (value taken from
previous section), are used, then it can be determined that for the case of a Im
submerged head and a outlet head of 99m, that is, a total delivery head of 100m, the

minimum force required for the system to operate is.

F = Outlet Head (h,) + Submerged Head (h,)

F=pghd oipe + pgh, Apim"
-3 3
F =1000x9.81x 99[”(19—"4"’-J +1000x9.81x 1[1’_(8_0;}9_)2}

F =2.78141690984h, +49.3104382907h,
F =27814h +49.3104h, N Eqn3.3
For, A =99&h =1

F=275+49
F =324N
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switching time, and the frequency of operation is in part determined by the

inductance.

2
FlowRate = Volume x Frequency FlowRate = (zl—)j‘i"—)figf Is'  Eqn:3.6

2

Where; Volume = [”D:’”‘ Jx A, and Frequency = f

A relationship between the flow rate and force can be derived by substituting

equation 3.5 for Dy, into equation 3.6.

FlowRate = o Af Is! Eqn: 3.7
pgh

Summary

This chapter gave a brief system description, which was followed by a brief
discussion on potential power supplies. The chapter then by a process of
elimination, has established that the actuator would be best powered from any of
three renewable energy sources, namely, bio-energy, solar energy, and wind energy;

the latter two being supported by a battery storage.

The chapter then investigated the potential of using a photovoltaic array and the
requirements for control of the pump system. Having explained the principles of
operation, the chapter gave the design requirements, evaluated the size restrictions

imposed on the actuator and established a number of design tools.
A prerequisite of the design is to develop a linear actuator that is capable of driving

a submersible water pump for use in boreholes, with a flow rate of one litre per

seéond, 1V/s.
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The static head, that is, the minimum force required for the pump to operate, of the
pumping system has been evaluated, and can be calculated with the use of equation
3.1. Equation 3.2 enables the calculation of the maximum size of the actuator that
can be used in the pump. Equation 3.3, when evaluated shows the variation in the
force required to overcome the static head, with respect to both the, size of outlet
pipe to size of piston ratio, and any change in the outlet head to submerged head

ratio.

The 1:1 ratio is relevant from a design point of view in that the maximum diameter
size of piston/diaphragm to produce the minimum force to operate the pump can be
determined for any given borehole depth. Equation 3.4 enables a calculation of the
required force to overcome the static head when this ratio is 1:1. With this in mind,
the maximum size of piston or diaphragm, to achieve the force, for any given
borehole depth can be calculated from equation 3.5. Once the maximum piston or
diaphragm has been established, the flow rate for any given stroke length (airgap
size) and frequency of operation can be established, with the use of equation 3.6.
Similarly, the relationship between the flow rate and the static force is given in
equation 3.7. Manipulation of the equations 3.4 — 3.7 allows for any changes in the

given parameters and provides for a useful design tool.

The thesis now moves forward with chapter 4 which gives the design of a linear

actuator.
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Chapter 4

Design of Linear Actuator

Introduction

This chapter introduces concepts for the realization of linear motion. The chapter
then shows the model results and makes a comparison of the generated forces for
the different actuator topologies. This is followed with a theoretical evaluation of
the stricture of the chosen E-core actuator outlining the requirements and the
interlinked issues involved with the design of such a pump. The chapter continues
with the initial test results achieved when using a single E-core, giving a brief
description of the methods used to determine the generated force, and the

inductance, and a summary of the theory.

The chapter then investigates of the use of springs and gives an account of the
potential for an increase in the force of the actuator. The chapter then continues
with the design and manufacture, which shows and describes the workings of both
diaphragm and piston versions of the linear actuator water pump. This is followed

with the results of the pump tests for all the pump variations.

The chapter then continues with a three part discussion, which includes a system
analysis, the use of springs, and the performance, problems and potential of the
pumps; and then gives recommendations and concludes with a brief summary of the

chapter.

Concepts for the Realization of Linear Motion

As with all concepts, an understanding of the properties involved for each design is
essential, raising the questions of, can they be used, do they need to be suppressed

or removed, can they be used for an alternative purpose, or are they irrelevant.
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Various methods of achieving linear motion have been considered, including
solenoids and their axial forces under attraction or repulsion, toroids with or
without slits, C-cores and various combinations of E-core. The use of permanent

magnets in conjunction with the electromagnets has also been explored.

Solenoids

Several ideas concerning the use of solenoids were considered and not all of them
have been ruled out. The properties of a short solenoid to be considered are that,
the strongest field is at the centre, both co-axially and longitudinally. The field
external to the solenoid decays rapidly when moving away from the solenoid, in
both the direction of the central axis and the direction perpendicular to the central
axis. The internal field is greatly enhanced with introduction of a magnetic
material, such as mild steel (ferromagnetic) to the core. However, should the core
of the solenoid be air, and the internal diameter of the winding is too great then the

field will start to decay as it tends toward the central axis.

The flux density B, for a short solenoid, at point ‘P’ shown in figure.4.1 can be

determined as;

=&Z§I—N1—(cos¢,—cos¢2) T Eq™ 4.1.
Solenoid
Reference
Point
..._.__.._._._':.1"1’;".__.:-_-____.__._..__ VIl W .
i L E

Figure: 4.1 - The external flux density for a solenoid at any point along its central axis.
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The variations in the generated force as the armature traverses across the face of the
C-core are shown in figure 4.12. The zero point of the x-axis represents the centre
of the C-core face, and the force is calculated at Smm intervals as the centre of the
permanent magnet moves away from the centre of the C-core. The greatest forces
are generated when the armature moves towards the inner-side of the C-cores, this
is due to the increased field caused by the two centre magnets shown in figure 4.9C.
However, when the polarity of the C-cores is reversed the generated force is at a
lower value and therefore this is the maximum force available to act against the
output head of the pump. Consequently this restricts the stroke length, giving the
option of a long stroke with a low force or a shorter stroke with a high force. This
model suggests a practical stroke length of about 10mm, which would generate a

maximum force of 1kN.

Whilst being involved with the project to design and build a C-core, the tests using
the test rig shown in figure 4.8 were undertaken at Durham University by Ludovic
Lamberti [81] revealing that the tangential (shear) force generated by such a system
are as follows; maximum theoretical force is 377N (supply 4.5A, 10.7V) whilst the
practical force was measured at 223N (supply 4.5A, 10.7V) over 40% reduction.
Note the dimensions of the actuator used in the Lamberti design were different to

those given in the thesis model.

Lamberti [81] states that these losses are attributed to a number of problems
namely, the skin effect of the time varying magnetic fields applied to the C-core,
resistance changes due to the temperature increase in the core, leakage and fringing
flux, friction, and the dimensions of the permanent magnets. Regardless of the type
of loss it is dissipated as heat. As the temperature is increased a typical ferrite can
suffer a 25% drop in permeability. The consequences of a drop in permeability are
that it will cause a rise in reluctance, causing a reduction in magnetic flux and flux
density, ultimately reducing the force. This surpasses the losses due to flux leakage

and frmglrfél N
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For the C-core configuration shown in figure 4.8, the theoretical tangential shear
force of 377N is developed with a 4.5A supply and is maintained over a stroke
length of 10mm [81]. By comparison, (Re: Figure 4.23) the two C-core (§4.1.3)
and the two E-core (§4.1.4) configurations, realize a normal force equivalent to the
tangential force of 377N, at shorter stroke lengths, for the same supply current of

4.5A, each are listed,

¢ C-core type 1 attains 377N at a maximum stroke length of 3.55mm
e (C-core type 2 attains 377N at a maximum stroke length of 5.4mm
¢ E-core type 1 attains 377N at a maximum stroke length of 2.65mm

e E-core type 2 attains 377N at a maximum stroke length of 3.05mm

However, at stroke lengths of less than the above, the forces generated are far
greater. Listed are the maximum normal force generated within the airgap when it

is reduced to 0.5mm,

¢ C-core type 1 attains 937.8N
e C-core type 2 attains 961.5N
e E-core type 1 attains 876 9N
e E-core type 2 attains 1579N

Nevertheless, by increasing the supply current the normal forces listed can be
increased even further; for example, when the current is increased to 6A E-core
type 2 develops a normal force in excess of 1700N within an airgap of 0.5mm. The
increase in current also increases the flux density and the desired 1T is achievable
over a greater range. Increasing the current also increases the maximum stroke
length by approximately Imm (Re: figure 4.24) for the normal force that is
equivalent to the tangential force of 377N.

As stated in the literature review, tangential machines can exert a shear stress in the
region of 100kNm™. The electromagnet topology, using electromagnets based on

variable reluctance principle, requires an airgap with a flux of 1T. This has been
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The reluctance (M), for each section shown in figure.4.26 can be evaluated by
using equation 4.3, however by using the equivalent circuits shown in figure.4.27

the total reluctance can be calculated using equation 4.4,

H! ... Eq". 43

Where,
R = Reluctance (H)
/= Length of ‘Mean Free Path’ (m)
4, = the permeability of free space (Hm™)
u, = the relative permeability of the material (No units)

A= the cross-sectional area of the section (m?)
R, =R, + R, + R, +R,, H' ... Eq". 4.4

A flow chart of the significance of material choice on the performance of the linear

actuator is given in appendix 1.

4.2.2 Reluctance Network

i}{5/2 SR5/2
R, R, R,
A B
SR? i‘Rl ERB
mz/z . PR W s Mmi/.za ot cmemmifenen -

Figure 4.27 - Reluctance network for E-core type 2
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Figure 4.27 shows the reluctance equivalent circuit for E-core type 2. It should be
noted that reluctances R,, R, and R, vary as the airgap changes. The magnetic
flux is reduced when the airgap increases in size because it requires more energy to
drive the same flux across the airgap than through an equal volume of the steel (or
any other magnetic material) due to the much lower permeability of the air, and
thus higher reluctance of the airgaps. All of the other reluctances of this E-core
system are a function of the material used, the cross-sectional area, and the mean
length. The reluctances R,, N, and N, are directly proportional to the mean
lengths of the three legs, (sections 1, 3, and 8 of figures 4.26 and 4.27) of the E-
core. The first equivalent circuit (figure 4.28) shows the combined reluctances of

both loops A and B can be reduced to a single reluctance for each loop. Equivalent

circuit 2 shows how the two new reluctances, R, and R, can be considered to be
in parallel. Since the system is symmetrical, %, and R, are of the same value.

Circuit 3 shows their combined value of reluctance.

Enuivatent circuit 1 Eruivalent ciecuil 2 Equivatznt decoit 3

AR, *) [l
\ | s

LT Lr: {._.H'._.._..‘_,
Figure 4.28 — Equivalent Circuits for the E-core type 2 Reluctance Network

[ S——
T
2
—
x

o ——

(The letters and numbers in this figure relate to the subscripts in equations 4.5-4.8)
The value of reluctance for loop A is,

R, = ‘RS/Z +R, +R, 4-51%2/2

By symmetry,
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R =N ... Eq" 4.5

x Y

Combined parallel reluctance

RA, (R)

= ... Eq". 4.6
RN, 2(R,) d

Since the reluctance network is symmetrical equation 4.6 can be replaced with

@) %, Eq" 4.7
W) 2 ... Eq" 4.

Giving the total reluctance of the circuit as,

R
Rrow = Ry +Re + 2x H ... Eq". 4.8

4.2.3 Magnetic Flux

From the reluctance, the magnetic flux (@), which is constant throughout the

structure, can be determined by using equation 4.9.

NI

b=
mToIal Wb

... Eq". 4.9

Where, ® = magnetic flux (Wb)
N = number of turns
I =current (A)

Ry = Total reluctance of the system (H™)

Flow charts of the factors affecting the magnetic flux and the effect of current

change on the performance of the linear actuator are given in appendix 1.
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4.2.5

Flux Density

The flux density (B) can be now be calculated, from equation 4.10, hence the force

in the airgap, by using equation 4.2.
T ... Eq" 4.10

Where,
B = Flux density (T)
® = Magnetic flux (Wb)

A = Cross-sectional area of the airgap (m?)

Theoretical Force Constant

A flow chart of the effect of change in airgap size on the performance of the linear

actuator is given in appendix 1.

The electromagnetic force produced in the airgap between the E-core (type 2) and
the armature reduces as the armature moves away from the E-core. The rate of
decay is inversely proportional to the square of the distance, and represented by

equation 4.11.
F=C— N ... Eq". 4.11

Where,
F = Generated force of attraction (N)
= Size of airgap (distance between E-core and Armature) (m)

C = A constant.
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With an airgap length of / (m), the reluctance, the reciprocal of the permeance, R,

can be represented by,

2 _ L aw

R, = -
24 Ho4,

Similarly, R, can be represented by,

R, = S (AtWb™)

A, 4

Therefore, R, = 2N,

A 4

d Since, @ = M

, and R, =2R, the

Total

equivalent circuit can be redrawn as in

NI = figure 431, therefore NI = ®2R,.
Rk I
2 Ry Therefore, the magnetic flux can now be
R, . represented by @ = _{V_]_
2R,

Figure 4.31 — Reluctance equivalent circuit

The total force within the airgap can now be evaluated. The force in the central leg

2

airgap can be represented by F| = %—A, , and the force in an outer leg airgap can
]

B,’ .
be represented by F, = 5 2-4,. However, B, =B, (due to symmetry) and
0
A =24,, therefore forces can now be rewritten as, F, =—4,, and
Ho
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2
B4 Therefore, the total force is equal to force; (Fy) plus twice force,

2 24, 2
(2Fy), F,, =1 +2F,, shown in equation 4.12, F, representing the central leg and

2F, representing the two outer legs.

2 2
Foo=Bl 4804 . Eq.4.12
2p, 24, 2
Giving,
B2
Fro,a,=2[2‘ ,4‘}:2}?1 N . Eq" 4.13
0

7
N NL N

Taking this a stage further, since B, = ® and © = =
A4 2R, 2 / 21
Ho 4,

term for B can now be written as,

Bi="rty T .. Eq" 4.14

Taking equation 4.13 and substituting for the B term (equation 4.14) gives,

NI T 1
F;‘olal =2[_él—/u0] EL_O-AI

NI T
FTotaI =IUOAI _51_
L .

-2

I NTT 1
Fro = thA4 7 [_2 o

Hence,
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Fro = Mo [£4—)}14 N ... Eq". 4.15

Clearly, it can be seen that the force decay rate is inversely proportional to the

square of the airgap length. The constant shown in equation 4.11 is represented by,

(V) 2 )
C=pu4 A Nm ... Eq.4.16

This is a function of the geometry of the E-core, the number of turns in the coil and
the current in the coil. Providing that the same type of E-core (i.e. type 2) is used,
the use of the constant enables force predictions to be made when the size of the E-

core is changed.

For an E-core having the dimensions shown in figure 4.25 and an armature with
dimensions of 16mm x 96mm x 32mm, with a coil of 300 turns, and a current in the

coil of 6A, the value of the constant is,

300x6)
2(___4§l =1.04230504424 x10™

C=(m4x 10°7)(32 10-3)

C ~1.0423x10° Nm? ... Eq". 4.17

Equation 4.17 is the constant for the force evaluation of equation 4.11 for the E-
core presented in §4.2 to date. Now, having established the validity of equation
4.11 a graph of force versus airgap can be plotted, as in figure 4.32.

From figure 4.32, it can be seen the regression equation for the power trend line is
given as, y=1042.3x7, with R* =1, (R? is defined in appendix 2). The power
trend line uses the power equation y =cx’. Therefore, it can be.concluded that the

constant ‘c’ of the regression equation is the value of force generated at an airgap of

Imm, in this case 1042.3N. This is supported by equations 4.15, 4.16, and 4.17.
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equation 4.15. For the case stated above the maximum force generated is
1597.16N, which complies with the Maxwell’s stress, equation 4.2. (Note, due to
rounding errors, for the case of two decimal places, the force is reduced to 1588N a
reduction of 9.16N). Figure 4.32 can now be modified to include the effect of

saturation on the resultant force, as shown in figure 4.33.

Figure 4.33 indicates that various options are available with respect to the force
generated over the airgap size, which is the stroke length. In all cases the stroke

lengths are short, approximately 2mm or less.

An indication of the requirements is given by way of example. Earlier in §3.7.3, it
was stated that when using a system that had a piston to outlet pipe ratio of 19:19
(measured in mm), a minimum force of 278N was required to operate the system.

Rearranging equation 4.15 to find maximum stroke length for a known force, gives,

m ... Eq".4.19

therefore, the maximum stroke length at which the system can operate with a

minimum force of 278N is approximately 1.94mm.

One option is not to drive the actuator into saturation. For an operating force of
260N the operating stroke length would be 1.19mm, that is, from 0.81mm to 2mm.
Although the force increases as per the power equation y =cx® over the range the
effective force can only be the minimum force generated at the widest airgap. A
second option is the same as the first but on this occasion drive the E-core into
saturation. By doing so, the stroke length would be increased from 1.19mm up to
2mm. A third option is to only operate the actuator when it is saturated, by doing
- 80-the generated-force-is increased to-1:588N-over the-entire-stroke length, although

the stroke length is shortened to 0.81mm
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Knowing that the ‘knee’ of the B-H characteristic is to be used because the input of
any more energy gives little return in increased magnetisation and the energy is
dissipated as heat, a quandary arises to whether driving the E-core into saturation is

beneficial or not.

Despite the fact that once reaching saturation the energy is dissipated as heat; if an
adequate heat sink is used, then it may be possible to operate the actuator under
saturation conditions. When the actuator is under saturation, it produces a high
constant linear force within the airgap, as shown in figure 4.33. However, there are
some important points to remember, Jiles [84] states, “If the temperature is
increased from say 20 to 80 centigrade then a typical ferrite can suffer a 25% drop
in permeability”. The consequences of a drop in permeability occurring in this E-
core system, is that, it will cause a rise in reluctance, causing a reduction in
magnetic flux and hence flux density, ultimately reducing the force. Jiles [84] also
states, “Avoid reaching saturation since a drop in inductance accompanies it [...] the
rate at which current in the coil increases is inversely proportional to inductance
[...]. Any drop in inductance therefore causes the current to rise faster, increasing
the field strength and so, the core is driven even further into saturation”. However,
any drop in inductance for the E-core actuator would be of benefit as the actuator
would be capable of operating at a higher frequency. The main concern of the E-
core being driven further into saturation is the removal of the heat generated. The
effect of hysteresis adds a further complication since the magnetization (M) of the

material depends not only on the magnetic field (H), but also on the field history,
B =y, (H +M).

Changing the Flux Density |B|

An alternative to increasing the current in order to increase the flux density, hence

the force within the airgap, is to change the material of the structure of the E-core.

‘Changing the type of material used for the constriiction 6f the E-core changes the

relative permeability leading to a change in force. Previously, when discussing

thermal change within the E-core, it was stated that the consequence of a drop in
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permeability occurring in this E-core system was to ultimately reduce the force
thereby increasing the relative permeability; by changing the material an increase in
force will occur. Note: When mentioning relative permeability it means the relative
permeability value at the ‘knee’ of the B-H characteristic, because the relative
permeability value is continually changing, as it is the gradient of the curve at any
point along the B-H characteristic. However, the increase in relative permeability is
not the only factor that affects the point of saturation, it also depends on the

physical properties of the material and how the E-core is manufactured.

Nevertheless, even changing the material has limitations and the maximum possible
level of saturation is 2.43T. Jiles [84] states, “The highest saturation magnetization
available is 2.43T which is achieved in an iron-cobalt alloy containing 35% cobalt”.
Therefore, the maximum possible force achievable by changing the material of the
system operating under the previous conditions, of 300 turns and 6A, can be
established. The point of saturation can be calculated by using equation 4.18 and

the maximum force at this point can be calculated by using equation 4.15.

Changing the material of the E-core to iron-cobalt, would increase the flux density
saturation level and reduce the point of saturation within the airgap to 0.47mm and
increase the generated force to 4812N at that point. The increase in force occurs

because the force is directly proportional to the square of the flux density, equation
4.2. The change in force also complies with the power regression equation y = cx”

of figure 4.33, because the geometry of the E-core does not change, equation 4.15

and equation 4.21.

Changing the Number of Turns

Having previously established that the generated force within the airgap of the E-
core is a function of the geometry of the E-core, the number of turns in the coil, and
the-current in the coil, the only other method of increasing the-generated force is to

increase the number of turns in the coil.
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Without decreasing the wire gauge in the coil, which would limit the current that
could be used, the only option available to increase the number of turns is to change
the length of the legs. Since the dimensions of the E-core are restricted by the
borehole diameter, the only dimensions that can be changed are the height of

sections 1, 3, and 8 of figure 4.26.

Therefore, the number of turns can be represented by the product of the coil width
(Cw), the coil height (Cy), and the fill factor (0.4), equation 4.20. A fill factor of
0.4 has been chosen as the initial coil had 300 turns, which fitted a coil slot of
752mm? (16mm x 47mm).

@ = 0.399 = 0.4 FillFactor
752
N =04(C, xCy) ... Eq". 420

Due to the physical nature of the E-core, the resultant value of equation 4.20 can

only be taken to the nearest half turn.

Equation 4.15 can now be modified by substituting equation 4.20 for N, which will

allow variations in leg length to be taken into account when calculating the force.

( 1 )2 -2
A )
Total /uO [ 4

F

Total

2
0.4 C,)) I
=ﬂo,4{( (CWZ n)) }‘2 N ... Eq. 421

Changing the length of the legs also changes the length of the mean free path for the
evaluation of the reluctance Wlthln the E-core. However, the flux density is

considered constant throughout; therefore the effect on the force can be considered
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negligible. Further, the force within the airgap is evaluated with respect to the

geometry, the current, the number of turns, and the size of the airgap.

The force generated within an airgap of 1mm, the constant, now becomes,

C=y0A,[(O'4(CW:C”)) ! } . Eq" 422

C =0.04u,41°C,°C,?
C=r0.16x10"1’4C,*C,* ... Eq".4.23

Note: For Cw and Cy only use the numeric value and not the SI metre conversion.

If the height (Cy), equation 4.21, were halved (i.e. 23.5mm, present 47mm) then the
generated force within the airgap at 1mm would be approximately 262N, (262

would become the constant of equation 4.11). In this case the constant having a
value of approximately 0.262x107. Therefore, the power regression equation for
the force versus airgap characteristic becomes y =261.97x%, where ‘X’ is the

numeric value of the airgap in mm.

If the height (Cy), equation 4.21, were doubled (i.e. 94mm, present 47mm) then the
generated force within the airgap at Imm would be approximately 4191N, (4191

would become the value of the constant of equation 4.11). In this case the constant
having a value of approximately 4.1915x107. Therefore, the power regression
equation for the force versus airgap characteristic becomes y = 4191.49x° where

‘x’ is the numeric value of the airgap in mm.

Since this is not possible, it has already been established with the use of Maxwell’s

stress equation that the maximum generated force possible, within the airgap, is
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1597.16N. Therefore, the saturation must have occurred at a greater distance than

Imm.

The point of saturation can be established by calculating the number of turns with

equation 4.20.

N=04(Cy xCp) ... Eq" 424

N=601.6

Only half turns can be included therefore N = 601.5.

Now by inserting the N value (601.5), along with the Maxwell stress value
(1597.16) for [y, in equation 4.19, the saturation length can be determined.

=1.6197x10"m ~1.62mm

[

saturation

Therefore, the E-core will saturate with a generated force of 1597N within the
airgap when the distance between the armature and the E-core is approximately

1.62mm.

Now envisage the scenario that the saturation level, hence force, is to be maintained
over an increased stroke length of 10mm. In order to evaluate the number of turns
required and the length of the legs of the E-core, N is made the subject of equation
4,19, as in equation 4.25.

N =2l | Franruion ... Eq". 425

I'V w4
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The height of the legs (Cy) of the E-core can now be calculated by inserting the

new value of N into equation 4.24, or can be calculated directly from equation 4.26.

C,y = [Satwaion .. Eq" 4.26

It was determined that in order to maintain a generated force of 1597N within the
airgap over a stroke length of 10mm, the length of the legs of the E-core would
need to be approximately 580.25mm.

Voltage Equation

For a coil having an applied voltage ‘e’ with a current ‘i’ flowing through, so

developing a magnetic field of total flux ‘@’, the interrelation is,

e=Ri+N c_z'g
dt
e=Ri+—d~lIi A" ... Eq". 4.27
dt
Where,R = resistance of coil (Q)
¥ = NO® = total flux linkages (Wb)
N = number of turns on coil
t = time (s)
d/dt = time derivative

The flux linkage ¥ is a function of current ‘i’ and the magnetic properties of the
space surrounding the coil. In general, the coil has an inductance, defined by the

relation
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¥=L(i)i Wb ... Eq". 428

where, L(i) is the inductance and can be a constant and independent of ‘i” when the
coil is in air. When the coil is embedded in mild steel, or any other ferromagnetic

material, then non-linear saturation makes the inductance a function of the current.

The voltage equation changes when introducing the inductance, hence substituting

for ¥ in equation 4.27 gives,
. d N : ~d . .d .,
e=Rz+:i;[L(1).1]=R1+L(1)Ez+z-c—1;L(1) or

e=[R+L(i)%]i+i—g;L(i) v . B, 429

Where, the third term of equation 4.29 represents the back e.m.f, only arising when
there is a change in flux due to a change in inductance. For the E-core system
employed here, the movement of the armature changes the magnetic properties,
because the magnetic field is disturbed, and the flux path changes length and the
generated force within the airgap changes.

The voltage equation for the E-core (figure 4.26) can be determined.

In order to establish the inductance of the coil, a lumped parameter is used, defining

the relation between the current and the flux linkage.

Since, ® = m.m.f/ reluctance, the flux linkage is given by,

&’:N(D:N(%] Wb ... Eq" 4.30
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Where, ® = flux (Wb)

N = number of turns

R = Reluctance of magnetic circuit (H™)

Ni = m.m.f = magnetomotive force (Ampere-turn)
But according to equation 4.28

Y=Li

Thus, from equation 4.30

L= H ... Eq" 431

Neglecting flux fringing at the edges and assuming that u » 4,, (i.e. 4, ))1)

The equivalent circuits of figure 4.30 and figure 4.31 show that the reluctance of the

circuit can be represented by 2R, , where R, = ! .
Ho 4,
Therefore R can be represented by,
21
R=—2 H ... Eq". 4.32
Ho 4,

Where /,, = the length of the airgap

Substituting this value of R equation 4.32 into equation 4.31 gives,

2 . -
p=Hh ;1 _i0) n .. Eq".4.33
a, I,
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Where 7, = —;—Nz,uOA1

The inductance is therefore a function of airgap length only and independent of

current and flux.

Let x=1,,

The voltage equation follows then as
d ) dx

e=Ri+i(L.i)=Ri+Lii+i —L|=
dt dt de )dt

Where dx/dt is the rate of displacement or speed of the armature along path x.

Substituting for L gives,

e=(R+£i)i+i[i[£)j|éx—
x dt dx\ x J|dt

e=(R+£‘—i)i——i%ﬁ \' ... Eq".4.34
x dt X dt

The back e.m.f is directly proportional to speed for any value of x; it is also a

function of 1/x* , therefore more relevant at small airgaps.

Stored Energy

Considering the same coil, having an applied voltage ‘e’ with a current ‘i’ flowing

* thoiigh s6 developing a magnetic field of total flux ‘®’, the aim now is to

determine the energy stored in the field produced when a current of ‘i’ flows
through ‘N’ turns.
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The energy U, fed into the coil from the applied electrical source is given by,
t n
U, = joeidr J ... Bq". 4.35

Where, e = the applied voltage to the coil terminals

t =0 is the time when the energy input starts
The voltage under the integral can be replaced by the voltage drop across the coil

resistance and the rate of change of flux linkages, using equation 4.27, and equation

4.35 becomes,
tf 2 .d¥
Uin =J‘0(R12 +l—d7}t J Eqn 4.36

However, the heat loss in the coil resistance is
1.2 n
Unyes = J, Ri%dt 3 ... Eq". 437

Therefore the energy flowing into the field is

wlt),

f d n
U=U, -U,, =J‘0(1—$)dt= T ... Eq" 438

Therefore, the energy is fed into the field at a rate proportional to the induced
voltage e, , where ¢, = c—i} Even if the coil current and field voltage are present,

if no change in flux occurs, no new magnetic energy will be stored. When there is a

. change in flux the energy changes in proportion.to.that.change. ... .....cowwun . -

Therefore, the stored magnetic energy U, can be determined from equation 4.38
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Uy =U,(0)=U= [, id¥ I . Eqn. 4.39

Where, U, (0) = Stored energy in the field for ¢ =0

¥ (0)= Flux linkage for ¢ =0

If there has been no energy introduced before time ¢=0 then the initial stored

energy U, (0) must be zero and no field can exist, hence the initial flux linkage

must be zero, ¥ (0)=0.

The total energy stored for any flux ¥ is then given by,
\y .
Uy=[, id¥ I ... Eqn. 4.40

The energy stored in a coil with a constant inductance L, neglecting saturation, has

a relation between the flux and the current of W = L/, and hence has an energy of,

U, = j:’(%w]dly

J ... Eq". 4.41

Hence, the stored energy in the coil is proportional to both the inductance and the

square of the current. With reference to the geometry of the E-core, the stored

energy can now be established as.
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Substituting x for /, in equation 4.33 gives,

2
1;=NT“°A—1 H ... Bq".4.42
X

Substituting equation 4.42 for L in equation 4.41 gives,

A2
u, A .. Eq".443
4x

However, equation 4.41 and equation 4.43 represent the energy stored in the coil for
one specific airgap size only. Given that the inductance is directly proportional to
the reciprocal of the airgap distance, reducing the airgap size causes an increase in

the inductance; this can be represented as follows.

1 L 1
U,==Li L= =—N*u A
r l x L 2 o
U. =i _d_(_l‘_l) c_ix_
d dx\2x ) | dt
dx
U =_~2_li___
! 2x% dt
U __ﬂoAl(Ni)zﬂ
A 2
4x dt
N,Z
U,:—lfl/l'—(;g~ Joules ... Eq". 4.44

8x

If fiysteresis is neglected the energy stored in the field when increasing the flux can
be regained when reducing the flux to its original value; however hysteresis is

inevitable. Therefore, hysteresis must be considered as the amount of energy that
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4.2.13

has been added when increasing the flux from ¥(0) to ¥ (¢) will be lost when the

flux is reduced as it traverses a different path. The area enclosed by the hysteresis
loop represents the amount of energy transformed into heat in the magnetic

material.

Inductance

There are many ways in which inductance can be described, however, in this case,
inductance may be defined as the property of an E-core and coil to oppose a change
in current. The moving magnetic field produced by a change in current causing an

induced voltage to oppose the original change.

The Effect of Inductance on the System

This definition of inductance assumes static conditions whereas in practice there is
a continuous change in the size of the airgap between the armature and the E-core.
Consequently, the inductance is constantly changing due to the movement of the
armature, and the inductance is inversely proportional to the size of the airgap, as
given in equation 4.33. It has previously been shown that under static conditions
the inductance is a function of airgap only and that when the armature is traversing

the airgap too becomes a function of current, equation 4.28.

The resultant stored energy is therefore particularly relevant at small airgaps, as the
stored energy is inversely proportional to the inverse cube of the airgap size, as
given in equation 4.34. The stored energy is also directly proportional to the square
of the current, equation 4.41; therefore, particularly at high currents, the stored
energy at small airgaps is high.

The third term of equation 4.34 represents the back e.m.f of the coil, from which it
caﬁ be‘;éer; tﬁat thc;back e.m.f is‘ai;éctiy proportional to both the current and the

inductance. It is also shown that the rate at which the voltage develops is
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proportional to the inverse cube of the size of the airgap, therefore large voltages

can develop across the coil when switching the supply.

As has been shown the amount of stored energy is directly related to the inductance
and the current. When switching the supply on / off or between two sets of E-core
the stored energy needs to be dissipated or returned to the supply to minimize

losses.

The induced e.m.f, the first two parts of equation 4.34, is also directly proportional
to circuit inductance. The magnitude of an induced e.m.f is directly proportional to
the rate of change of the current. The frequency of operation of the system is
determined by the rate of change of current, and the generated force is directly

proportional to current.

When the rate of change of current is too slow, the current cannot achieve the
required level and therefore cannot generate sufficient force to pump against the
delivery head; also, the system could ‘latch out’. Should the rate of change of

current be too fast, cavitations could occur.

Changing the Inductance

The reasons for and benefits of changing the value of inductance are as follows.

Inductance of the coil within the system has the ability to store energy and the
current flowing through it can generate heat. If the stored energy in the inductor is
not returned to the supply then heat is generated which must be removed. Heating
of the inductor causes the resistance to rise and consequently the time constant for
the rise and decay time of the input signal, and so a change in frequency occurs.
Heating of the system also causes a change in the magnetic properties and a change
of temperature,.. AT=60°C from a baseline. of .20°C, .will..result -in a- drop in
permeability of approximately 25% [84], and for this reason a reduced generated

force.
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4.3.1

Although inductance is independent of current and flux (p123) it does change with
airgap distance, the inductance increasing, as the airgap tends to zero. The changing
inductance also causes a change in frequency. The resistance change due to the
thermal effect can be controlled to some degree with the use of thermistors or
varistors resulting in negligible change. However, the change in inductance is a
function of the nature of the system which can not be controlled; consequently the
effect of inductance within the system can only be minimized by reducing its actual

value,

E-Core Test Rig Resuits and Inductance Test Results

Theoretically, as the airgap tends to zero the force generated within the airgap rises
rapidly; that is, large forces at very small airgap settings. Tests were undertaken
and the electromagnetic force was evaluated by three different methods, first by the
theoretical model, and then by two different measuring techniques, via a Hall Effect
probe, and via a Load Cell. The flux density readings from the Hall Effect probe

were used to evaluate the inductance of the E-core.

Determination of the Electromagnetic Force

The practical evaluation of the generated force was achieved via the use of the flux
density readings and load cell readings, obtained at various airgap settings. Spacers
were measured with a micrometer; they were then placed between the E-core and
armature. The test rig was then locked into position, and once locked the spacers

were removed, thus providing an airgap of known size.

All three were compared and conclusions drawn as to the accuracy of the model and

the measurement techniques.
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4.3.3

4.3.4

The Model

Several spreadsheets have been developed each serving there own purpose and are
all interconnected for at least one parameter. Reluctance Force Inductance models
for different cross-sectional areas (c.s.a) of both E-core & C-core electromagnets
have been devised and results compared. In addition, the practical results are
incorporated within the spreadsheets thus permitting a comparison between the

theoretical values and the practical results.

The Hall Effect Probe

The airgap was preset to a known measured distance, the Hall Effect probe inserted
into the airgap, and the flux density was taken at stages over the full length of the
airgap. The multiple readings were then averaged for each section of the E-core
airgap, and the force was then calculated, using Maxwell Force. Using the Hall
Effect probe method does have limitations in that the minimum airgap is restricted
to the thickness of the probe, (absolute minimum 0.8mm). Consequently, to obtain

the force at smaller gaps the data needs to be extrapolated.

The Load Cell

The S-type load cell was calibrated and found to have a hysteresis. Consequently,
all results were taken in one direction only, i.e. when the load on the cell was being
increased, then used to measure the actual force exerted by the armature, which was
attached to the load cell, when the electromagnet was energised; a differential
voltage was amplified, and used to calculate the force using the load characteristic
of the load cell. This represents the force within the airgap. Load cell
measurements were taken at the same time as the Hall probe readings enabling a
comparison of results obtained under the same conditions. When taking the

readmgs it was essential to maintain the correct and stable excitation Véltage for the
load cell. However this was difficult to achieve because the supply to the load cell

contained a ripple that caused the readings to fluctuate. Furthermore, when large
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Figure 4.34 shows a schematic of the E-core test rig. The rigid (mild steel)
framework is supported on legs so that the (mild steel) platform can be raised and
lowered, via the height adjustment screw, and thereby changing the size of the
airgap between the (mild steel) armature and the (mild steel) E-core. The E-core is
separated from the platform via an aluminium plate, and both of which are securely
clamped to the platform. The aluminium plate is used to reduce the fringing of the
magnetic flux. The S-type load cell is bolted to the cross-bar of the framework, and
the armature is bolted to the S-type load cell. The airgap is formed between the

armature and the E-core.

The airgap is set by inserting sheets of material (the thickness measured with a
micrometer) between the armature and E-core, and then raising the platform until
all three are in contact. Feeler gauges are used to check the fit of the sheets to
ensure a good measurement. The sheets are then removed and the airgap is set. A
micro-measuring gauge is placed on the armature before the E-core is energised;
this indicates any movement of the armature and by how much at the point of
switch on. Movement of the armature was more prominent at smaller airgaps; this

gave doubt to the accuracy of the readings at smaller airgaps.

When using the S-type load cell, the load produced a voltage signal which was
measured and used to calculate the force from the load cell characteristic. When
using the Hall Effect probe; the probe gave a digital reading of the flux density
from which the force was then calculated using equation 4.2. However, this method
was limited to a minimum airgap size of 0.8mm, which is the thickness of the Hall
Effect probe.

Experimental Results

The generated forces for current settings of both 2.5A and 6A were investigated.

Forces at 2.5A were measured because this value of current-was.less-than the rated

current density (J) for the gauge of wire used within the coil. However, the
resultant force produced was far less than that produced using 6A. The 6A test was

the maximum supply current available and was undertaken to observe what the
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system could actually achieve. Both sets of results were compared to the theoretical

values calculated in the spreadsheet.

Knowing that the coil could become excessively hot under the tests, particularly
when using 6A, the temperature gradient was measured, along with some
temperature contours. The purpose of measuring the temperature gradient was to
ascertain the change in temperature to evaluate the change in resistance and the
contours to identify any hot spots. The temperature readings were also required for

safety because the temperature of the coil rose to approximately 140°C.

Figure 4.35 shows the results of the single E-core static force tests, which are
represented by the Fs characteristic decay rate, which was determined to be
y=61428x"""" The constant term, 61428, of the equation of the F-s
characteristic has previously been shown to be a function of the geometry of the E-
core. That is, a function of the number of turns and the coil current, with respect to
the square of the airgap size. The theoretical value of y=1042.3x7 is evaluated

from equation 4.15 and is represented in figure 4.32. The constant term in both

equations, represent the generated force within an airgap of Imm. The difference in
the power terms is a result of the y = cx’ regression equation having too few points

to evaluate an accurate value.

g
——/__E,_.Ah—

fpurret=]__ L
[t T

N\

P

1] 1 2 3 4 5 6
Alrgap (mm) y = 814.28x M%7
=9—Coil one — Regression equation for *y* ’ R*=0.0097

Figure 4.35 — Result of Force versus Airgap
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However, the saturation level can be changed to any required value, for the
investigation of different materials. From the results saturation at 1.4 Tesla is high
and needs to be reduced to provide a more accurate evaluation. Indications are that

it is in the order of 1.1 Tesla to 1.2 Tesla.

Similarly, the force results obtained by the two measuring techniques are closely
matched, suggesting that both methods are valid. Since, both of these sets have
similar deviations from the theoretical and model values, indicates that there are
approximately 50% losses involved. These losses can be attributed to fringing, and

thermal energy losses.

Inductance Results

The flux density readings from the Hall Effect probe were used to evaluate the

inductance of the E-core.

The current was set at 2.5A, and maintained throughout for all airgap settings. The
flux density was measured with a Hall Effect probe. The number of turns, in the
coil is known to be 300 and the measured resistance of the coil was 1.46Q. From

the readings of flux density obtained the Inductance was calculated from,

NBA
L= _I—g H Eq". 4.45
Where, L = Inductance (H)

N = Number of turns within the coil
¢ = Magnetic Flux (Wb)
I = Current through the coil (A)

L=ﬂ and B=—ﬂ and ¢ = BA

¢
. - Ag .
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4.5

4.5.1

Springs investigation

The electromagnetic force generated by the E-core depreciates rapidly, at a rate of
the inverse square of the distance (equation 4.15), with respect to the armature
displacement travelling away from the coil. The reduced force imposed by the
larger airgap and the potential problems of small airgaps could be rectified by the
addition of another source of energy, in this case the use of springs. The idea was
to use the energy stored in a spring, and the linear force generated by a spring,

(Hooke’s Law), as an aid to increasing the stroke length of the pump.

No matter whether the spring is under compression or tension, the relaxation of the
spring, releases the stored energy so providing the spring force. The summation of
this additional spring force and the electromagnetic force are used to maintain the
driving force at a higher level and over a greater distance throughout the actuators
pumping cycle. From this, two options could be available; firstly, an increased

swept volume/flow rate, or secondly, an increased head over a shorter distance.

By making the stroke longer, the larger airgap reduces the available force;
consequently, the springs will also need to compensate for the reduced force until

the electromagnets can have any effect.
The Spring System

Various combinations of springs have been considered: under compression, under
tension, a mixture, single springs and multiple springs. Both single and double E-
core systems utilising different spring scenarios have been considered: free springs,
attached springs, and pre-stressed springs acting either under compression or under
tension. For all scenarios, the total upward force and the total downward force have
been analysed separately, then considered together as an operating system.

The sign convention used throughout the investigation is that all forces acting

upwards are positive, forces acting downwards are negative. The reference point is
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e The electromagnetic force of E-core 1, which increases rapidly as the
armature attracts toward E-core 1, is positive. (+ve)

e The electromagnetic force of E-core 2 is zero because the E-core is de-
energised. (0)

e The force from the relaxation (decompression) of the spring network is
positive. (+ve)

¢ The force aftributed to the weight of the drive system, i.e. the armature

diaphragm and the connecting pieces, is always negative. (Always —ve)

The summation of these forces is the resultant force available to power the delivery
head.

The system condition (figure 4.40) at the start of the downward stroke is that the
inlet valve is open, the outlet valve is closed. The armature is its highest point,
which is the position of the armature for the minimum airgap for upward stroke.
The spring network is relaxed (de-compressed) and therefore has no stored energy,
E-core 1 is de-energised and E-core 2 is energised at maximum airgap for
downward stroke. The transition from B to A (figure 4.40) is a negative

displacement therefore the forces involved are,

o The electromagnetic force of E-core 1 is zero because the E-core is de-
energised. (0)

e The electromagnetic force of E-core 2, which increases rapidly as the
armature, attracts toward E-core 2 is negative. (-ve).

e The force from the compression of the spring network is positive. (+ve).

o The force attributed to the weight of the drive system, i.e. the armature

diaphragm and the connecting pieces is negative. (Always —ve)

The summation of these forces is the resultant force available to draw the

_ submerged head.

It should be noted that the above convention only provides for a single action
upward pumping cycle.
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generated by the spring. Since, the upward stroke for this scenario is the delivery
stroke, which is pumping against the delivery head, the resultant force is too small,

and the pump would not be able to overcome the worst-case static force.

Figure 4.42 shows that the maximum force available on the downward stroke (Ftd)
is far greater by comparison, especially at small airgaps. However, the resultant
downward force (Ftd) is zero at an airgap of approximately 2.5mm; therefore at that

point the pump would stall.

The best that can be achieved under these operating conditions is to make the
downward stroke the positive action, that is, pumping against the delivery head, and
shorten the stroke length to 1mm, thereby increasing the available pumping force to
approximately 900N. The springs would then be used for the return stroke and

200N would be available to pump against the submerged head.

Scenarios 8 and 8c — Both scenarios involved a double E-core system as shown in
§4.5.5, with the upper and lower E-core labelled as Fm1 and Fm2, respectively.
Both scenarios use attached springs where the springs are entirely relaxed when the
armature 1is in contact with the upper E-core (Fm2), the difference between the two
scenarios is that, scenario 8 compresses the springs, and in scenario 8c the springs
act under tension. The resultant upward (Ftu) and downward (Ftd) forces are

shown in figures 4.43 and 4.44, respectively.

Figure 4.43 shows the change in the resultant force as the armature moves from the
lower E-core (Fm1) towards the upper E-core (Fm2). The resultant upward force
(Ftu) 1s shown to have increased when the airgap is at its maximum, and the
resultant force is still comparatively low compared to that of the electromagnetic
force at small airgaps. In general, there is an overall improvement in the system

performance for the upward stroke.

HdWever, ﬁgme 444 show‘}sﬁ tiiat resultant force (Ftd) is réduced as the armature

moves in the opposite direction. At airgaps greater than 1.8mm, the resultant
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drive plate. From the centre of the drive plate a single piston rod connects to the

diaphragm.

The principle by which the system operates is that the E-cores are energised in turn,
when an E-core is energised, the armature is attracted to the energised E-core.
When that particular E-core is de-energised, the other E-core is simultancously
energised reversing the direction of the armature motion due to the attraction of the
second E-core. The two aluminium plates enable the transfer of the energy from
the movement of the armature situated between the two electromagnets to the
diaphragm. The diaphragm, which is attached to the armature via the components
mentioned above moves in the same direction thus providing a pumping action.
Since the armature and the diaphragm are rigidly attached, the airgap between the

armature and the E-core determines the stroke length.

The Armature

Incorporated into the design is the provision for Mechanical Switching Control by
means of Carbon Brushes. The lower chamber (figure 4.50) contains the
clectromagnets part of the lower half of the actuator, (the drive mechanism), which

includes the armature. The armature design is shown in figure 4.52.

In the case of carbon brushes being adopted, each armature plate is held in place by
a bolt and a grub screw. A plastic bush is used to electrically isolate the spring-
loaded carbon brush and the copper contacts of the switch from the armature. The
carbon brush is spring loaded so ensuring that a constant pressure is applied to the

copper strips of the switches.
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4.9

4.9.1

studs, on the base of the pump. This greatly improved the clamping down of the
riser plate, which holds and positions the lower E-core. Consequently, the
problems of the vibrations caused by the impact of the armature against the E-core
were partially removed, and the E-core movement was prevented, so providing a
better airgap control. This was verified with the use of a measuring gauge as shown
in figure 4.59 (right).

In an attempt to resolve the malfunction of the inlet valves, the rubber of the valve
flaps was trimmed, making them less rigid, which resulted in an improved

performance.

The water seals for both the upper and lower pump chambers were modified;
rectangular cross-section (flat) O-ring seals were used as opposed to cylindrical
cross-section O-ring seals. Although, this initially improved the seal for the lower

chamber the pump did eventually flood.

It was apparent that the pumping chamber would not be watertight and this would
have an effect on the results, however the pump was rebuilt with some
adaptations/improvements, as previously mentioned, and some results Were

obtained.

Results

This section presents the test results from both the diaphragm pump and the piston
pump.

Results Relating to the Diaphragm Pump

Theoretically, for a borehole w1th a depth of 100m, the minimum start-up force
required for the systém to operate 1S approx1mately 346N, when using a 19mm
outlet pipe and a 96mm plston/dlaphragm, Eqn 3.1, §3.7. However, the E-core will

generate a force 1597N, within an airgap of 0.81mm, before it saturates, §4.2.7.
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when the airgap is 0.81mm then difference between the theoretical and practical
force shown in figure 4.61 can be attributed to flux fringing and heating losses in
the coil and E-core. The value of saturation is 1.4T. The figure 4.61 shows a
practical force value of 917.07N at 0.81mm, the actual measured value at 0.81mm
was 936N; the difference is due to the 2.05% error in the power value of the

regression  equation, (ie. a standard value from equation 4.11
y=61428x2 =936.26N and a practical value y=614.28x"117 =917.07N),

The difference is a result of taking too few readings for the F-s characteristic.

If the E-core saturates at the theoretical airgap size of 0.81mm, the practical
saturation force level will be 917.07N, this is evaluated from the power regression
equation of figure 4.61. The force required to act against the submerged head of
0.1m, from equation 3.1, is approximately 7.1N, therefore, the available pumping
force is approximately 910N, which equates to a pressure of 125703Nm?, the
equivalent of 1.26Bar, which in turn equates to an approximate maximum delivery

head or depth of 12.3m. This is 27.3% less than the maximum theoretical value.

Figure 4.61 shows the maximum force that is available over a stroke length 0.8 1mm
is 917.07N, from A to B in figure 4.60, thereafter the force reduces as the stroke
length increases from B to C; the overall stroke length A to C is 2.5mm. The
maximum available force at a stroke length of 2.5mm is 107.55N. Therefore when
the pump has a stroke length of 2.5mm, the maximum generated force available is
107.55N. Since, a submerged head of 0.1m requires an approximate force of 7.1N;
the maximum pumping force available is 100.45N, which equates to 13877Nm™,
the equivalent of 0.14Bar, which in turn equates to an approximate maximum
delivery head of 1.36m. The measured delivery head was 1.22m; this is a reduction
in delivery head of 10.3%.

Practical results summary for 96mm diameter diaphragm pump;

e Force 100.45N
e Airgap 2.5mm
e Delivery head (h;) 1.22m
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4.10.1

System Discussion

The initial current flow results in a back-e.m.f of self-inductance. This is greatest
when the rate of change of current is greatest, that is at switch on. When the coil is
de-energised, at switch off, the collapsing flux induces an e.m.f such as to prolong

the current and decays to zero exponentially.

At small airgaps, the time taken by the coil to reach the required level of current to
produce the necessary force may not be of long enough duration. Consequently, the
rate of change of current plays an important part in the design, for if the current
rise-time is too slow then the electromagnetic force generated will be smaller. That
is, the rate of change of current must be as fast as possible, the longer the time

constant the slower the current rise.

The coil is an inductor; therefore the induced e.m.f opposes the original current.
This is of great importance when pulsating dc voltages are applied, the inductor
offering a strong opposition to the current changes. The behaviour of an inductor
may be linked to a mechanical flywheel the function of both being to oppose energy
fluctuations.  Since the coil is wound around a ferromagnetic yoke the high

permeability of the core increases the flux, hence the inductance.

Inductance relates the magnetic flux to the current flowing in the circuit. The
inductance is at a minimum when there is a large airgap and increases as the airgap

1s reduced.

At switch on the voltage drives the current around the circuit. The current through
the inductor builds up a magnetic field and the current rises exponentially.
However, in dc circuits containing an inductor, there is a delay in current build-up

that depends on the time constant of the circuit.

This electromagnet topology, based on the electromagnet’s variable reluctance
principle, presents another problem, because the high attraction forces require high

currents and the coils are inductive loads. Therefore they involve a time constant
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Since the resistance changes very little as it is controlled via a thermistor, the

governing factor of the time constant is the inductance; if the inductance decreases,

the effect of the time constant is to produce a higher operating frequency.

Energy Loss - The factors that give rise to an energy loss are both mechanical and
electrical. The mechanical factors to be considered are frictional losses, the
diaphragm, inertia, potential energy, kinetic energy and the impact of the armature
against the E-core. The electrical factors are the current density (J), the copper

losses i.e. IR losses in windings of the coil, and eddy currents.

Electrical Factors - The effect of the current density is to limit the current that can
be supplied to the coil without heating the coil. The maximum J is approximately
4.5Amm™. Should the current density increase to a level above this then cooling is
required to maintain the ambient temperature of the coil. For a system to use larger
current densities then a larger gauge wire is required. This in turn changes the
geometry of the coil/E-core giving less turns for the same space. There is a fine
balance for NI ratio restricted by the available standard gauge wires. Reducing the
number of turns by using larger standard gauge wire and increasing the current will

not produce the same force. (NI = m.m.f)

The power loss due to the flow of current in the windings, i.e. the copper losses, is
probably one of the two main factors for the heating effect of the system. When an
electrical device is loaded, the temperature rise of the device is largely due to the
I’R loss in the conductors, and the greater the load, the greater the loss, and
therefore the higher the temperature rise. That is the greater the increase in

temperature, the greater the increase in resistance.

Eddy currents are another factor that can produce a heating effect. The induced
e.m.f of the windings induce an e.m.f in any nearby conducting material, such as

the yoke of the E-core, by the flux changes; thus giving circulating currents in an
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infinite number of parallel paths. They are a serious disadvantage because they
represent an energy loss and generate a superfluous temperature rise. It is not
possible to prevent the induction of the eddy currents but they can be greatly
reduced by providing a high resistivity path for them. This can be achieved with
the use of laminations; the eddy currents and the resistivity paths meet in series, and
consequently are greatly reduced. When the pump is operating at low frequencies,

i.e. less than 50Hz, the problem of eddy currents is minimal.

Mechanical Factors - Frictional losses are attributed to the force involved to
overcome the normal force between two surfaces and vary depending upon the
materials that are in contact. These forces are minimal within the system and can

be alleviated with use of a lubricant.

The diaphragm geometry, weight, and stiffness, all affect the amount of energy
required to overcome force to operate the system.

Force is required simply to overcome the inertia of the drive mechanism, which
incorporates the armature. However, this will be very small in comparison to the

electromagnetic force produced.

In the case of a collision, when the armature ‘impacts’ the E-core, the kinetic
energy is ‘lost’, because the steel is non-elastic. This ‘lost’ energy in fact reappears
as heat, sound, and mechanical vibration, none of which is recoverable. The force
of the impact causes deformation, and the work done remains as free energy, which
is dissipated as above, with a small amount stored elastically. The magnitude of the
forces that are allowable and the capability for energy intake are both time and
temperature dependent. To avoid structural failure the breaking stress is not to be
exceeded and this is best achieved by preventing the armature from impacting on

the E-core.
Use of Springs Discussion

For some time now, electromagnetic actuators that incorporate springs have been

used for valve control. However, the springs do the work and not the
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electromagnets. The armature stays in a static position in either the high or low
point, and is held in place by the electromagnet. When the electromagnet is
switched off the armature then travels to the other position, and again is held in
position by another electromagnet. The valve opening time is obtained by adjusting
the interval between the up and down motions. The neutral position of the actuator
is in the middle, and the two electromagnets mainly operate by holding the moving
part at the ends of the stroke. The landing noise of the armature is a major issue for
this type of actuator. To reduce it and to maintain a longer lifetime, a soft-landing

must be achieved.

In the tests carried out on the pump springs were used, but were too weak, they had
too low a ‘k’ value to be of any benefit to the pumping action. Nevertheless, they
did prove useful, as an assembly device, and for the locating of the armature at start
up. Springs with the required stiffness would be far larger geometrically and would
not fit within the chamber of the present pump configuration. Therefore, if springs
were to be used, the pump will have to be redesigned to incorporate the spring

mechanism.

The solar powered water pump system requires a minimum force of 278N to
operate (§3.7.3 Static Force). The force resulting from the weight of the armature
and connection parts to the drive piston of the actuator, mg was approximately 11N
therefore the minimum force before the electromagnets have any useful effect is
approximately 289N. Had this force been achievable with the use of springs then
an additional 289N would have been available to pump the delivery head.

For all scenarios, the total upward force and the total downward force were
analysed separately, then considered together as an operating system. Further, after
assessing the resultant force a comparison is required to ascertain whether or not the
use of springs cancels the effect of using them. Throughout the assumptions were
that there is no submerged head and any excessive submerged head could cancel

any benefit gained.
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In order to determine the effect of the springs on the system various spring

combinations with different stiffness (k) were considered.

Use of Springs Conclusion - With respect to the use of springs in conjunction with
single E-core systems, it can be concluded that the resultant force is dependent on
the pole orientation of the E-core. (The pole orientation, the direction in which the
three legs of the E-core are pointing) When the orientation of the E-core poles is
upward, irrespective of the type (compression or tension) of springs used, the
resultant total upward force is solely due to the force contribution from the springs.
The stiffness of the spring dictates the resultant force. The stiffer the spring the
shorter the effective stroke length. The resultant downward force is diminished
when springs are introduced. For any preset distance, the linear force from the
spring is limited to the tangent to the initial rate of change of force of the
electromagnet force curve. The maximum value of spring force occurs at the
intercept with the y-axis, which is at the point of contact between the armature and
the E-core. However, depending on the control of the armature movement, which

in turn determines the turning point for the armature, this force may not be realised.

With respect to the use of springs in conjunction with double E-core systems, it can
be concluded that the benefits and restrictions of single E-core systems also apply
to a double E-core system. Here the orientations of the E-core poles are opposing
one another, therefore the benefits and restrictions apply for both half cycles. Even
though the spring force is small in comparison to the electromagnetic force, it is
possible under certain conditions to maintain the minimum operating force
available over longer stroke lengths. It may be possible, practically, for a finally
tuned system to utilise the spring force to compensate for the start up force.
Another, possible use is in a free oscillating system where the springs could prevent
the impact of the armature against the E-cores, and by doing so provide a smoother

output.

Use of Springs Sumniary - Had the use of springs provenusefulthen the use of

springs would have eliminated start-up losses due to mg and removed or at least

reduced the effect of the worst-case start up static head. However, the results have
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shown that, the increased force could be used to enhance the generated force of the
clectromagnets over a shorter stroke and the springs can be used as a braking
mechanism preventing the armature impacting against the E-cores. At the very

least, provide a softer landing.

Performance, Problems, and Potential

The supply voltage was set at 30V and provided a constant current of 6A. This first
version of the pump actuator utilised a carbon brush switching system. However,
during the electrical safety tests (dry run tests) two main problems were
encountered, namely, the springs used to ensure the electrical contact evaporated as
the current increased, and the other was that the support brackets that held the

copper tracks for the mechanical switches snapped after only a few pumping cycles.

The circuit for the mechanical switch is the same as figure 5.1 §5.3.1, but with the
addition of a low value resistance, high wattage, (i.e. 1Q, 30W), resistor placed in
series with the positive end of diode D2. It was decided that the return path for
current of this circuit was of a poor design losing excessive energy in the form of
heat, on switching, in the energy dispersing resistor and diodes, and for that reason

an improved system was required.

In addition, the make and break time for the switch was of a very short duration,
because the switch contacts were only applied at the terminus of the half cycles.
Consequently, the E-core did not have sufficient time to fully energise and hence

the generated force could not achieve the necessary force level.

The use of carbon brushes seems to be the ideal mechanical control. However, the
use of the carbon brushes for switching has an inherent problem, namely the wear
on the brushes and the associated accumulation of carbon dust within a confined

space, which presents the potential hazard of a short circuit.... .-

The layout design of the contacts posed the problem of finite control due to the

close proximity of the contacts, particularly at small airgaps where the carbon brush

Martin Gain - Mater of Philosaphy Thesis - 2007

176



Gltood 5 Cragincoring, Dot Yipisertiy

could energise the coils simultaneously. This could generate equal forces in
opposing coils and the forces would cancel each other, resulting in no motion, and
therefore no pumping action. In order to prevent the above, the brush system needs

to be redesigned.

The outcome of the accumulation of problems encountered with the carbon
switching system was that no satisfactory results were obtained when wet testing;

the pump did not pump.

After the carbon brush failures, the first electronic switching device used was the
Electronic Switch Circuit Board in Figure 5.5, the circuit for the IGBT with a Zener
Diode. The Diode Feedback Loop Electronic Switch is shown in figure 5.4. This
switch was used both in the single E-core dry tests and as a switch for the two E-
core pumping system. The switch was used to switch the supply between the two

E-cores during the pump trials instead of the carbon brush setup.

However, overheating problems were encountered and therefore the first electronic
switch was replaced with a Twin 2 Transistor Forward Converter, as shown in

figure 5.10 and figure 5.11.

The electronic control switching system consisted of a “Twin 2 Transistor Forward
Converter’ (the inverter board) by means of the square-wave mode of a signal
generator controlling the frequency. The inverter board was connected directly to
the E-core of the actuator of the pump. The driver for the input signal for all the
electronic circuits was a square wave signal generator. This provided frequency
control. However, the scale on the signal generator was not accurate, therefore for

any future testing an oscilloscope should be used to obtain an accurate reading.
Other problems encountered were that the seals were not watertight, poor

diaphragm design, the impact of the armature against the E-core, and the pump
failed because the actuator locked. ’
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Water penetrated at many points; the O-ring seals of the two chambers of the pump,
the centre of the diaphragm via the through-hole of the piston connection, and at the
points where the locating studs passed through the pump housing. An attempt to
rectify the problem was made by using a silicon-based sealant in these areas;
however this did not resolve the problem, therefore the seals needed to be

redesigned.

It was observed (visual inspection) whilst the pump was operating that the
diaphragm was distorting. The distortion was attributed to the diaphragm being
unevenly cut, being too large, and too rigid. The diaphragm was to act as a seal;
this also failed. However, in this case the silicon-based sealant did resolve the

problem.

It was also observed that the inlet valves system did not open in all sections,

suggesting that they were too rigid.

Although the chambers flooded, the system still worked, because the electrical
circuit had been previously sealed with a waterproof spray, enabling some results to
be taken, shown in §4.9. It was observed (visual inspection) whilst the pump was
operating that as the lower chamber flooded the output flow rate decreased,
therefore, although the pump operated the water within the chamber effected the
results. The assumption was that the force was reduced because the armature was
no longer moving in air. Since the chamber always flooded no evidence for the

assumption could be gathered.

It was noted that the repeated impact of the armature upon the E-core was a
potential problem for the lifespan of the pump. Although the impact of the
armature against the E-core could demagnetise the armature before the return half
cycle any possible benefit was far outweighed by the deformation of the E-core,

which would ultimately destroy the actuator.

The repeated vibration generated by the impact of the armature against the E-core

also slackened the locking studs on the base of the pump. Therefore because the
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lower E-core was free to move there was a change in the airgap size. Consequently,

a reduction in force occurred.

Since, the pump output flow rate and delivery head was poor, virtually nil, the
airgap of 2.5mm was reduced to approximately 1.0mm, in an attempt to increase the
force and hence the delivery head. It can only be approximated because the stud

locks were unreliable.

The results shown in §4.9, are for an airgap setting of 2.5mm. No further results
were possible because the pump failed. The failure occurred because the actuator
locked. That is, the airgap closed because of the holding rods in the E-core
mounting, bending. This was due to the high generated electromagnetic force and

the continuous vibrations due to the impact of the armature against the E-cores.

Recommendations

From the work to date, the following recommendations for improving the

performance of the present D.C. Powered Linear Actuator Water Pump are:

¢ Design a self-oscillating system.

e Prevent the ammature from impacting against the E-cores either by an
electrical or mechanical means. Electrically, by bringing forward the
switching time thus permitting one coil to be energised before the other has
de-energised, therefore prior to the start of the return stroke a high force is
achieved. Mechanically, with the use of freestanding (unattached) springs
that engage the armature to reduce the force prior to the impact, so
providing a soft landing for the armature. Alternatively, use a combination
of the above methods.

e Redesign the carbon brush switching system, using a more robust material

.. for.the.support brackets,.or- use-a-new design,-such-as-a-cam: to-control the

switching time. In addition, change the type of springs in the spring-loaded

contacts that maintain the contact to a flat spring instead of the present helix
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spring.

¢ Improve the robustness and anchorage of the E-core/s mountings by
replacing the mild steel studding E-core mounting bolts with silver steel,
plus increase the diameter of the shafts, and harden and temper the shafts if
necessary.

e Redesign the upper and lower pump chamber water seals of the chamber
separation plate, ensuring that the lower pump chamber is watertight.

¢ Redesign the inlet valves making them less stiff by trimming the rubber. In
addition, enlarge the inlet valve holes and experiment with different
materials for the valve flaps. Alternatively, change the design of the valves
or use standard valves.

e For the diaphragm pump, use a thinner and smaller diameter diaphragm
making it less stiff. Also, ensure that the seal around the diaphragm is
watertight. As with the inlet valves experiment with different materials.

¢ For the piston pump, use an O-ring on the piston this has been shown to
improve the performance of the pump by decreasing the backpressure
losses.

¢ Investigate methods for the prevention of overheating of the actuator,
particularly the use of the borehole water and surrounding earth as a heat
sink.

Summary

The chapter has investigated concepts for the realization of linear motion and
demonstrates the feasibility of an electromagnetic driver topology with models and
a series of tests. The results did demonstrate the principle of operation for the use
of the E-core electromagnets and the potential of the linear actuator as a driver for a
water pump. The E-core electromagnet driver can generate a normal force in

excess of 400kNm™ when there is a flux density of 1T in the airgap.

However, when the E-core electromagnet linear actuator driver is used within the

pumps and the results highlight both actual and potential problems. Although, the
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results from the testing of the piston pump were an improvement on those of the
diaphragm pump, the desired product is still to use a diaphragm. From the results
obtained during the testing, it is evident that the diaphragm pump is not viable
under the present set-up, as demonstrated by the results of §4.9, as it not possible to
achieve the desired output. Nevertheless, with some of the recommendations set
out in §4.10.4 there is potential for the system to work efficiently. However, due to
the multiple problems associated with the pumps during testing, it was decided that
the eventual prototype pump would not be of the same design. Further

investigations are therefore required.

The chapter also investigated the use of springs to improve the force over the length
of larger airgaps. Had the use of springs proven useful then the use of springs
would have eliminated start-up losses due to mg and removed or at least reduced
the effect of the worst-case start up static head. However, the results have shown
that the increased force could be used to enhance the generated force of the
electromagnets over a shorter stroke and the springs can be used as a braking
mechanism preventing the armature impacting against the E-cores. At the very

least, provide a softer landing.

The chapter also gave a three part discussion, which includes a system analysis, the
use of springs, and the performance, problems and potential of the pumps. The
thesis now moves forward with chapter 5 which investigates the actuator control
and the associated design considerations, and chapter 6 which investigates possible

future development.
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5.1

Chapter S

Actuator Control and Design Considerations

Introduction

This chapter considers the results of chapter 3 and chapter 4, and investigates and
discusses possible improvements for the design and operation of a solar powered
water pump. The first issue under discussion is the thermal quandary of the system
and possible solutions are given. It then discusses switching methods for both
electrical and mechanical control of the armature movement and provides a solution

that utilises a mechanical carbon brush switching system.

Thermal Quandary

It is inherent that the coil temperature will rise when the pump is in operation.
Consequently, variations in the operating point will occur, and therefore the
subsequent rise in resistance will affect the operating point. When an increase in
load resistance occurs, (the probable cause being the heating of the actuator), the
operating point moves to the right, this is shown on the solar cell I-V characteristic
of figure 3.5. By moving beyond the MPP, a large current drop and hence a power
drop transpires, so reducing the force generated by the actuator. Similarly, if a
large decrease in load resistance occurs, although unlikely, the consequence would

be for a large voltage drop to occur, (Re: §3.4, Figure: 3.5).

Several options are available to deal with the thermal quandary owing to the heating
of the coils and actuator.

o The size restrictions limit the number of turns for the coil, too small a

diameter of wire reduces the available current density, without overheating,

so reducing the current and the available force. Too large a diameter of wire
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will reduce the number of turns also reducing the magnetomotive force

(m.m.f), the product of the current and number of turns.

e Redesign the E-core; by incorporating a larger wire gauge so improving the
current density (J) capacity, or by reducing the current. Both will affect the
force produced. Therefore to increase the force the E-core would need to be
‘stacked’ so that there is an analogous resultant force. Stacked E-cores are

explained §6.2.

o Design an electronic controller, a method of tracking the maximum power
point and comparing this to the operating point and making any necessary

adjustments.

¢ The resistance is kept to a minimum by providing a heat sink. However,
this could impinge on the operation of the system. Any substance
introduced to the electromagnetic driver chamber, other than air (or
vacuum), will reduce the available force due to the viscosity of that material.
Further, it provides for the potential of contamination through leakages to
the water supply.

e Alternatively the pump operates in a freestanding mode where the water
within the well combined with the surrounding earth acts as a natural heat
sink; the dissipation of the thermal energy being aided by the materials of

the internal parts and the pump chamber.

Switching

If a pump were to run continuously for a minimum of eight hours per day and to be
operational for one year without needing maintenance, then a pump operating at

20Hz would require in excéss of 210 million switching movements within a year.
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A number of switching concepts have been considered namely, Mechanical
Switches, Reed Switches, and Relays. To date none of these methods have been
found to be suitable, the problem arises because of the lifespan of such
manufactured devices, (typical switching specification of SOK — 200K cycles), far
short of the required 210 million cycles. However, this does not necessarily rule
out such devices. The maintenance schedule for the pump could be revised, so,

reducing the number of cycles required.

However, one concept, although not investigated, was to use the flow of the water
under pressure (pressure switch), or the flow of the water (flow switch), to activate
a mechanical stop switch. The principle of operation being that at the end of a

stroke the switch is tripped causing the return section of the actuator to energise.

Obviously, the longer the time the pump is operational the greater the number of
cycles, and the typical switching specification of 50K — 200K cycles would be
exceeded, therefore the advantages of using electronics, in that there are no

mechanical fatigue constraints, would be more apt.

Nevertheless, one avenue that has potential is the use of carbon brushes. Carbon
brushes have typical life spans of 1000 — 1500 hours, this equates, at 20Hz, to 72 —
108 million cycles. However, in order to prevent switch arcing and the possibility
of the welding of the switch, the use of some electronics is still necessary to

dissipate the energy generated by the inductor coil of the actuator.

Until now only switching for a single coil system has been considered, further
consideration must now be given to a push-pull system, which incorporates two
actuator coils being activated alternately, so generating a force in both directions of
the stroke. As with the single coil system the individual coils may be controlled in
the same manner, however, the switching between the two coils requires additional
circuitry. Apart from the obvious electronic control, other methods for the control
of the hpusﬁ-pull system have been considered; in general, methods involving a

position detector for the movement of the armature.
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3.3.1

Prevention of Switch Arcing

In order to prevent switch arcing and the possibility of the welding of the switches,
it is necessary to dissipate the energy generated by the inductor coil of the actuator.
The first method that was considered was to use a resistor connected in series with a
capacitor, in turn connected across each of the switches, however this would result
in an energy loss, as heat, in the resistor/s, The second method considered was to
use Metal Oxide Varistors (MOVs) connected in parallel with the switch/s. The

third method considered was to use capacitors enabling the energy to return to the

supply.

Dissipation of Energy with MOVs

Sw 1 b2

Figure: 5.1 — Actuator inductance coil for a single E-core System

Figure 5.1 is a circuit diagram for switch activation of the coil current. Swl and
Sw2 can be either mechanical or electronic switches. When the switches Sw1 and
Sw2 are simultaneously closed, the current flows through switch Sw1, the inductor
(L) and switch Sw2. The return path for the current when the switches Swl and
Sw2 are simultaneously opened the current flows through diode D1, the inductor
(L) and diode D2.

The energy in the coil shown in the circuit diagram figure 5.1 is represented by

equation 4.41.
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Uf =5Li J Eqn 441

Where, U, ’f = the energy in the coil

MOVs connected in parallel with Swl and Sw2 — Although their use has been
illustrated by a manufacturer, (Harris Semiconductor — MOV Application
Handbook), they would have to be used at much reduced energy rating for
continuous operation, and therefore their large number would be uneconomic. This

is shown below.

By example: the inductance (L) shown in figure 5.1 represents three identical coils
connected in parallel, which would reduce the 102mH inductance of the single coil
used in the force tests of the actuator to a value of 34mH. The circuit now requires
a current of 18A to pass through the switch that is 6A for each coil; therefore, the
energy in the coils is 5.508].

Ugyy = %x(34 x107)x (18)° = 5.508.Joules

It is also necessary to consider the power, equation 5.1, which is the product of the

energy in the coil and the operating pumping frequency.
P, = %L(:)2 f W Eq"5.1

At a pumping frequency of 6Hz, the power would be 33.048W, however if the
pumping frequency were 20Hz the power would be substantially higher, at
110.16W.

The largest 38Vdc MOV (a 21.5mm diameter disc by 7mm thick) rated at 28] for

the maximum energy is capable of absorbing the 5.508J, but the maximum power
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rating is only 3W. Hence, even two MOVs (max 6W) connected in parallel across

the switch, cannot absorb the power.

Since MOVs reduce arcing (voltage) across the switch by absorbing the energy in
the coil, and with the system operating at 30V and 6A, MOVs are not suitable for

this application.

Dissipation of Energy with Capacitors

A better way is to return the energy to the supply with the use of two switches, two

diodes, and a decoupling capacitor, as shown in the circuit diagram of figure 5.2.

!
Sw 1 D2
+
() ex L
D1 Sw2
| 3 |

Figure: 5.2 - Actuator inductance coil for a single E-core System with a Decoupling

Capacitor

The energy of the decoupling capacitor (C) when the switches are closed can be

represented by equation 5.2.

1

Up,y ==CV? ] Eq". 5.2

ap =

For a 30V, supply, and a 4700uF - 63V Capacitor the energy is 2.115J.

. S s s oo

U= %(4.7 x107)(30)’ = 2.115Joules
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Therefore, the energy returned to the supply was 5.508J (from §5.3.1) and the
energy due to the capacitor is 2.115], the total energy in the capacitor is therefore

7.623], with a terminal voltage of approximately 57 V.

Since, 7.623 joules of energy is large enough to cause arcing across the switches
therefore further improvements are required. One method of preventing switch
arcing is to connect ‘snubber’ capacitors C1 and C2 across the switches, as shown

in the circuit diagram of figure 5.3.

C1 ==

Figure: 5.3- Actuator inductance coil for a single E-core System with a Decoupling

Capacitor and Switching Capacitors C1 and C2

The principle is that there is zero voltage across C1 and C2 when the switch opens,
so no arcing occurs. When the switches open, both C1 and C2 must charge to
30V, before D1 and D2 conduct. For this to happen in less than 10us (slower than

the turn-on time of D1 and D2) then the quarter resonant cycle, formed by c1+C2

and L, must by approximately 10us for design, i.e. f =25kHz.

The resonant frequency can be represented by equation 5.3.

1

S =
res 2” _L CIZ+C2
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Since the values of C1 and C2 are identical, the value of the two capacitors can be

evaluated from equation 5.4.

1
C=——— F Eq”. 5.4
oL a
Therefore for the case of L=34mH and f=25kHz the values of C1 and C2 are

2.38nF; therefore a small polyester capacitor can be used.
The energy can now be evaluated from equation 5.2.
U=Cy?=(2.38x107)(30)" = 2.142uJ Eq". 5.5

Therefore, each capacitor will have a terminal voltage of 30Vdc and when the
energy is discharged into each switch at switch closure the energy dissipated is only
2.142J, which is negligible, and will not cause arcing. Now the only loss within

the system is the conduction through the diodes D1 and D2.

Comparison of Power Loss between MOVs and Capacitors Circuits

The supply voltage is 30Vq. and the input current is 18A, therefore the input power
of the system is 540W. The power loss in the MOV system was determined to be
33.048W at a pumping frequency of 6Hz, and 110.16W at a pumping frequency of
20Hz. In the capacitor system the current ramps down from 18A to 0OA, therefore
the current through each diode is 4.5A. Each power diode has a voltage drop of
approximately 0.7V, therefore a total voltage drop of 1.4V. The corresponding
power loss is therefore 6.3W, or 3.15W per diode. However, the use of Schottky
diodes, having an approximate 0.3V voltage drop at turn-on will reduce this still
further to 2.7W, or 1.35W per diode.

From equation 5.1, it can be seen that the power of the system is directly

proportional to both the energy and the frequency of operation; therefore, the
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greatly reduced energy/power losses (0.5%) of the capacitor system also provides

for a far greater operating frequency for the pumping action,

Electronic control

An alternative to mechanical switching is the use of electronics. Figures 5.1 — 5.3
all use two mechanical switches, these can be replaced with a single transistor

switch, and the circuit diagram is shown in figure 5.4.

D1

Actuator
Coil
DZ1

Voltage
Reference

Drive
Circuit

IGBT

Low

Figure: 5.4 — Electronic Switch - IGBT with Diode Feedback Loop

When the IGBT switch is activated, the coil current increases to its limiting value
dependent on the supply voltage and coil resistance. When the switch is turned off,
the coil has a negative voltage across it of Vp,+Vpz; as the coil current circulates
through the diodes. Hence the diodes act as the discharge path (shown in red) for
the current when the coil is de-energised and clamp the maximum switch voltage to
Vs - Vp; - Vpz1, which protects it against large transients at switching. The zener
diode gives a faster ‘rampdown’ of the current than just using the diode D1, and
hence the removal of the pumping force, but the energy in the coil is dissipated in

the zener diode, reducing efficiency.
The drive circuit used when testing was a square-wave -generator, model — TTi,

(Thurlby Thander Instruments) TG120 — 20MHz Function Generator — Serial No.
098671.
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capacitance can be reduced if the two E-core push pull pump system is used. When
one is de-energised, the other is immediately energised, that is the current ramp-
down in one is the current rise in the other, hence reducing the pulse currents

through the capacitor.

Another method of switching is to use a tertiary winding (secondary winding) as
shown in figure 5.7. The argument for the use of a secondary winding is that it
avoids the power loss across the diodes of figure 5.4 by returning the energy back to
the supply, when switching.

Vs

D

-t e
Actuator Secondary
Coil Winding
L Low R

1o

Q1

Drive
Circuit

IGBT

Low

Figure: 5.7 — Tertiary Winding on a Single Switch Forward Converter

The tertiary winding is counter-wound because of the reversed polarity. The
tertiary winding is of a smaller gauge wire because the average current at ramp-
down is far less than the average current during the energizing of the coil of the

actuator, that is i, (i, .

When connecting two coils the use of a tertiary winding is also viable, that is for a
push-pull system, which incorporates two actuator coils being activated
alternatively. The reservoir capacitor shown in figure 5.7 — 5.8 can be removed
providing that the input signal for switch Q2 is brought forward; by doing so the
demagnetisation energy on ramp-down of L1 is fed directly into L2 on excitation
instead.of going.into.the capacitor. ‘However, the switching-between the: two coils

requires additional circuitry.
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—$ Vs
D1 D2
[ [
°
C == L1 Tt L2 T2
3 [ L ]

Drive Drive
Circuit Q1 Circuit Q

—d — 4 ) G W,

Figure: 5.8 — Tertiary Windings of a Push-Pull System

Four-transistor switch forward converter as shown in figure 5.9 could also be
utilised however they have the potential problem of ‘shoot through’, a short-
circuiting of the supply via switch Q1, and switch Q2. The problem arises because
the current through the inductor can be both negative and positive therefore, Q1 and
Q2 can be on at the same time. Consequently, protection circuitry is required for
the power transistors, i.e. a dead time generator or blanking generator where in
switching from Q1 to Q2, there is a dead time during which neither transistor is

driven.

Vs

DC

e

| Low

Figure: 5.9 - Four-transistor Switch Forward Converter
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Figure: 5.11 - Twin 2 Transistor Forward Converter Circuit Diagram

The circuit is protected by the lower n-channel mosfet, VNP20NO7, which has an

internal over-current shutdown. The mosfet was chosen primarily for its low

resistance, but its over-current shutdown level of 17A can result in the p-channel

mosfet overheating. A lower current rating n-channel mosfet, VNP10N07, could be
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used with a 10A shutdown current, but this would increase the resistive losses in the

mosfet,

The “Twin 2 Transistor Forward Converter’, compared to a four switch single phase
full bridge previously designed, does not have the potential problem of ‘shoot
through’ of the switches via Q1 and D4, i.e. short circuit of the supply, in figure
5.11. Hence, the ‘Twin 2 Transistor Forward Converter’ is intrinsically more
reliable and able to withstand environmental hazards such as bridging due to insect

nests, etc.

Switching Control

When connecting two coils for a push-pull system, which incorporates two actuator
coils being activated alternatively, a method of determining the armature position is
required. The control system for movement of the armature can range from a
simple switching device to a predetermined driving mechanism. There are several
methods of achieving such control, such as the use of a signal level inverter, being
control driven, or by a position detector, each method with their own advantages
and disadvantages. Ideally, any control device should be simplistic and

inexpensive.

Several concepts have been explored and some possible solutions are now

discussed.

The use of a microphone to detect the impact of the armature against the E-core was
considered. Although tests demonstrated the possibility of utilising such a method
by producing a signal with an amplitude in excess of 0.7V from the shockwave,
which activated a transistor switch, the method proved to be unreliable. The
duration of the signal was only a few microseconds. The signal varied to such a
degree that the repeatability of the signal form was not possible without additional

circuitry. The signal would need to be isolated from such things as harmonics,

HMartin Cain - Mater of Pilosaphy Thesis - 2007
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rebound vibrations, and resonance. In addition, the impact of the armature against

the E-core is detrimental to the system. Therefore, acoustic control was ruled out.

An optical solution was also sought. However the concept of using fibre optics
where the movement of the armature would cause the breaking of a light beam,
combined with the associated electronics, was considered not to be financially

viable, and therefore disregarded.

Some of the magnetic solutions were not realized, such as a magnetic make/break
switch, and utilising the fringing of the magnetic field of the E-core in conjunction
with Hall effect probes, enabling the changing field to act as a trigger for the control
of a switch. However, a magnet passing through two coils was investigated. The
principle of operation is that a magnet plunger (which could be a magnetic ring
placed around the drive shaft) is passed through two separate coils, which switch
the supply to the opposing coils in turn. That is, when the plunger is inserted into
the upper coil the lower coil is energised, and vice-versa. The laboratory tests were
successful in changing the supply direction signifying that this option may be

viable. However the device was never attached to the test pumps.

Electrically, reed switches and relays have previously been ruled out. Even so
several options are available such as, a simple oscillator control, and the use of the

back e.m.f as a trigger for a switch, and the use of a signal level inverter.

A large back e.m.f is generated when the armature impacts against the E-core, due
to the rate of change of the flux. The quandary is what to do about this, remove it,
dampen it, or use it. The back e.m.f could be used to activate a gate on a thyristor
for control purposes; alternatively, it could be used for a timing circuit, however
these options have been ruled out because of the problems incurred due to the

impact of the armature on the E-cores.

The “Twin 2 Transistor Forward Converter’ (§5.5) has a form‘v(‘;; Vposwivﬁﬂon detectbr
by means of the built in signal level inverter (located in area 4C of figure 5.11)
which is capable of driving both coils through both bridges alternately from a single

Hartine: Cuaine - Maitor of Pitesopliy Hheosis - 2007
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drive signal. Possible drive circuits are shown in figures 5.12 and 5.13. The buffer

on/off for drive circuit B, less than 1yps, is faster than that of circuit A.

Q1

Figure 5.12 — Drive Circuit A Figure 5.13 — Drive Circuit B

Use of Carbon Brushes

Previously it was stated that mechanical switching is limited due to the number of
switching actions and the switches usually fail due to fatigue. However, an
electromechanical system is possible, similar to that shown in figure 5.3, for a
single E-core System, which incorporates an inductance actuator coil with a
decoupling capacitor and switching capacitors. A carbon brush system can

therefore be used; the circuit for the two-E-core system is shown in figure: 5.14.

D4

Sw 4

Figure: 5.14 — Carbon Brush Mechanical Switching Circuit for use in a Two E-core

System

Hartin Caine - Maaster of Pidessphiy Teass - 2007
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The use of the capacitors in the mechanical system shown in figure 5.14, removes
the need for energy dispersing low ohm, high wattage, resistors, which would be
placed in series with diodes D2 and D4 after the inductors L1 and L2, respectively.
The circuit conserves energy in the same way as previously described for figure 5.3
of §5.3.2. In addition, the larger the reservoir capacitor, C, the smaller the ripples
on the DC supply.

The principle of operation is that as the armature moves between the two E-cores,
the individual circuits are ‘made’ and ‘cut’ in an alternating mode. Both the
switches, for each individual coil, are ‘made’ simultaneously, thus completing the

circuit, hence energising the respective coil.

When the armature reverses direction, the circuit for the energised coil is ‘cut’. The
discharge paths for the current are from low to high via D1, L1, and D2, and for the
return half of the cycle, from low to high via D3, L2, and D4. The energy in the de-

energising coil in both halves of the cycle is %Li2 , that is, at the moment of the

diode conduction, at which point the energy is returned to the supply.

Previously, one of the problems was the retention time of the switch, in that the
required current level had not been reached and therefore the maximum force had
not been achieved before the supply was switched to the other coil. In order to
overcome this problem, spring loaded brushes can be used. The springs hold the
carbon brushes until sufficient time has elapsed such that the coil has fully
energised. In addition, a further improvement can be made by ensuring that the
retention time of the switch results in an overlap of the duty cycles thereby bringing
the duty cycle of the second E-core forward. The benefit of bringing forward the
duty cycle is that it ensures that the second E-core has developed a large force at the
beginning of the return half of the cycle, thereby achieving a higher force
throughout the complete cycle. This in turn increases the available pressure and the

pump can be used at greater depths.
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Chapter 6

Possible Future Development

Introduction

This chapter covers areas of preliminary investigations and possible future
development. The chapter introduces three possible uses of permanent magnets
within the actuator and pump system. The chapter also discusses the ‘stacking’ of
E-core and the relevant inductance changes. This is followed a section about
improving the stroke length of the actuator. Then having given the case for the use
of diaphragms, and the factors surrounding the hydraulics of the system, the chapter

ends with a method of improving the output flow rate of the present pump.

Permanent Magnets

Until now only the force of attraction has been considered, the alternative to this is
to use a repulsion force. Preliminary investigations into methods of achieving
repulsion have been undertaken. The obvious one is to use permanent magnets
(PMs). However permanent magnets tend to be brittle and the physical properties
of permanent magnets will have to be investigated to determine the practicalities of

using them.
Three possible uses for PMs are,

e PM Armature — where a PM is attached to the armature,

e Magnetic Brakes — where PMs are used as a braking system to prevent the

impact of the armature against the E-core, or at least provide a softer
lé}{di;ig, B - - g [Ep— - -
e PM Cores — where PMs either are placed in series or parallel with the flux

path of the E-core in order to strengthen the magnetic field.
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6.1.1

6.1.2

PM Armature

Initial investigations into the use of PMs where a PM is attached to the armature
have been undertaken. The indications from tests undertaken were that the
magnetic fields of the PMs were too great, because the electromagnets used in the
tests could not generate an equivalent magnetic field. Even though a repulsion
force was generated during the tests, if the armature was in close proximity the
repulsion force would flip to an attraction force and consequently the actuator
locked-out. The problem of the magnetic field flip may be rectified if alternative
materials are used for the construction of the E-core, for example, iron-cobalt alloy,
containing 35% cobalt, with a saturation point of 2.34T, could be used. However,

this may not be fiscally viable, as further investigations would be required.

Magnetic Brakes

When using PMs a repulsion force is generated when two like poles are facing each
other; this could act as a breaking mechanism for the pump, so preventing the
impacting of the armature against the E-core. Preliminary investigations show that
high repulsion forces can be generated at small airgaps. However, the repulsion

force is dependent on the material and geometry of the PMs.

No results are available because the models are still in the development stage.

As the repulsion force within the airgap may well be of a different magnitude to the
attraction force of the electromagnets for the equivalent airgap between the
armature and E-core, the two parts of the actuator system will need to be matched.
A further consideration is that the magnetic field of any PMs used within the system

must be placed at such a distance that it has no effect on the electromagnet field of

the E-core.

HMertin Gain - WMaiter of Dhidosapy Tatis - 2007
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In addition, the PMs would need to be placed within a chamber to prevent side flip
of the PMs as they came into close proximity. Further investigations would also be
required for the use of the chamber, as it would effectively form a piston that
compresses air, which potentially could reduce the resultant available force.

However, it may also aid the braking and so prove to be of benefit.

Tests are required to determine whether the repulsion force, when switching the
supply from one E-core to the other, could be of any benefit by adding to the initial

force generated by the E-core.

Since the pump must be robust, cheap, and reliable, the possibility arises that a self-
oscillating, impact free system, could be developed; which satisfies the requirement
to develop and build a pump that works and has met the conditions for sustainable

development.

PM Cores and the Advantages of Polarized Structures

In 2003, Guerin et al. [85], presented a paper that demonstrated the use of a linear
actuator with parallel polarization and in the same conference Sedda, Fageon, and
Yonnet {76, 86], presented a paper that demonstrated the use of PM actuators for
electromagnetic valves in automotive applications. The Guerin et al paper involved
a complex configuration that gave good control of the movement of the actuator.
However, the construction of the actuator for practical applications may be difficult
to achieve when applied to the confined space of a borehole. Nevertheless, the
paper by Sedda, Fageon, and Yonnet [86], shows that placing PMs in series with
the electromagnets’ magnetic field can enhance the resultant force and provide a
linear response. The experimental results of the force and current measurements
show a linear response. The Sedda, Fageon, and Yonnet [86], paper states “The
moving part stays in a static position in the high and low point, then goes to the
other position.in less than 3ms, 1kHz. The valve opening time is obtained by
adjusting the interval between the up and down motions. The landing noise of the
moving part is a key issue for this type of actuator. To reduce it and to maintain a

longer lifetime, a soft-landing must be achieved.” The system benefits from the
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fact that the neutral position for the armature is in the middle, and the two

electromagnets mainly operate by holding the moving part at the ends of the stroke.
The potential benefits of using these methods need to be investigated, because they
provide for a rapid response time, so potentially enabling the pump to operate at

higher frequencies, whilst also controlling the landing relatively easily.

In general, other considerations will be to determine the availability of such

magnets, along with shape, size, and material.

6.2 Stacking E-core

The size of the present E-core will fit into a chamber small enough to fit into a four-

inch borehole and therefore needs to be reduced in size.

The advantages of stacking the E-core is that, even though the geometry of the E-
core is reduced and they can fit into a smaller envelope, the equivalent resultant
force of larger E-core can be obtained, because the generated forces of each
individual E-core accumulate. Further, the total inductance is reduced, and
consequently the frequency will increase at the same ratio as the change in force.
The system will work providing that the armatures between the E-core are
connected mechanically, this rules out any problems caused by an imbalance in the

inductance and the generated forces of the individual E-core.

6.3  Changing the Inductance

The changes in inductance are outlined in §4.2.14

Not only is inductance a function of the airgap size, for the case of E-core type 2,
the inductance is a function of the cross-sectional area of the central leg, the number
of tumns of coil, the length of coil. Previously it has been shown that problems are

incurred due to the inductance, for that reason a reduction in inductance is
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necessary. Since the inductance is a function of the geometry of the E-core, then by
varying the geometry, the inductance can be changed, so reducing the problems and
improving the operation of the system. The effect of changing the geometry is now

shown by examples.

A reduction of 50% in the width of the central leg of the E-core will reduce the
cross-sectional area (c.s.a) of the central leg by 25%. The effect of reducing the
c.s.a of the central leg, whilst maintaining the leg width ratio, is to reduce the
generated force by 25%. Since the current can be maintained at the same level,
then the m.m.f needs to be maintained by keeping the same number of turns.
Therefore, the generated force will be maintained. In order to keep the number of
turns the same the length of the leg must be doubled, having the effect of
quadrupling the inductance. The increases in inductance are directly proportional to

the square of the number of turns.

In order to maintain the generated force, four E-cores, connected in parallel, could
be stacked, with the sum of the forces matching the original generated force. This
method will also maintain the present value of inductance. Therefore, by reducing
the size of the E-core, there is no change in generated force. However, the

inductance remains the same.

If stacked E-core are used in conjunction with the extended leg length then not only
is the force maintained, but it is quadrupled, and the inductance is also reduced to a

quarter of its original value.

It was found, by observation, whilst working on the models, that the frequency, at
an airgap, at the point where saturation has occurred, can be evaluated from

equation 6.1.

. Krequencyye o, = 271:;’ Hz PRI =« ol 8
otal
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6.4

Increased Stroke Length

Small airgaps are required to produce large forces of attraction; however, they also
create problems. Firstly, they vastly reduce the stroke length and which in turn
reduces the flow rate. However, this can be overcome by increasing the frequency.
A limit to the maximum frequency at which the pump can operate effectively is
imposed. If the pump were operating at too high a frequency then there could be a
risk of cavitation occurring. Secondly, the high attraction forces require high
currents; if the airgap is too small then the time taken for the coil to reach the
required level of current to produce the necessary force may not be of along enough
duration. This is a consequence of the inductive load; and the effect the changing
inductance on the time constant. Thirdly, if there was not sufficient time for one
coil to de-energise before the other energises there could be an imbalance causing
the system to stall. To overcome such a problem, changing the duty cycle of an
electronic control system could be utilised. The preferred method, to cause the
same effect, can be achieved changing the position of the terminals on a mechanical

switching device.

The length of the stroke can be increased electrically, by increasing the length of
the central leg of the E-core, whilst maintaining the overall geometry ratio. The

effect of this is to generate a force over a larger airgap, as shown in §4.2.7 - §4.2.9.

The mechanical option is to use a lever system; however the result will be a loss in
generated force within the lever system. The other disadvantage of using levers is
that, the more moving parts there are the greater the risk of failure due to fatigue

and breakages.

The final option is to increase the output flow rate within the hydraulic section of

the pump, as shown §6.6.
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6.5

The Case for the Use of Diaphragms

Diaphragm Pumps have many advantages over the traditional piston pumps,
particularly because the pump's working parts are never exposed to the liquids
being pumped. In comparison, the same liquids being pumped generally lubricate
the upper working parts of piston, plunger, and roller pumps, and the bearings and

seals are always in contact with the chemicals or water.

In general, the design of diaphragm pumps is that the diaphragm is pushed, not
pulled. When they pressurise liquids, they are being thrust by a piston and are
correctly seated on the head of the piston for that purpose. Consequently, the
diaphragms are fully supported, therefore do not stretch, pull, deform, or suffer any

other stress for which they were not designed.

When the piston ends its stroke, it pulls the diaphragm as it goes back into the lower
part of the cylinder, creating a slight vacuum in the pressure chamber thus drawing
fresh liquid into the head. This will then be pushed out to the non-return output
valves by the diaphragm, when it is pushed again by the piston.

Providing that the inlet lines and valves from the source are not clogged, the filter is
clean, and the inlet non-return valve in the line feeding the pump is open, there is no

problem. The diaphragm pulling the liquid into the chamber is not stressed.

However, if there are obstructions in the line of any kind, the diaphragm has to pull
hard to fill the chamber, creating a high vacuum. This now causes the diaphragm to
be pulled by the piston head, deforming the centre mounting of the diaphragm. If
the pulling effect becomes extreme due to a higher degree of clogging, and, of
course, a higher inlet vacuum, then the diaphragm will be severely deformed and
even eroded by the edge of the washer holding it to the head of the piston.
Inevitably, the washer will cut the diaphragm, subsequently damaging it or causing
the pump to fail and/or contaminating the output as a result of mixing of lubricating

oil and water.
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Fraenkel [87] states, “In general, the advantages of a diaphragm pump are:

The sealing is perfect, except for any inadequacies of the check valves.

They have high mechanical efficiency, since flexing a diaphragm involves
much less friction than sliding a piston with seals up and down a cylinder.
No seal is needed at the pump rod, which also reduces friction losses still
further compared with piston pumps.

They are self-priming, hold their prime very well, and can often handle a
higher then average suction head.

They often function well with gritty or muddy water, which could damage a

piston pump.

However, diaphragms also have disadvantages:

Diaphragms need to be high-quality rubber if they are to last, and are
therefore expensive.

Diaphragm pumps are often dependent on specialized spare parts that cannot
easily be improvised in the field.

A diaphragm pump is similar to a large-diameter piston pump with a short
stroke, so the pump rod forces are high in relation to the head and swept
volume. This imposes a high load on transmission components and on the
point of attachment of the pump rod to the diaphragm.

Diaphragm pumps are generally less capable of handling high pressures than
piston pumps and they also do not readily fit down narrow boreholes, so
they tend to be used for low-head application (usually of less than 10m) and

especially those involving suction lift from an open water source.”

A common problem encountered when pumping is that of caking-up, resulting in

blockages and pump failure. Chemicals, especially liquid absorbing powders and

coppers have a habit of caking-up in the fittings. However, the function of this

pump is to pump water, therefore, the main problems of caking-up are envisaged as

those resulting from the minerals present in the water source.and those arising from

electrolysis, degradation of materials, and rust. Careful choice of materials at the

design stage, and the provision for a sacrificial earth can overcome/prevent the

electrolysis problem.
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Figure 6.1 shows a set of three piston chambers for a short stroke, high volume
reciprocating water pump that takes advantage of the high force low displacement
armature of an E-core actuator system. Three reciprocating water pump piston
chambers are connected mechanically in series on the same drive shaft, but they are
connected hydraulically in parallel. Thereby, the volumes of the three piston
chambers are additive to provide a larger output volume from a relatively short
stroke. The bi-directional pumping action provides for double the output of a single
pumping action. In addition, the individual sections multiply the output by the
number of sections. In this case providing for a six-fold output compared with that

of the single pumping action.

Figure 6.2 — Cross- section of Piston Chamber

There is also the added bonus of being able to increase the number of sections
according to demand. This provides for advantageous use of a solar powered water

pump system.

This method of improving the output flow rate has been incorporated in the design
shown in figure 6.3. The brown section is the piston chamber; the yellow section is
the permanent magnet braking system, which prevents impact of the armature
against the E-core, and the blue hexagonal chamber is the 6:1 ratio manifold for the
discharge of the six outlet valves. The section is encased within a filter mesh to

prevent blockage of the inlet valves.
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Chapter 7

Discussion

Introduction

This chapter gives a general discussion of the findings of the research.

Discussion

Previously designed systems appear to have matched off-the-shelf components, in
order to standardise the systems and system parts, and reduce costs. However, this
may not be the most favourable solution for the application and the environment in
which the system is being used. Drive systems for PVPs operating in a rural
community in the South ought to be cheap, robust, exhibit high performance, is
reliable, and maintainable by an untrained user. The literature review and
background investigations indicate that reductions in cost and gains in reliability
can be achieved by minimising the complexity of power electronics and reducing

the number of electro-mechanical stages in the drive system.

Consequently, to have an ‘off the shelf” pump for universal use, rather than having
to design a pump for each individual circumstance, would be of great benefit in
improving the number of installations for photovoltaic powered water supplies. At
present, this is not possible without a new design of pump. Consequently, a
relatively new technology has been chosen, a linear actuator. The principle of this
kind of Driver is understood, and is now implemented as an integral part of ‘An

Induced-Flow Solar Powered Water Pump’.

The aim was to achieve a pump that would pump at least 10 bar pressure and a flow
rate of one litre per second. The pump is to be used in conjunction with an induced

flow system, which will at least double the output.
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Measurements show that Linear Actuators as Drivers for Submersible Water Pumps
in Boreholes are feasible. From the theory shown in §4.2 and the results of the
initial force tests §4.3 it can be seen that the E-core linear actuator can generate a
normal force in excess of 400kNm™ when there is a flux density of 1T within the
airgap. However, this force collapses rapidly once the E-core is no longer in
saturation which in turn limits the stroke length of the actuator. Nevertheless, the
pump tests results in §4.9 show that it is possible to achieve approximately 90% of
the desired delivery head at larger stroke lengths, although at a greatly reduced
head. Therefore, the pump design needs to be modified, so as to achieve the

required specifications.

The whole system has been investigated from photovoltaic array to controllers,

pumping system through to the reservoir. The main focus is to be the design of the
actuator for the pumping system. Starting at the PVP, it was discussed that MPPT
would be required to control the system. However, after investigation, the control

was far better achieved within the actuator section of the pumping system.

The variations in light intensity can be catered for by increasing the number of solar
panels in the solar array, any excess supply could be diverted to other systems
within the community, such as batteries. Seasonal variations in light intensity are
also catered for with the increased number of solar cells. Earlier in the literature
review, it was discussed about the batteries compensating for the deficiency in light
intensity. However, this is a negative approach and it would be far better to use

€XCECSs encrgy.

One aspect of the actuator, which could potentially be a problem, is the heat
generated within the system, in particular the E-core due to the large energy
exchanges. In order to compensate for this, thermistors or varistors can be used to
conirol the core temperature by limiting the current through the windings.
Therefore, the load line of the I'V characteristic of the solar cells will deviate little,

providing a constant supply, thus removing the need for an MPPT.
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As previously mentioned the pump system consists of two parts — the linear
actuator and induced flow system. Even though the induced flow system is outside
the scope of this work, it needs to be considered because the overall flow rates
needs to be one litre/sec. The induced flow section of the system doubles the output
at high heads and increases the output at low heads by a factor of x. Consequently,
the output from actuator pumping section, ideally one litre/sec, only needs be half

of this flow rate.

Due to the nature of the application size restrictions of space and diameter are
imposed on the actuator because the design is to achieve a pump that will fit down a
four inch borehole. Therefore, the actuator must fit within the internal dimensions
of the pump chamber, which is smaller than the diameter of the borehole.
Additionally, there is an overall length limitation of the complete pump and induced
flow system due to the straightness of the borehole. The actuator system has been

designed within these physical restrictions of space and diameter.

The actuator must be capable of pumping a delivery head of up to 100m. 100m
equates to approximately 10 bar pressure. However, the actuator must first
overcome the static force, which is the minimum amount of force required before
the pump begins to pump. By example, the worst-case static force for a pump with
a diaphragm size of 96mm and a 19mm outlet pipe, to pump against a dynamic
head of 100m is 346N. This is the static force that the pump must overcome before

it does any useful work.

The pumping force requirements vary seasonally and as the force due to the
submerged head rises and falls. However, should the ratio of the diaphragm or
piston and the outlet pipe be 1:1, then a constant force can be utilised over the entire
depth. Useful equations have been developed which enable calculation of the
piston size and pipe diameter from a known force developed by the actuator for a

specific depth of borehole.
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The flow rate is dependent on the frequency of operation and the stroke length.
Obviously the smaller the stroke length, the greater the frequency, therefore, work

has been focused on increasing the stroke length of the actuator.

Concepts for achieving the linear motion have been discussed. The decision to use
linear motion is to try to reduce the losses in a circular motion being converted to

linear motion.

Forces of attraction and repulsion are both considered.  Solenoids were
investigated, along with toroids, C-cores and E-core. Solenoids have been used for
many years for door latches and locks. However, to generate the required forces the
physical envelope was considered to be too large, and therefore disregarded, and

similarly for toroids.

Both C-cores and E-core were found to be able to produce both tangential and
normal forces, which created a linear motion. C-cores §4.1.3, in conjunction with
permanent magnets as shown in Fig. 4.8 — Fig. 4.11, were found to be capable of
producing sufficient force with a long stroke length. The permanent magnets
within the system were encompassed in the translator. However, this method is
considered dangerous because of the tendency of the like poles of the magnet to
dislodge, as discovered during construction. It also proved to be difficult to build

the system due to the powerful magnets that were used.

Consideration was therefore given to C-cores and E-core using a normal force.
Two types of C-cores and two types of E-core were examined, for which the
resulting forces for different styles of cores are shown in figure 4.23 and are
covered in §4.1.3 and §4.1.4. As can be seen from figure 4.23, E-core type 2
generates by far the greatest force. Therefore, this type of core was chosen to be
taken further. However, C-core type 2 cannot be ruled out because of its more

linear response over a longer stroke.

The development of the E-core 2 type system proved that the forces generated by

such an E-core have an inverse square relationship for the distance force
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relationship and the constant of the characteristic equation is a function of the
dimensions of the E-core, §4.2.6, Eq". 4.15.

As with all magnetic materials, at some stage it will reach saturation point, this has
been taken to be at the knee of the BH curve. Equation 4.18 was developed with
the aim of determining what the minimum stroke length before saturation occurred,
at which point the generated force would become constant. From that point the
armature of the actuator would traverse the remaining airgap distance due to
momentum and the magnetisation attraction force of the armature. The results of
§4.3.6 and §4.9 show that the actuator achieves a high constant force within the

saturation region.

However, the current used to maintain the magnetism would increase and would
dissipate as heat, further adding to the existing thermal problems. Consequently,
some form of cooling is required, either by a heatsink or by cooling it with borehole
water. This has yet to be tried. Should the borehole run dry, a safety thermal trip
could be installed.

There are further considerations, in that a temperature change of 60°C from a base
of 20°C in a typical ferrite core leads to a 25% drop in permeability, hence a rise in
reluctance, and reduction in magnetic flux and flux density, and ultimately a
reduction in the force. On a positive note, saturation causes a drop in inductance,
which results in an increase in the rate at which the current in the coil increases.

This enables a higher operating frequency of the actuator.

With respect to the material of the core, and the saturation point, at present the
material that can generate the highest level of magnetisation is iron-cobalt alloy,
containing 35% cobalt, with a saturation point of 2.34T, so the maximum possible
force possible within the airgap can be evaluated using Maxwell’s stress equation
inserting this value. However, this material is expensive. Consequenfly, a cheaper
material such as mild steel, which saturates between 1.1 & 1.4T "&'é'pen.d-ing on fhe
alloy content, has been chosen. The material in the tests was unknown, because the

E-core were cannibalized from old equipment, but was assumed to be mild steel.
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The modelling was done with mild steel, and the material used, not being mild
steel, could attribute to some of the differences between the theoretical and practical

results.

The practical results have proven that an airgap flux of 1T can generate forces in
excess of 400kNm™. This force is dependent on core material and the core

dimensions.

Theoretically the E-core shown in Fig. 4.29 can generate a force of 1259N within
an airgap of 0.90975mm; the model value was 1134.5N, the difference was
attributed to the fact that the relative permeability in the model was fixed at 2000.
The Load Cell calculated generated force was 652N, and the flux density Hall probe
method was in close agreement at 641N. The difference/losses are in the region of
48-49%. Some of the losses could be attributed to the unknown material of the E-
core and the relative permeability of that material being greater than that of mild
steel, because the greater the relative permeability the greater the force, as shown
previously. The remainder of the losses were attributed to fringing, which accounts
for approximately 25%, and the remainder attributed to mechanical, head, and

thermal energy losses.

A method of increasing the force is to increase the number of turns, obviously.
Physically, this can only be done by extending the length of the E-core because of
the restrictions imposed by the overall diameter. This also has the benefit of
changing the point of saturation to a point where saturation occurs at a larger
airgap. Therefore, a constant force can be generated over a larger airgap, making
the landing of the armature on the E-core softer. Although the impact of the
armature against the E-core would have the benefit of demagnetising the armature
before the return stroke, so reducing residual magnetism on the second half of the
cycle, avoidance of impact is essential because the mild steel work-hardens and
deform and the pump will eventually self destruct. To avoid the impact of the

armature against the E-core, various methods can be considered: -
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1. A magnetic means of preventing the impact is to install a braking system that
utilises two permanent magnets, with like poles facing each other, therefore
acting under repulsion. When the permanent magnets are in close proximity the
repulsion force prevents the impact of the armature on the E-core. However,
the PM braking system must be installed at such a distance that it will not affect
the electromagnetic field of the E-core. The permanent magnets could be used
in conjunction with a pneumatic piston airbrake, with the moving permanent
magnet acting as a piston, which compresses air. The use of the PMs has the
additional benefit of aiding the electromagnetic force at the start of the return

stroke due to the repulsion force of the PMs.

2. Two mechanical means of preventing impact both involving the use of springs,

are the use of freestanding (unattached) springs that engage the armature, to

reduce the force, prior to impact, so providing a soft landing for the armature,
and the use of springs where the neutral point is central to the distance between
the two E-cores. The energy stored in the springs opposes the magnetising

force and stops the armature from impacting onto the E-core.

3. Achieving the same result by an electrical means is via the supply switch
timing. The switching mechanism of the pump can be used to de-energise one
coil prior to completion of the full half-cycle, whilst the other E-core energises,
thus reversing the direction before impact occurs. Alternatively, bring forward
the switching time thus permitting one coil to be energised before the other has
de-energised, therefore prior to the start of the return stroke a high force is

generated.

The E-cores used in the tests are oversize and will not fit into a four-inch borehole;
therefore, the size of these E-cores must be reduced. Consequently, if the same
dimensional ratios are kept, the force will be reduced. In order to compensate for
this, the length of the E-core legs can be increased, thereby i mcreasmg the number
of turns and malntalmng the m.m.f. In addition, the force can be malntamed 1f two
or more E-cores are connected in parallel electrically and operate in series

mechanically, providing there is equal current in each winding. The force is
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increased directly in proportion to the number of E-cores within the stack. This
term is now referred to as ‘stacked’ E-core. With respect to stacked E-cores, the
inductance increases when the length of the E-core legs are increased due to the
number of turns, but this is compensated for by connecting the windings in parallel,

which reduces the inductance.

The inductance of the ‘two E-core system’ under static conditions is inversely
proportional to the airgap distance. However, once the armature begins to move,
the inductance also becomes a function of the current. The back e.m.f of the coils is
directly proportional to speed for any value of airgap distance. It is also a function
of the inverse square of the distance, and therefore more relevant at small airgaps.
Consequently, the control of the system becomes more difficult due to the non-

linearity of the system.

Irrespective  of the type of control, whether mechanical, electronic, or
electromagnetic, the stored energy in the inductor must be dealt with on switching,
Several methods have been shown, of which the cheapest and most practical is the
use of a reservoir capacitor connected across the circuit supply, and decoupling
capacitor across the main switch, to which the inductor electrical energy is returned.
Therefore, there is a minimal energy loss. Even though there are electronic circuits,

such as PWM, that remove the need for this, this is by far the cheapest method.

The first pump that was built only achieved a delivery head of 1.2m. This was due
to the contact time of the switches being of insufficient length. Consequently the
opposite E-core did not have time to energise fully, so did not generate any sizeable
force. In addition, the inlet valve system was poor in design, and the seals failed,
flooding the chamber with water. Therefore, the armature of the actuator was not in
free air, and agitated the water, losing pumping effort in the process. There was a
problem with the carbon brushes in that the support leg snapped after only a few
minutes of cycles. In addition, the loading springs for the carbon brushes were
Véporigéd due to the large 'energy discharge, and high current densify. There were
also no capacitors in the system to return energy to the system, which resulted in

large voltages on interruption of inductively driven current.
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However, this system was then connected directly to a twin two-transistor forward
converter, at which point the pump would operate indefinitely. Therefore, the

aforementioned electrical problems only account for some of the failure.

In order to obtain a greater force and increase the delivery head the airgap was then
reduced to 1mm and the reduced flow rate would be compensated for by increasing
the frequency. However, at 7Hz the pump output became intermittent, the actuator
started to latch-out, and after a short period the pump stopped working. On
inspection, it was noted that the two bolts holding the bottom E-core in place had
deformed to such a degree that the airgap had collapsed. The forces generated by

the electromagnets had caused the two E-cores and the armature to lock together.

This gave cause to doubt the previous results because throughout the bottom E-core
could have, and probably did move, and by doing so, the airgap varied. Therefore,
the force would have been reduced, resulting in less pressure for the delivery head,

and the flow rate being reduced due to a reduced volume of water being pumped.

The above pressure values produced were when using a diaphragm of 96mm
diameter. In order to increase the pressure a smaller diaphragm is required, because
the pressure is inversely proportional to the cross-sectional area of the diaphragm.
Therefore, having the same available force with a smaller denominator (cross-
sectional area) provides greater pressure and depth. However, the consequence of
doing so is that the volume of water for pumping is reduced giving a reduced flow
rate. In order to compensate the stroke length needs to be increased, thus
reinstating the original flow rate. This also has a negative attribute because the
field strength, hence the available force, reduces inversely by the square of the

airgap distance.
The flow rate is a function of pumped volume (i.e. the product of the

diaphragm/piston size and the stroke length), and the frequency of operation. An

improved flow rate can be achieved by increasing any, or all, of the above.
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The diaphragm system needed further investigation. Due to design and technical

problems, it was decided to change to a piston type pump.

A 19mm bore brass piston chamber with a ptfe piston was used because of the low
coefficient of friction. As with the previous pump, this was connected to the twin
two transistor forward converter drive circuit, and achieved pressures in excess of
10 bar, so proving that the actuator is capable of achieving the required borehole
depths. However, the flow rate was poor, at best, 0.126litres/sec, which was
approximately an eighth of the required flow rate. It was also found that this flow
rate changed with the frequency of operation of the pump, as expected.
Nevertheless, some losses were noted, and this was attributed to the frictional losses
of the piston. Although the piston was unidirectional in that it only pumps one way,

this could be improved or doubled if it pumped in both directions.

Having achieved the desired pumping pressure, it was necessary now to improve
the flow rate, by changing the length of the stroke, either mechanically or
electrically.

The electrical option would have required new E-core to be built and ideally with a
stack system to minimize the overall size of the pump. As previously mentioned,
another method of increasing the stroke length would be to install mechanical lever
arrangements. However, this had to be ruled out due to the number of cycles
required, some 210 million per year, on the operating basis of eight hours per day at
a frequency of 10Hz. The more moving parts, the greater the risk of mechanical
and fatigue failure. The best option is to use a piston multiplier system where three
pistons or more are connected in series and pumping hydraulically in parallel. Any
more than three becomes practically difficult to assemble. If the pump is pumping
bi-directionally, this will give a six-fold improvement in the output. Therefore, it is
recommended that any future pump should use this in conjunction with the

electrical improvement of stroke length.

Permanent magnets were attached to the armature with the intention of opposing the

electromagnetic field of the coils, thereby creating a null and a repulsion force.
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This was envisaged to act at the same time as the other core was under an attraction
force, thereby creating a greater force in one direction. However, practically this
was not possible because during tests, initially there was a repulsion but when the
airgap was reduced, the field flipped, attracted to the E-core, and the system locked.
Although this system failed when using mild-steel E-core, it may be possible if
another material was used such as iron-cobalt alloy, containing 35% cobalt, which
generates a field of 2.34T. The permanent magnets field of 1.2T would then be
weaker by comparison, and would repel. This has an additional benefit, which
would need to be proven, in that it could alternatively act as a brake to stop the

impact of the armature against the E-core.

Modelling has shown that two opposing permanent magnets external to the
armature, and therefore acting under repulsion, can act as a brake when confined

within a chamber.

Other future work could be to consider C-core type 2, which generated a more
linear force over a larger stroke length. Even though the force was not as high as

the E-core, stacked C-cores could make them viable.

Further considerations for improvement of the actuator could be to insert a
permanent magnet with the field in series with the core field. This enhances the
attraction force and provides easier control. Polarised actuators give a linear I-F
characteristic, therefore making them easier to control, (Re: Chapter 2). If this is
used in conjunction with the permanent magnet braking system, a contact free
oscillating system can be achieved because there is no impact of the armature. The
system would operate by the armature moving towards the E-core, which is
prevented from impacting by the permanent magnets. Whilst that E-core is
energised, the armature would be held in that position until the coil is switched off.
During this time the other E-core is energising and is then switched, at which point
there is no force holding the armature in place, and a small repulsion force
initialises the motion in the opposing direction in conjunction with the activated coil

having the attraction force.
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The spring investigation revealed that springs did little to enhance the
electromagnetic force, and would be best used for the braking mechanism to
prevent impact. Alternatively, springs could be used to do the pumping and the
electromagnets of the actuator only did the switching of the direction of the spring
force. The only gain found with the use of springs was the initial rate of change of
the linear spring force, which was minimal in comparison to the electromagnetic

force generated.

For security reasons any controller, in whole or by part, may be submersed along

side the pump system.

Ideally, to complete the system, a reservoir large enough to store enough water to
cover maintenance or breakdown, should be installed so that there is a constant

supply of water.

The main use is envisaged as pumping water from boreholes; however, alternative
uses for the pumps can be envisaged, such as a surface pump, pumping water from
a river to a village some distance away. As the demand for ‘clean water’ increases,

it provides for sustainable development.
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Chapter 8

Recommendations

Recommendations

In addition to the recommendations of §4.10.4 for improving the performance of the
present D.C. powered linear actuator water pump other recommendations are as

follows:-
1. Design a self-oscillating system.

2. Prevention of the impact of the armature against the E-core/s - In order to
develop a robust and reliable pump which utilises an E-core electromagnet
actuator as the driver for the pump, the prevention of the impact of the
armature against the E-core/s is paramount. To prevent the inevitable
damage and loss of energy this can be achieved by any or a combination of
three methods.

¢ Electrically, by bringing forward the switching time thus permitting
one coil to be energised before the other has de-energised, therefore
prior to the start of the return stroke a high force is achieved.

¢ Mechanically, with the use of springs, where the springs engage the
armature to reduce the force prior to the impact of the armature
against the E-core, so providing a soft landing for the armature.

¢ Magnetically, with the use of permanent magnet braking system that
utilises two permanent magnets attached to the drive shaft of the
pump, with like poles facing each other, therefore acting under

repulsion.

3. Carbon Brushes - Redesign the carbon brush switching system, using a more

robust material for the support brackets, or use a new design, such as a cam
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to control the switching time. Use spring-loaded contacts to maintain
contact for a longer duration to ensure that the return coil has energised
completely. In addition, change the type of springs in the spring-loaded
contacts that maintain the contact to a bevelled spring instead of the present

helical spring.

4. Anchorage - Improve the robustness and anchorage of the E-core/s
mountings by replacing the mild steel studding E-core mounting bolts with
silver steel, plus increase the diameter of the shafts, and harden and temper

the shafts if necessary.

5. Seals - Redesign the upper and lower pump chamber water seals of the
chamber separation plate, and the seal of the base plate, ensuring that the

lower pump chamber is watertight.

6. Valves - Redesign the inlet valves making them less stiff by trimming the
rubber. In addition, enlarge the inlet valve holes and experiment with
different materials for the valve flaps. Alternatively, change the design of

the valves or use standard valves.

7. Diaphragm Pump - For the diaphragm pump, use a thinner and smaller
diameter diaphragm making it less stiff. Also, ensure that the seal around
the diaphragm is watertight. As with the inlet valves experiment with

different materials.

8. Piston Pump - For the piston pump, use an O-ring on the piston this has
been shown to improve the performance of the pump by decreasing the

backpressure losses.
9. Thermal Solution - Investigate methods for the prevention of overheating of

the actuator, particularly the use of the borehole water and surrounding earth

as a heat sink.
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10. Investigate direct contact of the water with a waterproof electrical circuit as

a means of cooling the E-core.

I1. Stacks - Investigate a stacked E-core system, where the E-cores are
connected electrically in parallel, with the armatures connected

mechanically in parallel.

12. Multiplier - Investigate multistage piston (or diaphragm) chambers, where
the pistons are mechanically connected in series and the water is pumped

hydraulically in parallel, to improve the output flow rate.

13. Diaphragm Pump - The theoretical flow rate is as expected a linear

response; however figure 4.62 shows that the practical flow rate is greater

than the theoretical flow rate. Why is this anomaly happening? Both the
theoretical evaluation and the practical calculations have been checked and
crosschecked and no error could be found. Therefore, the actual
measurements from the tests are questionable. Nevertheless, the anomaly
only occurs when the pressure is at OBar, irrespective of the frequency and
airgap setting. Therefore, to resolve the issue, and determine whether

something else is happening, more tests are required.

14. Piston Pump - Again, the anomaly occurs, where the practical flow rate is
greater than the theoretical value, albeit over a lower frequency range. It is
difficult to justify the variations in flow rate for the Q-f characteristic
(OBar), and as stated previously, further tests are required to confirm or
disprove the results. However, the spikes can be explained; neither the
current nor the voltage were constant, therefore the spikes can be attributed

to the fluctuations in the power.

15. Investigate Two E-core push pull system
e With permanent magnets built into the armature
¢ With permanent magnets in series with the flux path of the E-core

e With permanent magnets in parallel with the flux path of the E-core
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¢ With dual action, pumping in both directions

16. Develop the tangential linear actuator permanent magnet linear machine.
This has a dual purpose, to determine the practicality of such pumps and to

act as a comparison for the normal stress linear actuator.

17. Design a test rig to approximate field conditions. Test all pumps under

these conditions and evaluate their potential.

18. Investigate the suggested possible future development issues raised in

chapter 6.
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Chapter 9

Conclusions

9 Conclusions

1.  The normal force for the E-core electromagnetic topology based on the
variable reluctance principle is in the excess of 400kNm™. From the theory
shown in §4.2 and the results of the initial force tests §4.3 it can be seen that
the E-core linear actuator can generate a normal force in excess of 400kNm™

when there is a flux density of 1T within the airgap.

2. The E-core electromagnetic linear actuator is restricted to short stroke lengths
by the collapsing electromagnetic field, hence force, beyond the saturation
point, (Re: §4.9.1, figures 4.60 & 4.61), it is possible to achieve the required
flow rate of one litre per second. Providing the E-core remains in saturation a
high force will be generated, thus maintaining both the force to overcome the
static head and the pressure. Therefore minimal modifications are required
for the pump actuator. However, the control system then becomes the

governing factor.

3. In the case of the use of solar panels for the D.C. power supply, there is no
need for a Maximum Power Point Tracker (MPPT) or complex electronics to
control the system providing that the energy is returned to the system via
capacitors, and the mechanical switching device maintains contact and holds
the current for sufficient time as to energise the second E-core before

switching.

4. An electromechanical switching system, such as carbon brushes can be. used,
§5.7, figure 5.14,
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10.

Variations in climate conditions and demand rates can be catered for, §3.4.
There is a natural match between the availability of UV (and other
wavelengths of light associated with solar cells) and the need for water. The
system pumps more water during summer months — longer-hotter days,

typically when more water is needed.

With the use of solar panels as the D.C. power supply variations in

geographical location and borehole depths can be catered for, §3.4.

The actuator utilises a renewable energy source giving potential for global use

and provides for sustainable development.

It is possible to build a self-oscillating, impact free system. This can be
achieved with the use of points 2 and 3 above, in conjunction with the use of
springs §4.5 and/or the use of permanent magnets §6.1, in particular the use of

magnetic brakes §6.1.2.

The principle of operation of the Linear Actuator Water Pump is valid. The
electromagnetic force collapses rapidly once the E-core is no longer in
saturation which in turn limits the stroke length of the actuator. Nevertheless,
the pump tests results in §4.9 show that it is possible to achieve approximately
90% of the desired delivery head at larger stroke lengths, although at a greatly
reduced head. Therefore the pump design needs to be modified, so as to

achieve the required specifications.

An E-core linear actuator that utilises a normal force when incorporated
within a pump can achieve the desired 10 bar pressure and one litre per
second flow rate. In the case of the piston pump, prior to the use of an
induced flow system the output flow rate of the pump can be increased with
use of the multiplier shown in §6.6. In the case of the diaphragm pump, the
output flow rate can be improved by making the bpbump dual action that is

pumping in both directions.
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11, The least amount of force is required for a diaphragm pump when the flow

rate ratio of the diaphragm to outlet pipe size is 1:1.

12, The linear actuator pump has the capacity to be used at a far greater number of
sites than a centrifuge pump because it covers a larger range of delivery
heads. Therefore it may be possible to design an ‘off the shelf’ submersible

water pump that is suitable for all sites.
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Appendix 2
R? Definition

An explanation of the term R?

(As stated in Microsoft Excel Help Directory)

The equation for the Pearson product moment correlation coefficient, r, is:

D )
S

Where x and y are the sample means AVERAGE (known_x’s) and AVERAGE
(knowns_y’s).

RSQ returns r?, which is the square of this correlation coefficient.

PEARSON - Returns the Pearson product moment correlation coefficient r, a
dimensionless index that ranges from -1.0 to 1.0 inclusive and reflects the extent of

a linear relationship between two data sets.

The square of the correlation coefficient (r) is R* which is the coefficient of
determination for trend line regression analysis. A trend line is most reliable when

its R-squared value is at or near 1, i.e. unity.

The CORREL and PEARSON worksheet functions both calculate the correlation
coefficient between two measurement variables when measurements on each
variable are observed for each of N subjects. (Any missing observation for any
subject causes that subject to be ignored in the analysis.) The Correlation analysis
tool is péniculéﬂy useful when there are more than two measurement variables for

each of N subjects. It provides an output table, a correlation matrix, showing the
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value of CORREL (or PEARSON) applied to each possible pair of measurement

variables.

The correlation coefficient, like the covariance, is a measure of the extent to which
two measurement variables “vary together.” Unlike the covariance, the correlation
coefficient is scaled so that its value is independent of the units in which the two
measurement variables are expressed. (For example, if the two measurement
variables are weight and height, the value of the correlation coefficient is
unchanged if weight is converted from pounds to kilograms.) The value of any

correlation coefficient must be between -1 and +1 inclusive.

You can use the correlation analysis tool to examine each pair of measurement
variables to determine whether the two measurement variables tend to move
together that is, whether large values of one variable tend to be associated with
large values of the other (positive correlation), whether small values of one variable
tend to be associated with large values of the other (negative correlation), or

whether values of both variables tend to be unrelated (correlation near zero).

The r-squared value can be interpreted as the proportion of the variance in y

attributable to the variance in x.
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