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Abstract

Research on the electrical characteristics of hydroelectric power systems has to the au-
thor’s knowledge, not received much attention. However, renewed interest in hydropower
microgeneration has created a need to understand the underlying properties. This thesis
presents a pioneering empirical investigation into the electrical characteristics of micro-
hydro power generators (MHPGs). An ohmic characteristic behaviour in MHPGs with
constant source impedance, even with varying water flow is demonstrated for the first
time. Experimental results showed variable flow correlation between the MHPGs voltage
and current at the maximum power point, which coincides with 50% V. and 50% of I..
A novel heuristic model for hydroelectric power generator is then derived and validated
through MATLAB-Simulink simulation.

In pursuit of MHPG maximum utilisation efficiency, a new Seesaw maximum power
point tracking (MPPT) controller is presented. The simple but accurate analogue Seesaw
MPPT, which incorporates feedforward control of the output voltage only in a current-
mode operation, proved fast tracking control under rapidly varying operational conditions.
Only one voltage sensor is required. The renewed application of the classical feedforward
mechanism offers superior MPPT response (u seconds). This approach is unlike previous
work in that it uses the current-voltage characteristics rather than the power, which
reduces the design complexity. Maximum power delivery from the source to the load is
guaranteed through the load-side control.

The introduction of shunt measurement in the hydraulic analogy through a paral-
lel combination of high-flow rate sensing (via MHPGs) and highly sensitive ultrasonic
mL/min sensor would allow micro-leaks to be detected. Unlike conventional water leak-
age detection systems, the proposed automated system is highly sensitive (detected leaks
of 1 mL/min.) and does not impede the main flow. Wavelet de-noising analyses carried

out removed background noise and further isolated micro-leakage signals.
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Chapter 1

Introduction

Microgeneration continues to emerge as a promising candidate for greener and more sus-
tainable energy sources. This has renewed interest in prospects for small-scale hydropower
generation. Despite significant advances in the development of small hydro turbines [1-3],
the electrical properties of hydropower conversion systems (HPCSs) have received little
attention. This chapter introduces the research motivation behind this work and identifies
current challenges in this domain. It states the research objectives in tackling the problem.
The major contributions made by this thesis to bridge these research gaps are also listed.

In closing, highlights of each chapter are presented to illustrate the structure of the thesis.

1.1 Research motivation

From a fluid-dynamic prospective, HPCSs have a rich knowledge base. This is in sharp
contrast to the electrical performance and control aspects for such renewable systems. It
appears that there is a lack of understanding of electrical performance and key aspects,

such as the characteristic impedance, have been overlooked [4-6].
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Today, the advancement of power electronic circuitry has contributed significantly to
the rapid development of sustainable energy systems. In particular, wind power conver-
sion systems (WPCSs) and solar photovoltaic (PV) systems electrical characteristics have
been the subject of detailed research. Advanced power control mechanisms, which rely on
the system’s electrical properties, are concerned mostly with wind turbine and solar tech-
nology. Research on the control of HPCSs highlighted the gap in studying operational
performance of these systems [7]. The literature suggests that most research effort on
HPCSs differences and opportunities has been based on WPCSs with claimed synergies
in system performance synthesis [8,9]. Although, the underlying electrical properties of
HPCSs remain to be investigated, hydropower generation is manifested through non-linear
performance characteristics [9-11].

Maximising the energy yield of a sustainable power conversion system such as a HPCS
remains a challenging control problem. That is because the intermittent nature of hy-
dropower sources influences the maximum power available for harnessing under different
environmental conditions (i.e. water flow rate). Maximum power point tracking (MPPT)
controllers are therefore used to maximise the yield and improve efficiency. Unlike HPCSs,
MPPT is a mature control technology for WPCSs and solar PV systems. The develop-
ment of small hydropower generators has made it possible to investigate power controllers

for HPCSs within controlled environments.

1.2 Challenges

While it is true that great strides have been made in the field of sustainable power control
systems, there are still many avenues that need to be pursued and remain challenging.
Among other open research issues, some are identified here that provide the impetus for

the work presented in this thesis:
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e System non-linearity: renewable power conversion system PCSs such as WPCSs
and solar PV systems are inherently non-linear in nature, so that the change of
the output with respect to the input is not proportionate. The subtle nature of
such systems poses challenges in tracking the output parameters. Advanced control
strategies are therefore required to track and control the output power [12]. Al-
though most research on HPCS power control assumes nonlinear performance [11],

its electrical characteristics remain undetermined.

e Power source intermittency: the variable nature of sustainable power sources
controls the maximum potential power available from the source. As a result, the
maximum operating voltage V,,,,, and current I,,,, and hence operation point of
a PCS are affected [13]. This challenges power conversion controllers to promptly
track the rapidly varying output power. Power controllers based on approximated
linearity between open circuit voltage V., short circuit current I,. and Vipp, Lonpp,
respectively, are presented in [14,15]. Not only does the open circuit voltage and
short circuit current control lead to near optimum operation but it also suffers
temporal power loss caused by disconnecting the generator to measure V,. and

Isc [16] :

e Variable system dynamics: the dynamics of renewable PCSs are mostly oper-
ating point and environmental variables dependent; for example, the characteristic
impedance of solar PV systems varies with solar irradiance and temperature. The
fact that significant power losses can be caused by a mismatch between the load and
the power source impedances, adds to the challenges of power conversion efficiency
enhancement. Although lookup table methods reported in [17,18] can offer a fast

estimate to the MPP, its model dependency limits it compatibility.
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e Power conversion efficiency: maximising the power conversion relative to the in-
put parameters is a major drawback of most conventional MPPT controllers. Such
optimisers fail in delivering maximum harvested power to the load. The advan-
tages of implementing MPPT through output parameters are introduced in the
literature [19]. Moreover, conventional direct, indirect or classical numerical MPPT
algorithms [20] are mostly based on the systems’ power characteristics. This requires
prior knowledge of initial conditions usually not satisfied in practice which causes
the system to oscillate around the MPP leading to significant power loss. Such
approaches also involve an iterative process to calculate the instantaneous power,

which increase complexity and the tracking time [21,22].

1.3 Main objectives and outcomes

The main objectives of this research have focused on the field of hydropower microgen-
eration as means of investigating potential sustainable sources for emergency situations
in developing countries (e.g. powering devices in blackouts). In this regard, the research
has been to investigate the underlying electrical characteristics of micro-hydropower gen-

erators MHPGs.

| 1 | | 1

\ | |

\ | ' [

\ I . ‘ I |

‘ | " Power Converter " [ | |

} MHPG [ | I : |

| - ] |

P |

} \ | : : Load |

‘ ‘ | Power Controller «——7—— | |

! |____________‘ !
MHPG power characteristics Hydropower extraction maximisation Potential hydro-powered

investigation (MPPT controller) application

Figure 1.1: Conceptual scheme of the overall research objectives.
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Following the understanding of MHPGs electrical performance, the research has inves-
tigated MPPT optimisation methods appropriate to HPCSs. The scope of the research
has expanded further to include the study of a potential micro-hydropowered application
in the field of water management systems (i.e. leakage detection). The work reported in
this thesis has been validated empirically. Experiments have been conducted on a built-
in-house hydropower emulator. These results were analysed using MATLAB software.

Main results obtained are:

e A demonstration of linear power characteristics for MHPGs at various flow rates.
Three different configurations of MHPGs were examined. A constant source impedance
for MHPGs at various flow rates was observed. Analysis of the electric-hydraulic
analogy explained the relationship between MHPG electrical performance and the
flow dynamics. Measurements showed a linear dependency between MHPG voltage
at the maximum power point (MPP) V,,,,, and open circuit voltage V,. (i.e.Vy =
50%V,). Those results were accepted for publication in the proceedings of a peer-

reviewed IEEE International Conference on Industrial Technology (ICIT2018).

e A heuristic model characterising MHPG electrical power performance was derived
from empirical findings. MATLAB-Simulink simulation results showed agreement
with practical results. The key electrical characteristics for MHPG were compared
to that of WCSs and solar PV systems. The results of these analyses were also

included in the paper accepted for publication in ICIT2018.

e A demonstration of a new load-side, constant voltage, feed-forward, Seesaw MPPT
controller conducted on MHPG incorporated into a laboratory hydropower emula-
tor. The Seesaw MPPT controller tracked the maximum power point under various
flow rates. The experimental validation of the Seesaw MPP'T for load voltage control

showed a potential for the controller in the application of battery charging control.
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An optimised 2x2 parallel series arrangement of 4 commercially-available MHPGs
incorporated in a house water inlet produced 4W into 33052 at typical UK domestic
pressures and flow-rates (= 3bar/300 kPa and ~17 L/min.). The results of these ex-
periments were published in the proceedings of the peer-reviewed IEEE Conference

on Renewable and Sustainable Energy (IRSEC) [23].

A demonstration of the shunt measurement in hydraulic analogies for flow rate
measurements. The incorporation of a highly sensitive flow meter allowed for water
leakage of micro flow rates (i.e. 1 mL/min) to be detected. The results were pre-
sented and published in the peer-reviewed IEEE Conference in [24] and were also

orally presented in STEM for BRITAIN 2017 (See Appendix B.1).

1.4 Contribution to research

The work carried out during this Ph.D. project has made a number of contributions to the

field of hydropower microgeneration. To the author’s knowledge, below is a brief account

of the novelty of this work.

MHPG characteristics impedance

The investigations of MHPG characteristics represent the first demonstration of
a constant source impedance and linear system performance. These new findings
demonstrated interconnections between MHPG electrical properties and the flow
dynamics in relation to the impedance. The linear relationship between the MHPG
maximum voltage V,. and the MPP voltage V,,,, describes a new understanding of
MHPGs. In addition, the heuristic analysis of MHPG introduces a new model could

prove valuable in simulations studies for HPCSs.
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e Feed-forward maximum power conversion optimisation
The concept of feed-forward for maximum power optimisation is not new, but here
for the first time it is believed, a constant-voltage, load side, current-mode-controlled
MPPT controller is attempted. The state-of-the-art lies in maximising the output
power as a function of the output voltage only. Not only does the Seesaw promptly
tracks the MPP under rapid changing operational conditions but also guarantees
maximum power delivery to the load. The use I-V characteristics rather than the

power, conventionally, adds to the novelty of the scheme.

e Shunt water flow measurement
The novelty in the use of shunt measurement in fluid analogies is in the concept of
detecting micro flow rates through a sensitive shunt flow meter. The wavelet de-
noising analysis on water flow rate signals is the first application in residential water
management systems. This analysis further enhanced the detection sensitivity. The
automated system detected leaks on any scale, anywhere in the world. This latter

feature is beyond the reach of the complex conventional detection methods.

1.5 Structure of the thesis

The thesis is organised as follows:

Chapter 2 provides the theoretical background of the work presented in later chapters.
It constitutes an overview of hydropower microgeneration status. In setting the scene
for hydropower microgeneration, it highlights the classification of hydropower schemes
in terms of storage capacity in particular. Two major related MPPT control methods,
namely direct and indirect controller, are described at length. Finally, an overview of a

potential hydro-powered system in the field of water management systems is included.
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Chapter 3 discusses the demonstration of MHPG characteristic impedance measure-
ment. A brief review of the measurement principles is outlined. An overview of the system
design and experimental implementation is then described highlighting the characteristics
of the key components. The experimental results of three different MHPGs are presented.
A comparative summary between HPCSs, WPCSs and Solar PV systems is also given.
The derivation of a hydroelectric power heuristic model based on empirical findings is

explained. Finally, Simulink simulation results of the heuristic model are included.

Chapter 4 presents the Seesaw feed-forward, load side MPPT controller. The opera-
tion principles of the controller are detailed including the control algorithm. It highlights
principles of impedance transformation through a buck-boost power converter. The chap-
ter also addresses the mechanism and features of output parameters control. This is
followed by outlines of the experimental implementation of the controller including spec-
ifications of the main system components characteristics. The empirical results of the
Seesaw controller demonstration in tracking the MPP under different operation condi-
tions are presented and discussed. In closing, the chapter closes with highlights on the
application of the Seesaw MPPT for battery charging control drawn from practical demon-

strations.

Chapter 5 introduces a new shunt measurement for water leakage detection systems
through MHPGs. The chapter states the principles of shunt measurement in the hydraulic
analogies in the light of water-electricity analogies. The principles of wavelet de-noising
in the application of flow rate signal analysis are overviewed. Outlines of the autonomous
water monitoring system features and implementations are included. These include the
realisation of self-powered water flow sensors and the demonstration of shunt measure-

ment in water analogies to measure water flow rate. The practical implementation and
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results of using a highly sensitive ultrasonic flow meter to measure micro flow rates that

features micro leakage detection are presented.

Chapter 6 summarises the results and addresses the conclusions drawn from the con-

ducted research. The thesis closes with suggestions for future work in the research field.



Chapter 2

Overview on Microgeneration of

Hydropower

2.1 Introduction

Microgeneration is the generation of electricity or production of heat from mostly or
exclusively a zero or low-carbon source at a small scale. In addition to its role in de-
carbonising energy generation, it adds to the diversity and security of the energy supply.
Indeed, it is emerging as a promising technology with great potential towards distributed
generation, whereby power is generated at the point of consumption [25]. The microgen-
eration capacity in the U.K. is limited to 50 kW for electricity and embraces a variety
of renewable technologies [26]. This includes solar photovoltaic (PV) arrays, micro-wind
and micro-hydropower generation.

In the U.K. the residential sector accounts for nearly a third of the total energy
consumption [27]. A number of incentive schemes have therefore been introduced to
increase the uptake of microgeneration [28], an example being, the Feed-in-Tariffs (FITSs)
scheme which offers a set of rates to households for every unit of energy generated by

approved microgeneration installations [29]. Since the introduction of the FITs in 2010,
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the total installed capacity of microgeneration has increased from 0.65GW in 2011 to
5.6GW in March 2017 [30]. As a result, greenhouse gas emission has reduced by 24%
in 2015 [30] compared to 13% in 2012 [31]. However, with a modest growth of just 6%
between 2016 and 2017 [30], the overall household contribution to microgeneration remains
low, accounting for under 0.3% of the total energy supplied to households [32]. Evidently
from Figure 2.1 hydropower, the most widely-used renewable power source, represents a

small installed microgeneration capacity (0.17 GW) for the U.K. [30].

Hydro(3%) Anaerobic digestion (4%)
MicroCHP ( less than 1%) Wind(12%)

.Anaembic digestion (0.25GW)
Hydro (0.17 GW)

.Micro-CHP(546 kW)
Photovoltaics (4.5 GW)

Wind (0.68 GW)

Photovoltaics (80%)

Figure 2.1: The total cumulative installed capacity for microgeneration technologies in
the U.K. according to the Central Feed-in Tariff Register in 2017.

This chapter sets the scene for the research reported in this thesis. It starts with an
overview of hydroelectric power generation in the U.K. and briefly discusses the classifi-
cation of, HPCS schemes. It states the problem of hydropower generators HPGs charac-
teristics analysis and MPPT optimisation control. It further surveys the background of a
potential micro-hydro powered system (i.e. water monitoring system). The chapter closes
with a critical review which restates the main research problems and knowledge gap in

relation to micro-HPCS.
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2.2 Overview on hydroelectric power generation

Harvesting energy from water has existed since the industrial revolution. However, its
modest power output alongside the widespread distribution of mains electricity, made
microgeneration of hydropower unprofitable. The thrust of hydroelectric generation was
then shifted to large size hydro plants [33]. Hydropower remains today the leading re-
newable source for electricity generation, with the global hydroelectric installed capacity
exceeding 1,064 GW at the end of 2015, accounting for 71% of the global power generation
capacity from renewable sources and 16.4% of the world’s net electricity production [34].

Hydroelectricity has advantages over conventional sources of primary generations such as:

It is a non-carbon-dioxide power source and generates no direct greenhouse emis-

sions, although the construction of the plants can be polluting,

e [t is the only renewable source that stores energy in a clean environmentally-friendly

manner (i.e. pumped storage and reservoir plants),
e The water can be stored and controlled to supply electricity on demand,
e The fuel (water) can be reused to produce additional electricity,
e Modern hydro turbines have a high energy conversion efficiency of 90% [2].

However, 10,000 TWh/year of potential worldwide hydropower remains unexploited
[34]. The annual technically exploitable capability of hydropower plants in the U.K. alone
is estimated to be about 14TWh [35]. Nevertheless, the overall amount of the installed
hydroelectric capacity remains significantly modest contributing 1.5% of the U.K. total
electricity generation. Although the U.K.’s potential for further large-scale development
is limited to the availability of sites, opportunities for small-scale development exist [36].
That said, a recent review on the uptake of small-scale hydropower projects categorises

the U.K. among countries with only a modest contribution in comparison to Spain and

12
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Norway [37]. The U.K. in fact has 175.7 MW of existing small-hydro plants (>5 MW) [30],
only 3% is contributed by the domestic sector [38], and at least 850 MW of unutilised
potential [39]. The cumulative number of hydropower installations between 2010 and 2016
as confirmed by the U.K. Central Feed-in Tariff Register in [30] is illustrated in Figure

(2.2) (The data used to produce Figure (2.2) are available in [30]). .

400

T
<= 15 kW

B > 15-100kW

350 P 0-100kW
>100kW-2MW

2 - 5 MW
>100-500kW

B > 500-2MW

300

200 —

150 —
100 -
50 — I
0 o | I I I I I

2010 2011 2012 2013 2014 2015 2016

Cumulative number of installations

Year

Figure 2.2: The cumulative number of hydro installations by tariff type for years from
2010 to 2016 in the U.K. according to the Central Feed-in Tariff Register.

The growing concern about developing domestic renewable energy supplies alongside
the shortage for undeveloped suitable sites has renewed interest in reviewing the prospects
for small-scale hydropower generation. Development of small hydro turbines towards low
environmental impact has been an active area of research [1-3]. The development of hydro-
electric microgeneration emerges as an alternative trade-off between no carbon emissions

and a negligible local environmental footprint.

13
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2.3 Classifications of hydropower schemes

The operation of hydropower schemes can be defined by the available input (i.e. head,

and storage capacity) and the output demand. Thus, depending on the hydrological

characteristics, hydropower systems can be classified into different mutually exclusive

categories and offer flexibility in demand-meeting and energy supply. For example, a

hydropower system can be standalone or grid connected. The operation of the latter is

influenced by the consumers and the power available from all other plants connected to

the grid. In this case, a peak-load plant supplies power at peak demand, and a base-load

plant provides a continuous power supply regardless of the total power demand and may

serve both where hydropower is abundant [40,41]. Hydropower schemes can be further

classified based on the generation capacity, storage capacity, available head and load type

as shown in Figure (2.3).

Hydroelectric Schemes Classifications

| Storage‘(r:apacity |

l

‘ Run-off river ‘ ‘ Reservoir

With storage capacity |

‘Without storage capacity

‘ Generation capacity |

‘ Available head |

> BMW

Small scale
< bMW

Miero scale
<560 kW

High-head
>1000 meters

Medium-head
30-300 meters

Low-head
<30 meters

'

A4
| Based load | ‘ Peak load |

Figure 2.3: Overall classifications of hydropower schemes.

2.3.1 Hydroelectric storage capacity and head schemes

Based on the storage capacity, hydropower systems can be subdivided into run-of-river,

reservoir and pumped storage plants. In contrast to the run-of-river, the significant water

storage capacity of reservoir type schemes provides a means of energy storage which is a
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key asset in meeting power demand fluctuations. Among these schemes, pumped storage
plants are highly efficient and cost-effective energy storage schemes when incorporated
with base-load power plants [41].

The available water head defines the vertical change in elevation, expressed in feet
or meters, between the upstream and downstream of the water level. In this respect,
a hydropower plant can be categorised as high-head (>1000 m), medium-head (30-300
m) or low-head (< 30 m). Although most hydro systems have a substantial head, it is

possible to generate a modest amount of electric power with a low head [42].

2.3.2 Hydroelectric generation capacity schemes

The size of a HPCS can be defined in terms of its generation capacity. To date there
is no internationally agreed definition and category size varies between countries with
different environmental legislation and generation policies. In the U.K. a hydroelectric
power system based on its generation capacity is defined as a large, small or micro scheme
as stated in Table (2.1). The research reported in this thesis focuses on micro-hydropower

generation, MPPT control optimizations and potential applications.

Table 2.1: The U.K. categories of HPCS schemes based on the generation capacity.

Hydroelectric Scheme Power Generation Capacity

Large-scale capacity > 5MW
Small-scale capacity < oMW
Micro-scale capacity < 50kW

15
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2.4 Review of MPPT techniques for HPCS

The amount of power available from a source of an intermittent nature such as hydro,
wind and solar power varies with changing environmental conditions (i.e. water flow rate,
wind velocity and temperature). For a particular water flow rate for instance, there is
a power point at which the potential power available for harvesting is at a maximum (
the power characteristics for hydro, solar and wind systems are compared in the following
chapter (section 3.6)). Power system controllers are therefore used to maximise the energy
yield and improve efficiency.

MPPT is a mature control issue for wind and solar systems and has been the subject of
detailed research but not as widely established for HPCS [9,43]. The research to date has
tended to reference the differences and opportunities associated with the HPC control issue
to that of WPCS [44]. Indeed, significant differences between the two technologies do exit
[45]. These originate from: the performance characteristics of a hydro turbine in relation
to its narrow tip speed ratio TSR range where a minute change in the optimum TSR can
significantly affect the systems efficiency; the accuracy of water velocity measurement is
inherently affected by turbulence and flow complexity; the water is 199% denser than air
which means that a small change in the water velocity, hence flow rate, can substantially
affect the power output [43,44].

In contrast to the challenges it inherently imposes in terms of power control require-
ments, various opportunities over other technologies can be recognised. Among these is
the variation in the water flow rate; unlike with wind and solar, where the speed of the
wind or the moving clouds varies dramatically over a time scale of seconds, the dominant
water speed and level variations may occur within minutes to hours. This imposes fewer
constraints on the tracking rate of the power controller, and hence relaxes the bandwidth

requirements [44].
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From a fluid-dynamics perspective, hydropower systems have a rich knowledge base.
This is in sharp contrast, to the electrical performance and control aspects for such re-
newable systems as mentioned above. It appears that there is a lack of understanding of
electrical performance and key aspects, such as the characteristic impedance have been
overlooked [4-6]. In consequence, the adoption of advanced power control mechanisms,
which rely on the system’s electrical properties, is concerned mostly with WPCSs and
solar PV technology.

Prior to the experimental development of MPPT optimisation control for HPCSs, ex-
isting methods adopted from wind and solar systems are reviewed. A brief survey of
the potential MPPT control for HPCSs yields two generic categories namely, indirect
and direct MPPT control. Unlike direct controllers, which directly maximise the output
electrical power P,,, indirect controllers rely on the turbine characteristics to maximise
the captured mechanical hydro power P4, not the actual electrical power F,,. The
relationship between the electrical output power F,,; and mechanical hydro power P4y,
is given in Equation (2.1), where the hydraulic turbine efficiency 7, (0 < n, < 1) depends
upon the turbine design and operational conditions. The hydro mechanical power can
be expressed by Equation (2.2), where Pjyqr, is the power in watts available from fluid

(density p kg/m?3 ) flow Q (m?3/sec) with head h (meters) and gravitation acceleration g
(m/sec?) [9].

Pout = nhPhydro (21)

Phydro = Qphg (22)
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2.4.1 Indirect MPPT control

In the indirect MPPT optimisation, prior knowledge of the turbine characteristics is
required. This information is usually obtained from off-line tests or simulations. That is
then stored into look-up tables and used by the controller as a reference to MPP. Examples

of such optimisation methods are the Tip Speed Ratio and Power Signal feedback.

2.4.1.1 Tip speed ratio (TSR)

In its basic form, TSR control regulates the turbine rotor speed around an optimum
point at which maximum power can be extracted, as identified from the characteristics
of the turbine (i.e. power-rotor speed). The TSR is determined dynamically, relative to
the measurements of the rotor speed and water velocity, and mapped onto the turbine’s
optimum TSR as shown in Figure (2.4) taken from [9]. Prior knowledge of the model-
dependent optimum TSR point is a precondition. The optimum tip speed ratio A, is
defined in Equation (2.3) as an index of the optimum rotor rotational speed w,, in rad/s
or radius R in meters against the fluid velocity Vg in m/s .
wr, R

Aopt = —-2— 2.3
Pt Vfluid ( )

Water Velocity Water Elevation

SR Clontraller Hydropower
A TSR Controller 3 P
vt e @ System

A

Wyrot R Wpot

Viid

O— >

! jl uid

Figure 2.4: Outlines of a TSR MPPT control mechanism.
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The development of TSR power controllers is widely reviewed in the literature [46-49].
Although, superior steady-state characteristics can be achieved through the conceptually
simple technique, its dependency on the turbine’s specifications limits its application.
Further, the requirement for additional velocity measurement sensors reduces its cost

effectiveness.

2.4.1.2 Power signal feedback (PSF)

The PSF method relies on the prior knowledge of the unitised maximum power perfor-
mance curves (i.e. power-speed characteristics as in [50,51] or torque-speed characteris-
tics in [52,53]). A power signal feedback is obtained based on the difference error and
is non-linearly adjusted to the optimum rotor tracking speed. The tracking reference is
determined dynamically relative to the output power as shown in Figure (2.5), which is
adopted from [9]. Unlike TSR, the water velocity measurement is irrelevant; rather it
is mapped onto the turbine power-speed characteristics. Different topologies of power
signal feedback MPP have been developed in the literature [47,54]. The example in [55]
proposed a control scheme based on the pre-acquired optimum power characteristics from
pilot testing. Further, the use of the lookup table approach, although offering fast tracking

control, is specific to the turbine model.

‘Water Velocity ‘Water Elevation

Lookup Table Jv J
Popt

h o, PSF Controller Hydropower
System

@ pot rot

‘Water Elevation K

W ot

Fo

Figure 2.5: Outlines of a PSF MPPT control mechanism.
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In addition, the localisation of the MPP for PSF is determined on a trial and error
basis, which increases the likelihood of sub-optimal operation [9]. Although methods to
enhance power capture have been proposed, the overall power tracking efficiency remains
questionable [56]. This, along with the pre-required simulation and pilot testing of in-
dividual turbines to acquire the power characteristics, increases the associated cost and

complexity.

2.4.2 Direct MPPT control

In principle, direct control optimisation is independent of the turbine characteristics. It
utilises algorithms that use system parameters such as voltage, current, output power
and rotational speed. Among these methods, three that have a potential in hydro power

application are reviewed here.

2.4.2.1 Hill climb searching (HCS)

In theory, HCS does not rely on any system information and continuously adjusts the
operating point to the MPP ( as in Figure 2.6, which is adopted from [9]). The principle
lies in disturbing the control variable by step-size and observing its effect on the resulting
power. The variation of power and /or speed is then monitored periodically at specific time
intervals. The power of the previous step is compared with that for the next step. If an
incremental change in the output power is observed for an increase in the reference speed,
the direction of the search-point remains unchanged and vice versa [16]. The operation

can be interpreted by a discrete-time expression such as in Equation (2.4) [9].
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Figure 2.6: Outlines of a HCS MPPT control mechanism.

wry(k+1) =w!, (k) + Aw; (2.4)

rot

Here w} (k) , w},(k+ 1) and Aw},, correspond to the previous reference speed, new

rot
reference speed and the perturbation step respectively. The direction and size of the step
are conventionally defined by Equations (2.5) and (2.6) respectively [57], where Aw, is
the change in rotor speed, AP, is the relative change in output power and k; is the HCS
optimiser gain. If an increase in the rotor speed results in increased power, this direction
is retained. However, if a change in the rotor speed resulted in reducing output power,
the reference speed is decreased in the next perturbation as shown in Figure (2.7). Table

(2.2) summarises the operating principles (adopted from [57]). This process continuous

until the MPP is found.

sign(Aw,or, AP,) = sign(Aw,o) X sign(AP,) (2.5)

|Aw/ o] = ki AF| (2.6)
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Figure 2.7: Principles of HCS MPPT control operation.

Table 2.2: The operating principles of HCS MPPT.

Previous perturbation Change in output power Next perturbation

Positive Positive Positive
Positive Negative Negative
Negative Negative Positive
Negative Positive Negative

2.4.2.2 Incremental conductance (IC)

Incremental conductance is another type of direct control MPPT that has been developed
to overcome the limitations of HCS. This method depends primarily on the derivative of
the power-voltage characteristic curve (Figure 2.8). It is based on the fact that the deriva-
tive of power as a function of the voltage (incremental conductance ) (%) is null at the
MPP, positive on the left of MPP and negative on the right of MPP ( i.e. Figure 2.9).
The slope, defined by the direct relation between the output generated power P,, voltage

V' and current I, is given by Equation (2.7) [58].
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Figure 2.8: Outlines of an IC MPPT control mechanism.
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Figure 2.9: Principles of IC MPPT control operation.
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The IC controller determines the perturbation direction by comparing the instanta-
neous conductance i to the incremental conductance % as defined in Equation (2.8).

The iteration then continues until the MPP is reached.

2.4.2.3 Extremum seeking control (ESC)

Extremum seeking is a non-linear adaptive control that is model-free and offers real-time
optimisation for dynamic systems where limited knowledge of the system characteristics is
available. In principle this method establishes a feedback system which produces an oscil-
latory behaviour around the extremum (i.e. maximum or minimum). Conventional ESC
applies the principles of perturbation and establishes the control action with respect to
the output power system response. Fundamentally, a perturbation signal (i.e. sinusoidal
with amplitude a, and angular frequency w,) is superimposed onto the power system
input. The gradient estimated from the rate of change in the output P, with respect to

the input control signal u (i.e. k, = AAZ 2) is then forced to zero. The operating point

is therefore converged to a neighbourhood to the MPP, relative to the amplitude of the
probing signal, and performs a limit cycle [59]. Figure 2.10 (adopted from [9]) outlines

the control mechanism.

Water Velocity Water Elevation

ESC Controller l l
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C System

Gain

ESC Tracker

A A
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Figure 2.10: Outlines of a ESC MPPT control mechanism .

24



Chapter 2. Overview on Microgeneration of Hydropower

In summary, the reliability of enhanced indirect MPPT (i.e. lookup-table based
MPPT) decreases with ageing factors and varying generator-converter subsystems effi-
ciencies [60]. While adoptive TSR and PSF MPPTs, such as those reported in [61, 62],
aimed at improving optimisation efficiency, the reliance on turbine characteristic remains
a major drawback. Arguably, satisfactory application of such MPPTs methods is chal-
lenged by the fact that the MPP of HPCS coincided with a higher rotational speed than
that resulting at the MPP of the actual generator [63].

Furthermore, direct maximum power point tracking controllers such as the Hill Climb
Searching (HCS) has have been the current trend for most PCSs [64]. Although, favoured
for its simplicity as a model-independent optimisation approach, the dynamics of the
turbine are to be taken into consideration when determining the step size [9]. However, the
fact that it requires the system to settle down before a decision on the next perturbation
is made, slows the controller response. Unlike HCS, which oscillates around the MPP, an
Incremental Conductance MPPT controller determines when the MPP is reached. This
is achieved however at the cost of increased complexity and additional sensors to measure
the voltage and the current [58].

In contrast to other direct based methods which requires the power system dynamics to
settle before optimisation, ESC allows fast convergence to the extremum point. Examples
of using the ESC MPPT optimisation method for micro-HPCSs have reported an improved
tracking capability [9,59,64]. This direct control does not require measurement of the
water elevation or velocity. However, the requirement to adjust a large number of control
parameters associated with the stability of the feedback, adds to the controller complexity,

and hence reduces its efficiency.
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2.5 Water leakage detection technologies overview

Microgeneration of hydropower has great potential in supplying low power applications
(e.g. smart meters). The advancement of sustainable digital devices has given rise to
potential hydro-powered water leakage management systems. Water leakage management
includes: methods of leakage assessment focusing on the amount of water lost; methods of
leakage detection for leakage allocation; and methods of leakage control which effectively
controls current and future leakage levels. This section briefly reviews methods of water
leakage detection in water network systems. It concludes with highlights of the research

gap in water leakage detection methods pertinent to residential applications.

2.5.1 Visual detection methods

This is the classic technique that uses image and video sensors inside or outside the
pipe to detect water leaks. Among these are the closed-circuit television (CCTV) [65]
and optical sensors [66]. Thermography IR cameras are also employed to detect the
thermal contrasts caused by water leakage [67,68], whereby the infrared thermal cameras
visualises the leakage point based on temperature variation on the surface above the
pipeline. Although such a non-destructive detector provides real-time detection over large
areas, its detection efficiency is greatly affected by the camera’s limited sensitivity (i.e.
within £+ 0.2 °C [69]). This diminishes its capability of detecting unapparent leaks found

at residential environments.

2.5.2 Acoustic detection methods

This is a non-destructive leak detection method which utilises acoustic sensors such as a
piezoelectric sensor, hydrophones, vibration sensor and laser interferometers incorporated
inside or outside the pipeline. It is formed on inspecting the vibration and noise generated

by a fluid turbulently escaping a pipeline [70]. In the early 1900s, wooden listening sticks
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were used to detect leaks; this was then enhanced by the emergence of microphones and
the electronic age by the 1960s [71]. Further advancement continued with the advent of
correlators which gave rise to the currently used methods ranging from electro-acoustic
methods [72] to the advanced correlators with computerised analysis [73]. These methods
however are labour intensive; sensors are required to be placed inside the pipe fittings

[73,74].

2.5.3 Transient analysis detection methods

This is an alternative to the previously described approaches and is based on the leak
hydraulic phenomenon. Ideally any change in the propagation of the water imposes a wave
reflection to an incoming transient signal and hence affects the water’s flow and pressure
response. The identification of these modifications can reveal useful information about
the nature of the originating event. If an event has a unique signature then comparing the
pressure signal recorded by monitoring devices with the signal observed when the system
is leak-free can help locate the leak. Alternatively the leak’s effect in pressure relief can
be used to identify the leak. Transient-based leakage detection methods are categorised

into time and frequency domain techniques [75, 76].

2.5.3.1 Time domain techniques

Time domain based analysis helps to pinpoint leakages in pipeline networks. Examples

of these are:

e Impulse response analysis This is based on the reflection of the energy in the tran-
sient wave due to the leakage. Information on the arrival time of the reflected signal
and the flow rate is used to locate the leak. A point of reference is generated on
the leak-free system and compared with the transient response of the system. The

leak reflection creates inconsistencies between the two responses. This technique is
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feasible only when a point of reference can be easily determined [75].

e Inverse transient analysis Usually network analysis works with the forward problem
in which the system’s characteristics are defined and the resulting pressure and flow
are to be determined. In the inverse problem, the system state is defined (i.e.
pressure, flow) and some parameters are undefined (i.e. pipe roughness, leaks).
The system’s state variables are measured during a transient event and compared
to the measurements when the system is leak-free. Irregularities are tested until
both system states are matched [76-78]. The leakage magnitude is determined by
minimizing the deviation between the actual measured data and simulated data by
the transient model. The objective function for optimisation OF is given in Equation

(2.9) [79],

N
min : OF =Y " |H]"| — |H?| (2.9)

i=1
where, 7 is the time interval point for number of data points N, |H]"| is the measured

head, |H?| is the predicted head. The accuracy of the transient model is the key

challenge for the inverse transient analysis.

2.5.3.2 Frequency domain techniques

Real time noise handling and data gathering poses a challenge for real time transient
analysis. The fact that frequency domain analysis is less computational in nature makes
the investigation of irregularity detection and behavioural changes comparatively easy.

Examples of frequency domain analysis based methods are:

e Pressure-peak method This suggests that the frequency response diagram of a pres-
sure signal can reveal irregularity whereby the leak is represented by the peaks with

lower amplitude than the leak-free signals [76].
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e Peak-sequencing method This is based on the fact that leaks introduce a sinusoidal
pattern on the peaks frequency response diagram. As a result the frequency response
domain shows attenuation due to the presence of leaks. The distinguishable pattern

of the leak-induced signal is then analysed to further locate the leak [80].

e Wavelet transform (WT) WT decomposes the signal into frequency components
but provides a global presentation of the signal. It is a very useful tool to analyse
non-stationary signals with time-varying frequency content. It divides the signal
into an approximation and details and the approximation is also broken down into
a second level of approximation and details and the process is continual (Figure
2.11 (adopted from [75])). Whereas approximations are the high-scale low-frequency
component, the details are the low-scale high-frequency component [75]. The noise

removal properties of WT makes it possible to detect leaks of small flows.
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Figure 2.11: An outline of wavelet levels decomposition.
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The analysis of transient water leakage events involves detailed fluid flow hydraulic
and significant computer processing capabilities. Pattern recognition technologies have
been introduced for water leakage detection to overcome that, to a limited extent. The
example in [81] introduced artificial neural networks (ANN) to monitor water-pipe net-
works. The ANN is trained on various sets of input data that describes the water-pipe
network under leakage and leakage-free operating conditions. These are then classified
to identify any abnormality in the network. As well as neural networks, the application
of pattern recognition includes fuzzy logic [82,83]. However, among the state-of-the-art
approaches, many are based on measurements of either flow, pressure or both gathered
from multiple monitoring points [84,85]. These are inappropriate for household scenarios
with a single flow measurement point.A breaif comaritive summary of the main leakage

detection features and limitaions is tabulated in Table 2.3.

Table 2.3: Comparative summary of the research on water leakage detection technologies.

Detection Method Features Limitations

Visual detection Leakage allocation Accuracy dependant on sensor’s sensitivity

Acoustic detection Non-destructive  Labour intensive and subject to noise interference

Transient detection Leakage allocation Computational and requires system modelling
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2.6 Residential water leakage detection background

The previous section broadly reviewed leakage detection methods used in water networks.
It is summarised that such approaches require multiple monitoring points which could
be inappropriate for household applications. This section however reviews water leakage

detection methods suitable for residential applications.

That is because it is estimated that more than 45 million m? of water are lost globally
through water leakage in the distribution network [86]. Whereas in the United Kingdom
and the United States leakage ranges from 10 to 30% of the water supply, in developing
countries leakage accounts for up to 70% of the supply [87]. In the case of the Middle East
and North Africa region, water leakage is more than 30% [88]. Thus, in the process of
bridging the gap between the water supply threatened by scarcity and the high demand,
improving water management technologies has become an urgent matter. Evidently, much
research effort has been devoted to improving water leakage detection methods for water
distribution networks, however, studies on water leakage at the domestic level have been

limited.

It is evident from the reported literature, that water losses in residences could account
for a significant portion of the water supply [89]. This is exemplified by the investigation
of residential end-use of water which reported that nearly two-thirds of the investigated
households leaked on average 45 liters per day [90]. The extent of this is signified by
findings of the study in [91] which concluded that around 38% of the studied leaking

households were responsible for 90% of the total leakage per capita.

Indeed, identification of large flow rates in residences (i.e. liters per minute (L/ min.)

with floods or bursts through the analysis of household water consumption is highly fea-
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sible. Unlike micro leaks, large leaks do not inevitably initiate the greatest volume of
water loss, particularly if the water leak is apparent. In contrast, micro leak losses (i.e.
milliliters per minute) might seem insignificant but temporal and geographical aggrega-
tion of leakage water ultimately leads to major water loss. A study in [92] suggested that
three-quarters of the surveyed households were not aware of the existence of water leakage
in their households. By inference, the inability to detect such unobtrusive leaks reduces

detection likelihood pending evidence of its detrimental effects.

Most studies on the analysis of household water consumption are centralised at end-
use water events classifications and water monitoring control as opposed to residential
water leakage detection. In the study of categorising residential water end-use events,
the effects of low flow rates were discarded [93]. Similarly, an internet based application
in [94] to educate residents about efficient water usage features a means of automatic
leakage detections. The web interface offers real time water flow monitoring and infers
possible leakage is causing excessive water usage. Short message service (SMS) technology
has also been incorporated into residential water leakage detectors [95,96]. The system
reported in [95] learns about the household water consumption patterns and interprets
any unusual water flow pattern as a leakage. However, the reliability of such detectors
is challenged by the erratic nature of household water consumption (i.e. having guests,
absence from work, using water late at night). A review on features and limitations of

studies that facilitated domestic water leakage is tabulated in Table (2.4).
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Table 2.4: Comparative summary of the research on residential water leakage detection
technologies.

Technology Reference Application Parameters Limitations
SMS & GSM* [95] Water leak detection Pressure Specific to consumption pattern
[96] Home automation system Flow rate Undefined detection range
[97] Remote monitoring Flow rate Undefined detection range
Pattern recognition [93,98] Residential end-use classification Flow rate Undefined detection range
Statistical models [99] Domestic water leakage detection Flow rate Estimated detection threshold
[100] Irregularity detection Flow rate DMA measurements**
ANN [101] Pipeline leakage detection Pressure Simulated domestic network

& flow rate

Internet of things [94] ‘Water management pH, flow rate Specific to consumption pattern

& temperature

* Global System for Mobile Communications

* Normalised pattern consumption
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2.7 Conclusion

This chapter motivated the research presented in this thesis in terms of hydropower mi-
crogeneration and MPPT optimisation control. The literature reviewed in this chapter
identified the lack of in-depth research on MPPT control issues appropriate for HPCSs.
The limitations of existing methods were reported. The model dependency of the di-
rect optimisation was the main drawback. The fact that the rotational speed at MPP
of the whole hydropower system varies from that at maximum turbine power challenged
its application. Indirect optimisation could be promising for simple control requirements.
Considering the identified knowledge-gap influenced by the technological barriers of such
systems, the emphasis of this thesis is towards investigating the electrical characteris-
tics of such technology. Acquiring such knowledge could assist in realising an electrically
based control scheme for MPPT hence allowing significant simplification in system design.
The literature reviewed on water leakage detection, albeit non-exhaustive, identified an
urgency for the means to enhance water micro-leakage detection.

The next chapters will report on an empirical investigation on the electrical character-
istics impedance of hydro power generators. A model-independent MPPT for hydropower
systems is presented which tracks the MPP regardless of the turbine model. An innovative

micro-leakage detection system based on wavelet analysis is presented.
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Chapter 3

Empirical Investigation and
Modelling of Hydroelectric Power
Generators Characteristics

Impedance

3.1 Introduction

The previous chapter has identified the knowledge-gap in investigating hydropower gen-
erators electrical properties. Initial research efforts reviewed in the literature fall short of
identifying key features, such as the characteristic impedance [4-6]. The lack of under-
standing of its electrical characteristics has limited its power control opportunities. As
a result, the adoption of advanced power control mechanisms which rely on the system’s
electrical properties lags behind that of wind and solar systems.

Moreover, the variable and intermittent nature of hydropower alongside the associ-
ated difficulties in acquiring results from an integrated hydropower plant has challenged

investigation of its operation. Early attempts on the concept of electronic simulation of hy-
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dropower turbine envisioned its paramount role in facilitating the research of hydropower
technology [102]. The renewed interest has necessitated the need for experimental evalua-
tion, which utilises low-cost equipment within a controlled environment, for research. This
has been made possible by the development of small hydropower generators. A number
of hydropower emulators are reported in the literature [103-105]. The example in [103]
uses pre-programmed characteristics curves to emulate the turbine behaviour. The use
of manufacturer specification-based models as a substitute for the turbine optimises the
operation. Similarly, the case with the software simulation based emulators is reported
in [104,105].

This chapter begins by detailing the construction of an intelligent low-cost hardware-
oriented micro-hydropower emulator which facilitated the laboratory investigation. It
then proceeds to briefly describe the principles of current-voltage I-V characteristics mea-
surements. It reports on experimental investigations of the electrical characteristics of
three different models of micro-hydroelectric power generators (MHPGs). Following the
empirical validations, the characteristics of MHPGs are compared to the well-known solar
and wind characteristics. In the light of the experimental results, an analysis is conducted
to model the characteristics of a MHPG. This begins by introducing a new heuristic anal-
ysis on the modelling of a hydroelectric power generator. It further proposes a Simulink-
Simulation model developed from the heuristic analysis. Finally, the chapter concludes

with an outline and discussion of the main findings.

3.2 DC characteristic analysis of MHPGs

As shown in Figure(3.1), the DC equivalent circuit for a MHPG is represented here by
a current source and a parallel resistor R;. The current source models electron injection
from a water flow. The source resistance R, also known as characteristic impedance,

represents the internal impedance of the MHPG. The I-V characterisation provides a
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means to evaluate the power system efficiency. The parameters used to characterize the

performance of the power system are listed in Table (3.1).

i
!

!

i

i

i

i

i

1
Current Source i
Rs :
!

1

i

i

!

i

i

i

i

i

1

Hydroelectric Turbine

Figure 3.1: The DC equivalent electrical circuit of a MHPG.

Table 3.1: I-V characteristic measurement parameters.

Parameter Symbol Unit
Short Circuit Current I A
Open Circuit Voltage Voe \Y
Maximum Power Point Pz A\
Current at Maximum Power Point I, A
Voltage at Maximum Power Point  V,,,, \4
Characteristic Impedance R, Q

The term short circuit current I,. specifies the highest electrical current that can pass
through the generator under short-circuit conditions ( i.e. zero load impedance and zero
voltage drop, ideally), the open circuit voltage V. defines the maximum available voltage
from the generator (infinite load impedance). The maximum power P, describes the
maximum electrical output power available from the generator at current and voltage I,

and V,,,,, respectively.
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3.2.1 Characteristic impedance matching

The characteristic impedance R, represents the internal power losses of the generator.
Ideally, the system should have no such losses. However, depending on the dynamics of
the system, R, can be determined with reference to the open circuit voltage V,. and short
circuit current I, as in Equation (3.1), where the terms ky and k; are the constants of

proportionality.

- kV‘/oc

R, =
kIIsc

(3.1)

The characteristic impedance has a significant role in maximising the harvested output
power. This is because maximum power is transferred to the load when its impedance
matches that of the source, a well-known result from the Maximum Power Transfer The-
orem. This theorem is the core of today’s advanced power conversion controllers. The
voltage V), and current I,,,,, at the MPP are therefore proportional to V,. and I, respec-
tively. Under such conditions the characteristic impedance can be generally expressed as

in Equation (3.2).

_ kV‘/:)C o Vmpp

Ry
k] Isc Impp

3.2.2 Characteristic impedance measurement

The fundamental principle in measuring the characteristic impedance is based on the
control of the current supplied by the turbine module between the zero current point (at
V,e) and the maximum supplied current point (/,.). Ohmic measurements were carried
out using a variable resistive load, which was controlled to capture the system response
between I,. and V,.. The change of the voltage with respect to the current represents the

I-V characteristics of the generator module as given in Equation(3.3).
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V(D)|r=1..0 = [0, Viln), Vi1 (Fug1) <oveeee , Voel (3.3)
([xl(R) 9 ‘/yl®) (ISC 9 0)
LAR), VAR) kil s by Vi
(L0, V) g o = | 0 AR | (e B (3.4)
(L0 Vo) 0.%,)

The pros and cons of various I-V characteristic measurement methods are reviewed in
the literature [106]. The ohmic measurements are an inexpensive means of approximating
a system performance. The advance in intelligent automated digital multimeters has made

such a method highly reliable and flexible.

3.3 The overall design and implementation of the
characteristic impedance investigation

The intelligent, indoor, built-in-house, hydroelectric power emulator was the core of the
test-rig. The hydroelectric power emulator incorporated three different configurations of
MHPGs. As a load impedance, a high power rating variable resistance box was used
to investigate the characteristic impedance of the MHPG. A USB digital current meter
was used to capture the current through the resistive load. Similarly, a USB voltmeter
was used to monitor the voltage drop across the resistive load. The use of a USB digital
multimeter offers fast and accurate measurements and allows the data to be further pro-
cessed in MATLAB. This section details the design of the hydropower emulator published
in [23] and reports on the empirical investigations of the electrical characteristics of a

range MHPGs.
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3.3.1 Hydropower emulator design and construction

Mechanically, the complete system of the hydropower emulator consists of two lightweight
wooden frames and a plastic water tank. The 20 litre plastic water tank is placed on a
wooden frame base with four castors making it easy to move the emulator. A square
wooden frame is placed on the mobile wooden base and surrounds the base of the wa-
ter tank, to secure the water tank to the wooden base. A Gardena high power speed-
controlled submersible pressure pump is placed inside the water tank (up to 5 bar pressure
at 2000L/Hour). The pressure pump emulates domestic water flow and drives the water
flow to and from the water tank. A light weight wooden frame which has a truncated
pyramid shape is mounted on top of the water tank. The truncated body is secured to the
tank using a wooden strip on both sides of the frame. Two opposite sides of the truncated
body are left open, for ventilation and allowing space for a measurement desk. A cross

section diagram of the emulator is shown in Figure (3.2).

oy 30.6 cm

v
»

Measurement Desk
209 em

Water Tank (20L) —

\ . 5095cm — 7

Figure 3.2: A schematic of the hydropower emulator mechanical construction.

40



Chapter 3. Empirical Investigation and Modelling of Hydroelectric Power Generators
Characteristics Impedance

The control circuit is placed on the top of the truncated pyramid body. It includes a
power speed controller and electronic switch. A power speed controller provides control
of the water flow by adjusting the speed of the pressure pump. The high power speed
controller is made up of a 1500 W sliding dimmer connected to the pressure pump placed
inside the tank. This allows the study of the characteristics of the turbines at various flow
rates. The electronic switch acts as a phase shifter and is digitally controlled to emulate
different loads (i.e. household, hotel or university residence). The hydraulic emulator is
completely automated as it employs USB-powered voltmeters and USB-powered switches.
An elegant feature is that the system can be remotely controlled, through OpenVPN

software, across the globe allowing large data-collection and system control.

Electrical measurement

A

24V solenoid valve

MHPG

Manual valve 1
Manual valve 2

Automatic pressure
pump 5 bars

Electrical measurement
—

= Water connection

A\ < — Electrical connection

Figure 3.3: A schematic of the hydraulic construction of the hydropower emulator.

The hydraulic construction of the intelligent hydropower emulator is shown in Figure
(3.3). Manual valves are used to control the water flow through the two water flow circuits
as shown in Figures (3.4) and (3.6). The emulator is fitted with U.K. certified 15 mm
water pipes. A turbine circuit is connected to each side of the truncated shape frame of
the emulator. When valve 1 is switched ON, the water is pumped from the closed tank

through the pipes to the MHPG. As the water flows through MHPGs, the blades start
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to rotate generating power. The output power is then connected to the system’s output
terminal to be further processed. Given the laboratory’s constraints, the water is recycled
back to the plastic water tank as in Figure (3.4). The circuit for the MHPG allows the
operation of two different configurations. A low-cost 50 V, 1.8W Impulse MHPG and a
set of 15 V, 1 W reaction MHPGs. The commercial-off-the-shelf micro-hydros with 1/2

inches water inlet /outlets, are suitable for domestic water pipes are shown in Figure (3.5).

Electrical measurement

4

24V solenoid valve

MHPG

Manual valve 2 OFF

-
'ﬁg Manual valve 1

utomatic pressure
pump 5 bars

== Water connection

W\ o — Electrical connection

|:> Flow direction

Figure 3.4: A schematic of the water flow through the MHPG, valve 1 ON and valve 2
OFF.

(A) (B)
Figure 3.5: MHPGs, A)~80V,1.5 watts. B)ax15V,1 watts.
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Similarly, when valve 2 is ON and valve 1 is OFF, the water flows through valve 2
to travel through the pipes into the automated solenoid valve (Figure 3.6). The 12V, ,6W
propeller hydroelectric power generator generates electricity from the flow of water. The
water is then recycled back to the plastic tank.

Electrical measurement

[

24V solenoid valve
i
ﬁ Manual valve 1 OFF
Electrical measurement | &5
i Manual valve 2 ON
Automatic
i pressure pump n
sl Sbars
Water connection
% f=] 75 J e Electrical connection

|::> Flow direction

Figure 3.6: A schematic of the water flow through the mini 12V,6 W propeller hydroelectric
power generator, valve 2 ON and valve 1 OFF.

Power
Supplies

1S
T

Small Hydroeleciric
Turbine Generaior

Figure 3.7: Pictures of the built-in-house, indoor, hydroelectric generator emulator pro-
totype.
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3.4 The experimental results of MHPG characteris-
tics investigation

This section presents the experimental results of the current-voltage and power-resistance
characteristics for three different configurations of MHPGs. These are a 50V, 1.8W im-

pulse MHPG [107], a 1W reaction MHPGs [108] and 6W propeller MHPG [109].

3.4.1 A 50V, 1.8W impulse MHPG

The manufacture specifications of the MHPG studied in this section are listed in Table
3.2 below.
Table 3.2: The manufacture specification of the 50V, 1.8W impulse MHPG.

Parameter Information

Start water pressure 0.05 Mpa
Maximum Water Pressure 0.6 Mpa

Generator single volume 90 g

Insulation resistance 10 M

Dimension 8.8x 5.8x3.9 cm (L x W x H)
Manufacture Gaoxing Tech

Provider Amazon [107]

The I-V characteristic curves for a commercial, off-the-shelf 1.8W crossflow MHPG
at different flow rates @,, are shown in Figure (3.8). The corresponding power-resistance

(P-R) curves are shown in Figure (3.9).
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Current-Voltage Characteristics
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Figure 3.8: The I-V characteristics for a 1.8W MHPG at different flow rates Q (Q, >
Q(n—l—l))‘

Power-Resistnace Characteristics
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Figure 3.9: The P-R characteristics for a 1.8W MHPG at different flow rates Q (@, >
Qn))-

The experimental findings indicate a constant linear relationship between MHPG volt-
age and current across various flow rates. These results obviously suggest constant char-

acteristic impedance (i.e. 2702) regardless of the water flow.
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Power-Voltage Characteristics
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Figure 3.10: The P-V characteristics for a 1.8W MHPG at different flow rates Q (Q,, >
Q(n—l—l))‘

Determination of the maximum power load is also possible through analysis of power-
voltage (P-V) curves and is shown in Figure(3.10). Despite the variation in the water flow,
the experimental results demonstrate a constant direct proportionality between (V},,,) and
(Voe) as given in Equation(3.5), where Vi o is the MPP voltage for flow rate @), and
k, is the constant proportionality.

‘/Tnpp

kuwVoe(@n) (3.5)

@n)

3.4.2 A 2X2 series parallel 15V,1W combination of reaction

MHPGs

This section studies the power characteristics of a combination of reaction MHPGs. A set
of commercial, off-the-shelf 15V, 1IW MHPGs were optimised into a 2x2 series/parallel
arrangement. The optimum 2x2 of four MHPGs for a U.K. domestic supply delivered

through a 15mm pipe is shown in Figure (3.11). The optimised combination produces
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4W into 300 ohms (35 VDC) which provides a means of power supply on an intermittent
battery-backup basis for low-power applications. The manufacture specifications of each
single unit of the MHPGs used in the results presented in this section is tabulated in
Table 3.3.

Table 3.3: The manufacture specifications of each single unit used to make up the 2x2
arrangement of 4 MHPGs.

Parameter Information

Starting water Pressure 0.08 MP
Maximum Water Pressure 0.55MP

Generator single volume 90g

Dimensions 14.7 x 12.7 x 4.572cm (L x W x H)
Water inlet/outlet /27
Manufacture Yosso
Provider Amazon [108]
| v
| V-
1 W (35 VDC) % 330 02
V-

Figure 3.11: The 4W (35 VDC) optimised 2x2 serial/parallel arrangement of 4 MHPGs.
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The electrical specifications of the 2x2 MHPGs combinations as measured in the lab-

oratory are summarised in Table (3.4) and illustrated in Figures (3.12) and (3.13). Ap-

propriate combinations can be optimised for a wide range of water flow rates and pressures.

Table 3.4: The characteristics of the optimised 2x2 serial/parallel arrangement of 4 MH-

PGs at the maximum flow rate.

Parameter Value
Short Circuit Current I, 0.2 A
Open Circuit Voltage V. 0V
Maximum Power Point P,,,, 4 W
Voltage at Maximum Power Point Vy,;pp 35V
Characteristic Impedance Rj 330 Q
Power-Resistance Characteristics
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Figure 3.12: The P-R characteristic curve for the optimised 2x2 serial/parallel arrange-

ment of 4 MHPGs at the maximum flow rate.
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Figure 3.13: The I-V and P-V characteristics for the optimised 2x2 serial/parallel ar-
rangement of 4 MHPGs at the maximum flow rate.

The family of the electrical characteristics curves P-R, I-V and P-V for the MHPGs at
the maximum flow rate are shown in Figures (3.12) and (3.13) respectively. The results
are in agreement with that of the single unit in section (3.4.1). This includes linear system
characteristics which bear a close resemblance to that of an ohmic impedance. Findings
indicated in Figure (3.13) further reinforce the direct relationship between V,,,, and V,.
analysed as previously observed in section (3.4.1). The electrical operational performance
of the combined MHPGs was further examined under various water flow rates. The -V
characteristic curves for the 2x2 MHPGs are shown in Figure (3.14). Figure (3.15) shows

the corresponding P-R characteristic curves.
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Figure 3.15: The P-R characteristic curves for the 2x2 MHPGs at different flow rates Q
(Qn > Q(n+1))'

The experimental findings as captured in Figure (3.14) again suggest a linear I-V char-

acteristic and a constant source impedance of the hydro generators, despite varying water
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flow. This is further substantiated by the P-R curves in Figure (3.15) whereby maximum
power is always generated at constant load ( 3302 in this case). This demonstration
proves a constant source impedance for the combined MHPGs as well as single units. The
characteristic impedance can be interpreted by the inverse of the I-V lines gradient as

expressed in Equation(3.6) where @ is the flow rate (in L/min.) and @, > Qn+1 > Qm.

R = ‘/OCQTL = VLCQ(”+1> = = —‘/OCQm (3 6)
* o Iscgn  Iscomyry Iscq,, '

3.4.3 A 12V,6W propeller MHPG

This section reports further examination carried out on a MHPG of a different design.
The manufacturer specification of the propeller MHPG examined is section are listed
in Table 3.5. The I-V characteristic curves of this commercial, off-the-shelf DCPAT-20
propeller MHPG at the highest maximum and lowest minimum water flows are shown in
Figure (3.16).

Table 3.5: The manufacture specifications of each single unit used to make up the 2x2
arrangement of 4 MHPGs.

Parameter Information

Starting water Pressure 0.08 MP

Maximum Water Pressure 1.03 MP

Generator single volume 2.5 Kg

Dimensions 21.15 x 11.437 x 11.9cm (L x W x H)
Water outlet 3/4”

Water inlet/outlet 1/27

Manufacture and provider NoOutage [109]

The experimental observations captured in Figure (3.16) confirm approximate linearity

of the I-V characteristics for the 6W MHPG unit whereby the characteristic impedance
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obeys the expression in Equation (3.6). Implications from Figure (3.16), with reference to
(3.6), reinforce the empirical conclusion about MHPG constant source impedance despite

varying water flow.

Current-Voltage Characteristics
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Figure 3.16: The I-V characteristics for the DCPAT-20 MHPG at the highest and lowest
water flow rates Q (Qn > Q(n+1))-

3.5 Electric-hydraulic impedance analogy

The analysis of MHPG electrical characteristics is best achieved through the analogies
between current flow and water flow. Whereas the electric current flow (A) is analogous
to the fluid flow rate of the rate Q (in m?/s), in electrical analogies, the voltage (V) is
analogous to the pressure p (in J/m?). The hydraulic impedance of fluid flow Zj 4., is
given in Equation (3.7) [110]. This is dependent on the physical properties of the fluid,
fluid velocity in particular. This bears a strong similarity to the principles of electrical

impedance demonstrated earlier.

Zhydro - 5 (37)
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Given the kinetic K Fy,,;,4 and potential energy P Fy,,q of a moving fluid in Equations
(3.8) and (3.9) respectively, analogies between the electrical and hydraulic potential power
can be made. Where the energy density is expressed by the fluid pressure, the power
available at any one point in a fluid power system is defined by the pressure and the flow

at that point as shown in Equation (3.10) [111].

KFEuyia 1 4
o flwd 2 3.8
Volume 2pv (3.8)
PFEyiq
——— = pgh 3.9
Volume Py (3.9)
Pfluid = pQ (3-10)

Where Ppp,iq is the power in watts available from fluid (density p ) kg/m? flow @
(m?/sec) with head (h)(meters), gravitation acceleration (g)(m/s?).

Therefore, the electrical power generated from a hydropower system is conceptually
analogous to hydraulic principles. This explains the interconnections between MHPG

electrical properties and flow dynamics in relation to impedance.

3.6 Comparison of I-V characteristics of hydro, solar
PV and wind power systems

The empirical findings reported in section 3.4 demonstrate the unique traits of MHPGs.
The significance of the experimental results is summarised in Figure (3.17). Comparisons
between the well-known [-V characteristics for solar photovoltaic and wind power systems,
against the empirically investigated characteristics for MHPG are tabulated in Table (3.6).

An overview of solar photovoltaic and wind power systems characteristics is revisited, by
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way of illustration, in Figure (3.18) and Figure (3.19), respectively.

Table 3.6: Comparative summary of the key characteristics for hydroelectric power gen-
erator, solar photovoltaic and wind power generator.

Characteristic Hydroelectric power generator Solar photovoltaic Wind power generator
Current-Voltage (I-V) Linear Non-linear Non-linear

Short Circuit Current /. 2L pp Greater than I,,,,* Less than I,,,,

Open Circuit Voltage V. 2Vinpp Greater than V,,,, ** Greater than V,,,,
Characteristic Impedance R, Constant Insolation-dependent Wind-speed-dependent
Maximum Power Point Directly related to flow rate Directly related to insolation level —Directly related to wind speed

" Ly is typically between 72-92% of I, [112]

™ Vinpp is typically between 70-80% of V,,. [113]
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Figure 3.17: Normalised I-V and P-V characteristics for a hydroelectric power generator
at different water flow rates.
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Figure 3.18: Normalised overview of I-V and P-V characteristic curves for a solar PV at
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Figure 3.19: Normalised overview of I-V and P-V characteristic curves for a wind power
generator at different wind speeds.
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3.7 Modelling of a hydropower turbine generator char-

acteristics

Based on the empirical validations of the characteristics of a hydropower generator, this
section presents an electrical model for a hydropower generator. Heuristic analysis on the
output hydropower as a function of the current and voltage is presented. The heuristic

model was validated through MATLAB-Simulink simulations.

3.7.1 Heuristic analysis of hydroelectric power

The experimental findings are normalised to be within the range 0 to 1 (i.e. Iy, V. =1)
to allow a generic solution to be found. The evidently reported system linearity defeats
the multi-flow investigation argument. The analysis of P(I) is reinforced, by way of illus-
tration, through the findings captured in Figure (3.20). Likewise, indications highlighted
in Figure (3.21) aids in the derivation of P(V).

—V1

e MPP
oo P

0.75 - 1075

wpp (.5 e m e mmeo R N : 105

Normalised Voltage (V)
Normalised Power (W)

025} 3 o2

L 1 !

0 0.25 0.5 0.75 1

I I
mpp sc

Normalised Current (A)

Figure 3.20: Normalised V-I and P-I characteristics.
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The generator’s voltage as a function of the current (I) can be mathematically ex-

. . : . . Ve )
pressed by an equation of a straight line with a gradient ——= and intercept V,. on the

y-axis as in Equation (3.11). The source impedance can therefore be determined by the
magnitude of the slope (i.e. Equation (3.12)). Substituting for the voltage V' (I) into the
transferable power definition Equation (3.13), the power (in watts) as a function of the

current P(I) is expressed in Equation (3.14), where, V. is the open circuit voltage, I, is

the short circuit current, R is the load.

V()= =7 (1) + Vo (3.11)

Rs = ‘I/ (3.12)

P(I) = Vg)Q (3.13)
V(1 o)

P(I) = 7 (3.14)

Alternatively, the power in terms of voltage P(V') can be revised, with knowledge of

the source impedance Ry highlighted in Equation(3.12), as outlined in Equation (3.15).

()

»

‘/002(1 -

P(V) =

=

(3.15)

In relation to Equations (3.14) and (3.15), with reference to Figures (3.20) and (3.21),
the MPP can be deduced from Equation (3.16), where the load impedance R matches

that of the source R, at an approximate of 50%I,. and 50%V,,..

0.25V,,.2
R

Pras = (3.16)
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Figure 3.21: Normalised I-V and P-V characteristics.

R,
The definition of the power can be further simplified into Equation (3.17) where 7=

x, 0 <z < ooand

= gy where 0 <y < 1, hence 0 < zy < 1. Regression analysis of the

oc

empirical results carried out in MATLAB implies that the relation between the voltage

ratio y (i.e.

: : : . R
) as a function of the impedance ratio z ( i.e. ES) is best expressed by a
oc

decaying exponential of first degree as given in Equation (3.18) and illustrated in Figure

(3.22), where 0 < z < oo.

P(z) = Vol yox(1 — a7)? (3.17)
1
v = 7o (3.18)

The output range of the positive index y(z) in relation to the load impedance R is
outlined in Equation (3.19). Whereby y(x) is 1 at open circuit conditions (V,., z = 0)
but decays exponentially with decreasing load impedance towards the MPP at 0.5 (i.e.
Rs = R, © = 1), or converges to null below the MPP (i.e. R << R;) towards the short

circuit conditions( x — 00 ).
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d
Given the obvious d—(P(x)) = 0 at MPP, the value of x at MPP can be defined in terms of
x
y. Thus, applying first derivative with respect to x into Equation (3.17) leads to Equation
(3.20).
d

d_P(I) - 3‘/;70]scy2 IQ - 4‘/oc[scy T+ ‘/oc[sc (320)
xr

Solving the quadratic equation in Equation(3.20) for z defines = at MPP with respect

to y as in Equation (3.21).
r=— (3.21)
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Given y = 0.5 at the MPP by substituting for x into Equation (3.17), the maximum
power available for harvesting P(z),,,, can therefore be determined from Equation (3.22).

P(z),  ~0.25V,.I, (3.22)

mpp

Thus, based on the conclusions mathematically derived above along with the empirical
observations, the output power of the heuristic model for hydroelectric generator P(z) be-

low, beyond and at the MPP is defined in Equation (3.23) and highlighted in Figure (3.23).
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o ra b
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Figure 3.23: The output of P(x) against current, voltage or xy calculated from normalised
empirical results.

0.25V,e e, at MPP
P(z) = (3.23)

0 < P(z) < 0.25V,.I, otherwise
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3.7.2 MATLAB-Simulink simulation model of a MHPG

MATLAB-Simulink simulations which validates the heuristic model are presented in this
section. Through the use of Simulink, the simulation model was developed systematically
by means of function blocks. A generic block diagram of the hydroelectric turbine gener-
ator in the GUI environment for Simulink software of MATLAB is given in Figure (3.24).
This block was made up of subsystems that are interconnected to simulate the perfor-
mance of a hydroelectric generator. The main inputs are the open circuit voltage V,. and
short circuit current I,.. The output power of the simulation model was monitored on
the scope (XY Graph) relative to z and xy. Similarly, the current-voltage characteristic
(I-V) was observed. Figure (3.25) illustrates a block diagram of the simulation model
subsystems. The realisation of the subsystem y(x) as defined by Equation (3.18) is shown
in Figure (3.26).

MATLAB-Simulink Si ion Model of Hyd: ic Power G
Open Circuit Voltage Voe |\ o
Pix) (&D)
[ Pix)
Short Circuit Current Isc Lsc
v
1
Signal Generator 1
w D)
Signal Generator 2 52 » 52 xy2

1.V Characteristic Scope

P(x) vs x Scope

Figure 3.24: Block diagram of a MHPG MATLAB-Simulink simulation model.
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Figure 3.25: The subsystems of a MHPG MATLAB-Simulink simulation model.

1 g y()=1/(1+x)

1) ':@ Sk v}
Divide

1

cons

Figure 3.26: The internal subsystem of y(x) composed of mathematical function blocks

in MATLAB-Simulink.

The implementation of the hydroelectric MHPG model output power P(z), which is
defined in Equation (3.17), is shown in Figure (3.27). Likewise, Figure (3.28) indicates
the realisation of the I-V characteristics for the MATLAB-Simulink simulation model of

MHPG, interpreted in Equation (3.11).
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Figure 3.27: The MATLAB-Simulink simulation model of a MHPG output power P(z).
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Figure 3.28: The MATLAB-Simulink simulation model of a MHPG I-V characteristics.

3.7.2.1 Modelling the characteristics of a 1.8W MHPG

The simulation results based on the characteristics parameters of the 1.8W micro-hydro
generator examined in Section (3.4.1) are illustrated in Figure (3.29)and Figure (3.30).

Figure (3.29) is a great indication of the satisfactory modelling of the output power of
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the hydroelectric generator whereby, as outlined in Equation(3.23), the MPP is ~ 25% of
the product V,c and I (i.e. 0.25(44.99V)(0.165A) in this case) which coincides with 50%
of zy. It is worth noting that the results in Figure (3.30) further validate the simulation
model, confirming that maximum power is available when the load impedance matches

that of the source, defined mainly from its characteristic parameters I, V..
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Figure 3.29: The output power of the MATLAB-Simulink simulation modelling of the
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Figure 3.30: The output power of the MATLAB-Simulink simulation modelling of the

1.8W MHPG at the maximum flow rate against x, , where x = %
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Figure 3.31: The I-V characteristic of the MATLAB-Simulink simulation modelling of the
1.8W MHPG at the maximum flow rate.

3.7.2.2 Modelling the characteristics of the 4W optimised 2x2 serial/parallel

arrangement of 4 MHPGs

In addition, the simulation was replicated using the characteristic parameters of the op-
timised 2x2 serial/parallel arrangement of 4 MHPGs investigated in Section(3.4.2) in two
scenarios: maximum and minimum flow rate. As expected the results were in complete
agreement with the empirical observations reported in Section (3.4.2). This is evident
through the illustrations of the linear I-V characteristics of the modelled hydro generator
at different flow rates presented in Figure (3.32) and Figure (3.33). These simulations
highlight a great illustration of the hydro generator’s ohmic characteristic impedance.
In validating the proposed hydropower generator model, the parabolic power-resistance
(P-R) characteristic curve is pronounced in the simulation results of P(x) in relation to
the resistive ratio x captured in Figure (3.34) and Figure (3.35). The fact that the model
simulates the maximum power available for harvesting when the load impedance coincides

with that of the source strongly validates the proposed model.

65



Chapter 3. Empirical Investigation and Modelling of Hydroelectric Power Generators
Characteristics Impedance

0.3 T T T T

0.25 i

0.2+ .

0.15 - -

Current (A)

0.1+ 4

0.05 - i

0 1 | | | 1 |
0 10 20 30 40 50 60 70

Voltage (V)

Figure 3.32: The I-V characteristics of the MATLAB-Simulink simulation modelling of
the 4W optimised 2x2 serial /parallel arrangement of 4 MHPGs at the maximum flow rate.
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Figure 3.33: The I-V characteristic of the MATLAB-Simulink simulation modelling of the
AW optimised 2x2 serial/parallel arrangement of 4 MHPGs at the minimum flow rate.
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Figure 3.34: The output power of the MATLAB-Simulink simulation modelling of the 4W

optimised 2x2 serial/parallel arrangement of 4 MHPGs at the maximum flow rate against
R

x , where r = 2.
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Figure 3.35: The output power of the MATLAB-Simulink simulation modelling of the 4W

optimised 2x2 serial/parallel arrangement of 4 MHPGs against = at the minimum flow
Rs

rate, where r = .

Also, the illustrations in Figure (3.36) and Figure (3.37) show a satisfactory approxi-
mate to the relation between the MPP and Ry, V. and I, (defined by xy ), which simulates

the generation of the maximum power at R = R, , V = 50%V,. and I = 50%I,..
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Figure 3.36: The output power of the MATLAB-Simulink simulation modelling of the 4W
optimised 2x2 serial /parallel arrangement of 4 MHPGs at the maximum flow rate against
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Figure 3.37: The output power of the MATLAB-Simulink simulation modelling of the 4W
optimised 2x2 serial /parallel arrangement of 4 MHPGs at the minimum flow rate against

P X — Rs
zy(z), where zy(z) = ;7= and z = 3.

In general, the simulation results of the hydroelectric power generator are well sub-
stantiated by the empirical findings reported in this chapter. The noteworthy alignment
between the empirical and the simulation outcomes emphasizes the validity of the novel
hydroelectric generator model. Further, this could have an great role in hydropower

systems simulation analysis.

68



Chapter 3. Empirical Investigation and Modelling of Hydroelectric Power Generators
Characteristics Impedance

3.8 Conclusion

In this chapter insight into the electrical characteristics of MHPGs has been demon-
strated. The design of an intelligent low-cost, with high power, speed-controlled pump
hydropower emulator prototype was detailed in section (3.3.1). The indoor, built-in-
house, hydroelectric power emulator facilitated the investigation of MHPGs within an
autonomously-controlled test environment.

Empirical results reported for the first time in this chapter introduced a new under-
standing of MHPG properties. Arguably, the most useful is the observation of constant
ohmic source impedance in these generators. A second major finding concerned the vari-
able multi-flow correlation between the voltage and current at the MPP, which coincides
with 50% V.. and 50% I,.. The MATLAB-Simulink simulation carried out validated the
proposed heuristic model and concurred very well with the experimental observations.
These novel heuristic MHPG models are expected to assist with emerging hydropower

generation strategies.

69



Chapter 4

The Seesaw Maximum Power Point
Optimisation for Hydropower

Systems

4.1 Introduction

It was demonstrated in Chapter 3 that a MHPG has a constant characteristic impedance
which exhibits linear I-V characteristics, despite varying water flow. However, its MPP
and corresponding V), and I,,,,, vary with water flow rate. While the flow rate sets
the limits of the maximum power available from the MHPG, the loaded voltage deter-
mines the actual amount of power delivered. Thus for maximum utilisation efficiency, it
is important to match the hydro generator to the load such that the equilibrium oper-
ating point coincides with the MPP of the generator source under various atmospheric
conditions.

The literature reviewed in Chapter 2 highlighted the need to improve MPPT control
for hydropower systems [44]. The demonstrated system linearity offers promising oppor-

tunities for improved, more efficient MPPT. That is because the matching between hydro
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generated power and rated hydropower is a function of the generator voltage only. The
fact that good quality measurement of the voltage signal is more feasible compared to the
current measurement [114], makes the former a prominent feature of HPCSs. Obviously,
the changing water flow causes the hydro generator current to vary dramatically. Thus,
using the current as a reference would require the controller to rapidly track the opera-
tion from zero to the short-circuit current point. As a result, the transient response of
the MPPT controller in relation to the rapidly changing current can drive the generator
towards its saturation point (i.e. I,.). This could result into a sudden voltage drop, hence
power loss, and could eventually damage the generator.

The linear dependency between the MHPG V,,,,, and V,. (i.e. Vppp = 50%V,.) high-
lights the potential in maximising HPC extraction through means of a constant voltage
optimisation mechanism. However, positive feedback constant voltage MPPTs have been
considered previously [115-119]. The examples in [116,117] require prior knowledge of the
open circuit voltage obtained from pilot measurement. Improved versions in [118,119],
employ microprocessors-controlled MPPT, adding to the system cost and complexity and
are only feasible at high power levels.

Conventionally, direct, indirect, or classical numerical MPPT methods are based on
the generator power characteristics. This requires additional mathematical operation,
prior knowledge of the initial conditions and involves iterative calculations. These control
conditions are not usually satisfied in practice which causes the system to oscillate around
the MPP leading to significant power loss. Current-voltage MPPT was introduced in [120]
to enhance the controller complexity only estimated the MPP. Similarly, the example
in [121] failed to deliver maximum extracted power to the load.

This chapter presents a low-cost, simple analogue MPPT controller independent of the
system model which continuously tracks the MPP under varying operational conditions

(i.e. flow rate). The innovative controller is based on the I-V characteristics of the power
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system. It utilises a buck-boost converter to transform the load impedance to that of the
source through a positive feedback mechanism on the load-side to achieve maximum power
operation. The subsequent sections detail the principles of the operation, implementations

and experimental results.

4.2 The Seesaw MPPT operation principles

This section describes the operation of the proposed MPPT controller. In its basic form,
the controller incorporates positive feedback in conjunction with current-mode control.
The theory proposed here renews interest in the applications of the well-known feed-
forward control mechanism. The name Seesaw is given by the author of this thesis which
reflects on the mechanism of the controller as being similar to that of the seesaw fun game
(also known as a teeter-totter or teeterboard).

The advantages of using current-mode controlled DC-DC converter, whereby the con-
verter is controlled to perform as a current source with a single-pole transfer function
and output current control, are well known [122]. Positive-feedback control for MPPT
optimisers have been considered for PV systems [123-125]. The control proposed in [124]
requires the measurement of the input voltage and output current parameters. It controls
the current of a current-mode controller to maintain the output voltage at a prescribed
value, involving lengthy computation. A simplified version in [125] introduced feedback
control of the output current only but does not overcome the control dependency on the
generator module. That, alongside the controller response to rapid atmospheric varia-
tions, are major drawbacks.

The low-cost Seesaw MPPT controller presented here is independent of the gener-
ator module. The control of the MPPT optimiser is based on sensing a single output
parameter (i.e. voltage). Considering a battery backup system whereby the MPPT out-

put power is monitored for charge control and protection purposes, this is achieved at no
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additional cost. This along with the utilisation of the I-V characteristics instead of power-
characteristics reduces the control requirements for mathematical operation functions (e.g.
multipliers). The impedance transformation is established through a buck-boost converter

which maximises the power into any given load above or below the MPP.

4.2.1 The Seesaw MPPT control mechanism

In its basic form, the Seesaw controller combines a current-mode-controlled buck-boost
converter with feed-forward of the output voltage to maximise the voltage into the load.
As shown in Figure (4.1) the output voltage V, is fed forward in a positive feedback
mechanism. A feedback control parameter A is obtained from the difference between the

current-mode controller voltage and the load voltage.

Vo
Hydro Vin
Q ¢ Current-mode-controlled
clLeTator Buck-Boost Vier
i Ve Load

! I
A5 X )
Feed- Forward Control

Parameter

Feed-Forward Control Signal

Figure 4.1: Block diagram showing the working principles of the proposed Seesaw MPPT
controller.

The offset voltage initiates the start-up when the input power is applied. The output
voltage (which is a portion of the buck-boost input voltage) increases as a result of feeding
the output voltage forward by means of geometric progression (i.e. Equation (4.1)). The

n-th term of the geometric sequence with an initial value V,,; and a common ratio of r,
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where 7 # 0, is defined in Equation (4.2).

Z ‘/out Tk_l = ‘/outro + ‘/outr1 + ‘/outfr‘2 + ~~~~~ + V;)utrn_l (41)
k=1
‘/outn - outrnil (42)

As n approaches oo, when the absolute value of r is less than one for the series to

converge, the sum of the sequence becomes:

= Vou
> Vourth == forlr| < 1 (4.3)
11—
k=1
It can be seen from Equation (4.3), that the summation of feeding the voltage forward
could be as much as 10%(V,,) for 7 = 0.99. A block diagram of the control system
mechanism is shown in Figure (4.2), where a buffer amplifier is used to feed the output
forward. The voltage gain is given by Equation (4.4) where, the buffer amplifier gain A

is unity and B is the fed-forward voltage.

Y

B

Figure 4.2: Block diagram of the proposed Seesaw MPPT control system mechanism

v, A
G_E_1—AB

(4.4)

From Equation (4.4),where, V; and V, represent the Seesaw input and output voltages,

respectively, the controller gain is infinite when AB > 1. Given that the output of positive
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feedback is to augment changes, even small perturbations result in great change.

As the output voltage V,,; increases towards V/,,,, the current-mode controller input
voltage V;, reduces as a result. Beyond V,,,,, the controller cannot draw any more voltage
into the load (i.e. V;, << V), so the operation point settles at the maximum voltage
Vinpp-

An outline of the proposed Seesaw controller circuit diagram is shown in Figure (4.3).
A buffer amplifier with unity gain is used to feed the output voltage forward. The Zener
diode introduces the offset voltage to initiate the operation. As the controller output
voltage increases with respect to the offset voltage, the load voltage rises accordingly.
The voltage is controlled towards V,,,, beyond which the controller cannot supply any
more voltage. The closed-loop configuration, with the effect of the control parameter A,
controls the feed-forward operation. The control parameter changes polarity and forces the

operation point back to V,,,,. This is achieved by means of managed unstable feedback.

Vout

15V
Hydsopowee Buck-Boost 1
ﬁ Vin ]_:{1 H
Ve M

GND J

Figure 4.3: Outlines of the proposed Seesaw MPPT controller using a buffer amplifier to
feed the output voltage forward.

Zener Diode T O
0.75V

gEU .|7/
- AAA——]
&

The voltage response of the feed-forward can be written as in Equation (4.5), where
vy is the fed-forward voltage, A is the positive feedback control parameter and RC' is the

time constant for the positive feedback.

() = (vp(t) + A)(1 — e@) (4.5)

75



Chapter 4. The Seesaw Maximum Power Point Optimisation for Hydropower Systems

The voltage response as A function of time can be further simplified into Equation

(4.6). The controller response to an impulse function is shown in Figure (4.4). Evidently

the controller response increases rapidly with time, without bound from a finite initial

condition for +A.

vp(t) = Afere — 1)

(4.6)

x 10 Impulse Response
T I
10 — ——Positive control parameter
L)
=
=
g0
<
0 L L |
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Time (seconds)
) (A)

x10%
L]
=
g
<<

-0 —— Negative control ]):«ernut(:r‘\
| | | | I .
0 10 20 30 40 50 60

Time (seconds)
(B)

Figure 4.4: The proposed Seesaw MPPT control system impulse responses over time,
B) non-positive control parameter (—A).

A) positive control parameter (+A).

4.2.2 The utilisation of a buck-boost converter for impedance

transformation

To ensure maximum power is harvested from the generator, the load impedance is trans-

formed to reflect that of the generator by using an intermediate DC-DC converter. A

buck-boost DC-DC converter is selected because it maximizes the power into any given

load above or below the MPP.
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At a steady-state continuous mode operation, the relationship between the converter
equivalent input impedance R;, as seen by the MHPG and the load impedance R; with
respect to the buck-boost input Vj,, and output voltage V,,; is given in Equation (4.7),
whereby the relation between the generator voltage V;, and the converter output voltage

Vout, governed by the duty cycle D, is given in Equation (4.8).

DC-DC Converter

|
<> i I/out
! - Buck Boost
RS 1 I/IH RL
i
|

Figure 4.5: Outlines of the impedance transformation through a buck-boost converter.

Vin 2
R;, = R 4.7
(Vout) L (4.7)

‘/out D
— 4.8
v, (1D 48)

Equation (4.7) shows that for a given load resistance, the equivalent impedance de-
pends greatly on the converter output voltage. Thus, by controlling the output voltage
V,ut, and hence R;,, the load impedance can be transformed to reflect that of the source.

The process of the load impedance transformation Ry is defined in Equation (4.9).

;

R,, at MPP

RL - 0 S RL < R57 V:)ut >> V;n (49)

Rs < RL S o0, ‘/out << ‘/m

\

The equivalent impedance is therefore a continuous function of the duty cycle D

ranging from 0 to co. The load impedance R can then be transformed from either low
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or high impedance to Rs. This guarantees that under any operational conditions the
controller coincides with the MPP. The control range of the equivalent impedance R;, for

the load impedance transformation is shown in Figure (4.6).

Iin |AY
—> Buck-boost control of Ry
1
5> 0
i 1 1
D=1 = =
— Ry R,
<
S’
+
g L
-
—
=
O
Logp [ =772 ’
1
i
L
: =0
Vmpp \foc \fvm
Voltage (V)

Figure 4.6: The buck-boost converter load impedance transformation control range of the
equivalent impedance R;, in relation to the generator I-V characteristics.

4.2.3 Principles of the output parameters control method

MPPT controllers that optimise the generated power on the supply side (as shown in
Figure 4.7) fail in delivering maximum harvested power to the load. This is due to power
losses at the power conversion stage. For maximum utilisation efficiency, it is therefore
important to ensure that most power extracted from the supply is delivered to the load.
This has made it important to investigate the use of load parameters instead, whereby
the power is optimised into the load. A study on using single output parameter MPPT
control reported improved efficiency [19]. The major drawback of the load-side MPPT
developed in [16] was that the load power was proportional to its current. That led
to maximising the load current rather than the generator power. Similarly load-voltage
MPPTs presented in [21,22] were based on the power characteristics, involving an iterative

process to calculate the instantaneous power, increasing the controller complexity and
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tracking time.

Hydro

N
Generator

Buck-Boost DC Load
DC-DC

A

Voltage sensor
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\
N
1

MPPT

controller Control signal

Figure 4.7: Block diagram of the conventional source-side MPPT method.

»Hydro m Buck-Boost Power DC Load
Generator DC-DC =

A

Voltage sensor

Control signal MPPT

controller

Figure 4.8: Block diagram of the proposed load-side MPPT method.

The MPPT proposed here is based on load-side MPP optimisation as shown in Figure
(4.8), whereby power of the intermediate stage (DC to DC converter) is maximised into
any given load. This approach enhances the system efficiency because optimum power
delivery from the supply through the intermediate power converter stage to the load is
guaranteed. Only a single sensor is therefore required to monitor the load voltage. The
utilisation of the generator I-V characteristic eliminates the need for additional operational

circuitry to calculate the power, which improves the controller tracking response.
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4.3 Experimental implementation of the Seesaw MPPT

4.3.1 The overall layout of the Seesaw implementation

Figure (4.9) shows the implementation of the controller. The main components of the
experimental set-up are the off-the-shelf 4-32 to 0.8-32V, DC-to-DC buck-boost non-
inverting converter and the indoor automated hydropower emulator. A buck-boost was
used in a current-mode control with the current set at its maximum. That matches the
hydro generator module internal impedance to any given load. To maximise the voltage
into the load, the output of the current-mode-controlled buck-boost converter was con-
trolled by the Seesaw MPPT controller. A USB-voltmeter was used to observe the load
and the converter input voltages. Here, a 50 V, 1.8 W MHPG was incorporated into the

hydropower emulator (detailed previously in section 3.3.1).

% USB-voltmeter USB-voltmeter ‘V

Buck-boost converter
50 V., 1.8W impulse MHPG

Feed-forward controlling
parameter

Hydropower emulator

l, ,,,,,,,,,,,,,,,, = 4-32 V to 0.8-32V
i I E N Vint Vout
| () | _ _
! R | ‘ ‘ R
! i Vin - Ve } }
L] GND | |
i i
B | |

Figure 4.9: The layout of the Seesaw MPPT controller implementation.
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4.3.2 Main components specifications

This section reports on the specifications of the main components. These are gathered
from practical testing carried out in the laboratory and incorporated into the hydropower

emulator introduced previously in section (3.3.1).

4.3.2.1 A 1.8 W impulse MHPG

The specifications of the MHPG used in this experiment are tabulated in Table (4.1). The
[-V and P-V characteristics incorporated in the hydropower emulator at the maximum

flow are shown in Figure (4.10).

Table 4.1: The characteristics of the 1.8W MHPGs at the maximum flow rate.

Figure 4.10: The MHPG I-V and P-V characteristics at the maximum water flow.

MHPG Voltage (V)
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Open Circuit Voltage V. 445V
Maximum Power Point P, 1.8 W
Voltage at Maximum Power Point Vyypp 22V
Characteristic Impedance R, 270 Q
0.18 T 2
SV
—P-V
06T /..—-"\ ® MPP |18
yd . i
0.14 //’ 1.6
< i AN 1 E
< oazt i ‘\ 5
45 l_/' kN 1.2 B
£ 01 7 3 ™
S g ) 1z
0.08 |- g &
2 /'/ 408 2
g 0.06 / \ ©
.00 - 'l N
= / N 0.6 %3
o0af loa =
,I'
.02} / 02
10 15 20 25 30 35 40 5



Chapter 4. The Seesaw Maximum Power Point Optimisation for Hydropower Systems

4.3.2.2 8A automatic buck-boost converter

The buck-boost converter transfers the power to the load above and below the supplied
source voltage. It provides control of the current as well as voltage through built-in po-
tentiometers. By adjusting the current potentiometer, the current was set at a maximum
for current-mode operation. The power characteristic curve as a function of the duty
cycle of the converter incorporated into the hydro power emulator at a resistive load of
25 Q was obtained at the maximum flow rate as in Figure (4.11). The output power of
the converters in relation to its input and output voltages was also found as captured
in Figure (4.12). The MPP measured is indicated in red. It is worth mentioning that a

portion of the generated hydropower is dissipated through the conversion stage.

-@- Pout(D)
e MPP

W)

Output power of buck-boost converter (
T

L I I L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Duty Cycle (D)

Figure 4.11: The buck-boost output power against the duty cycle at the maximum water
flow.

From Figures (4.11) and (4.12), it can be seen that the output power of the buck-boost
converter increased with decreasing input voltage, towards the MPP. It is noticeable that
below the MPP the converter’s input to output voltage ratio dropped towards zero. That

indicates that the converter has supplied most of the available voltage from the source.
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Figure 4.12: The experimental output power of the buck-boost in relation to the converter
input V;, and output voltage V,,; at the maximum water flow.

The MHPG’s equivalent resistance in ohms (given by Equation 4.7) in relation to the

Vin . R
converter output power, measured at the load, and is shown in Figure (4.13). The
out

MPP transferred to the load is indicated in red.
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Figure 4.13: The buck-boost output power in relation to the converter input V;, and
output voltage V,,; at the maximum water flow.
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From these findings shown in Figure (4.13) considering the P-R curve, the buck-
boost converter transformed the load impedance (25 €2) to that of the MHPG (270 Q) at
the MPP. Increasing the output voltage has transformed the operation point towards the
equilibrium point. That indicates a decrease in the input voltage so that the converter can
no longer supply any more voltage beyond V,,,,. Thus, the operational point converged to
the neighbouring point around the MPP. That is the main feature of using a buck-boost

converter in current-mode configuration for the proposed Seesaw MPPT optimiser.

4.3.3 Empirical results of the Seesaw MPPT optimiser

This section reports the empirical findings of the Seesaw controllers conducted on the lab-
oratory hydraulic emulator. A resistive load of (502) was used as a load. Figure (4.14)
shows the measurement of the overall operation of the load impedance transformation
to Ry in relation to the Seesaw input-to-output voltage at the maximum flow rate. The
output power at the load in corresponding to the load impedance transformation was
calculated and is shown in Figure (4.15) against time. The main control parameters mea-
surements that govern the impedance transformation, V;,, and V,,; are captured against
time in Figure (4.16). It is worth mentioning that the time steps are used as to illustrate

the operation process. The measurements were collected through USB multi-meters.
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Figure 4.14: The experimental results of the equivalent impedance transformation in

relation to the Seesaw controller input-to-output voltage “//—“t at the maximum flow rate.

4.3.3.1 Load impedance transformations at different flow rates

This section reports the results of the load impedance transformation and MPPT control
at various flow rates. From Figure (4.14) it can be seen that the equivalent impedance
seen by the MHPG was transformed to R, by controlling the buck-boost’s output voltage
in relation to the MHPG output power. Figures (4.15) and (4.16) provide more insight
into the controlling process. The load transformation and the resulted load power over
time were measured and captured in Figure (4.15). Similarly, Figure (4.16) shows the
Seesaw control of the operational point from the maximum available voltage V. towards
Vipp as a function of time. That was achieved by feeding the output voltage forward
which in turn increased the load voltage. As the load voltage approached V,,,, at the
MPP, the load impedance was then transformed towards that of the MHPG (270€2), at
which the generator had supplied most of its available voltage. The load voltage dropped
by 5mV below V,,,,. The operation was then automatically corrected back to V,,, at
MPP. The principles were proved at different flow rates as shown in Figures (4.17) , (4.18)
,(4.19) and (4.20).
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Figure 4.15: The experimental results of transforming the load equivalent impedance and
the corresponding output power against time at the maximum flow rate ;.
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Figure 4.18: The experimental results of the Seesaw MPPT controller input and output
voltages against time at a flow rate of Qa, Q2 < J1.
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Figure 4.19: The experimental results of transforming the load equivalent impedance and
the corresponding output power against time at the minimum flow rate.
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Figure 4.20: The experimental results of the Seesaw MPPT controller input and output
voltages against time at the minimum flow rate.
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4.3.3.2 Seesaw control operation at different power levels

The previous section reported results of the proposed Seesaw controller in tracking the
MPP at various water flow rates individually. This section reports the results on MPPT
when the operational point changes with changing power levels (i.e. varying flow rate). It

presents the results on tracking the MPP from higher to lower power levels and vice versa.

Figure(4.21) shows the output power of the Seesaw controller when the water flow
rate changed from a higher level )1 to a lower level (), against the controller’s output-to-
input voltage ratio. The findings demonstrate the controller tracking of the MPPs under
changing operational conditions. Initially, the operational point was controlled towards
the MPP available at flow rate of )y (indicated in Figure (4.21) as point A). Following a
sudden decrease to a flow rate of ()3, the output power decreased (point B). The controller
successfully tracked the MPP available at ()3 (point C). Figures (4.22) and (4.23) further

show the corresponding controlling process in terms of the load voltage and impedance.
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Figure 4.21: The Seesaw MPPT controller output power at a low flow rate of ()5 from a
higher flow rate of Q1 (@1 > @)2) as a function of the controller output-to-input voltage.
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Figure 4.22: The controller input and output voltages in responding to the MPPT control
operation at a flow rate of ()2 from a higher flow of @; (@1 > Q2) against time.
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Figure 4.23: The controller output power and input equivalent impedance in responding
to the MPPT control operation at a flow rate of ()3 from a higher flow at Q1 (Q1 > Q2)
against time.
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From Figures (4.22) and (4.23), region A indicates when the output voltage was ini-
tially controlled at V;,,, relative to the M PPFy,. However, a sudden decrease in the flow
rate to () resulted in a drastic drop in V,,, hence P, (region B in Figure (4.22)). In
response to that, the controller tracked M PPy, by increasing V,,; towards V,,,, relative
to MPPg,. The power delivered to the load raised accordingly (beyond region B). The
operational point was then matched to the M PFy,, when the controller input impedance
reduced to R; (i.e. 27092) (region C).

As well as, the Seesaw tracking control of the MPP from a low to a higher water flow
levels was validated and captured by the findings in Figure (4.24). In this example, the
MPP was tracked from a low power level MM Py, to a higher power level M M Fy,. That
was achieved by feeding the output voltage forward, which led to increasing the load
voltage towards V,,,,. Ultimately, the operational point coincided with MM Py, when

the load impedance was transformed to R (region C in Figure(4.26)).
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Figure 4.24: The Seesaw MPPT controller output power at a high flow rate (); from a
lower flow rate of @y (Q1 > @Q)2) as a function of the controller output-to-input voltage.

The Seesaw controller tracking process of the MPP when the power increased from
a low level at 2 to a higher level at @), is further illustrated by findings captured in

Figures (4.25) and (4.26). Whereas Figure (4.25) shows the controller input and output

91



Chapter 4. The Seesaw Maximum Power Point Optimisation for Hydropower Systems

voltage during the process as a function of time, Figure (4.26) reports the corresponding

load power and equivalent impedance.
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against time.
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4.3.3.3 Seesaw for battery charging control

As well as MPPT control, the proposed controller features load power regulation. This is
made possible by the load-side, constant-voltage control mechanism here, the controller
can set a limit to the voltage, and hence the electrical current, drawn to the load. This
can have an effective role in battery charging regulation applications. Thus, the proposed
controller can as well match the battery’s voltage to that of the generator through the
same principles explained earlier in this chapter for the load impedance transformation.
That offers a means of overcharging protection achieved by controlling the battery to be
charged within its maximum capacity.

Figure (4.27) shows the output current and voltage in relation to the input voltage
when the controller was set to regulate the charging voltage to 4 V. Similarly, findings
captured in Figure (4.28) resulted from regulating the output voltage at a lower level
(2V(0.079A)). It is worth mentioning that for health and safety concerns a resistive load
was use to prove the principles.

The results demonstrate the controller regulation of the output parameters (I,,; and
Vout) over a wide range of input voltages. Whereas, for a maximum charging voltage of
Ve,... the output voltage V,,; regulation range with respect to the input voltage V;, is
given by Equation (4.10), the output current I,,; control for a maximum charging current

of I, .. can be written as in Equation (4.11).

0 < Vour(Vin) < Vepun (4.10)

0 < Lw(Vin) < I, (4.11)

93



Chapter 4. The Seesaw Maximum Power Point Optimisation for Hydropower Systems

1(‘0-l16 ________  E—— ST ————— 4.5
smax /
__________ . ;/./__-_________-——————-1——--——«—mn—lﬂ-———————-4vomix
0.14 - a\’H
° -13.5
%ol | I =
N - “
y
o d o5 &
; 0.1 l‘ G
A= o
O J >
+ ’ -2 -
i i =
= '] -&‘
= 0.08 [ 1.5 %
o g o
. -1
0.06 ]
—o—1,, (V) |H0.5
ai®
Vo, <Vm)
0.04 I I I I I 0
0 5 10 15 20 25 30

Input Voltage (V)

Figure 4.27: The regulator output current and voltage as a function of the input voltage
resulting from regulating the load voltage to 4V.
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Having reported on the controlling mechanism for load voltage regulation, a testing
trial for a battery charge was conducted. Findings in Figure (4.29) report the input and
output voltages when Vi =~ = 3.073 against time. The output voltage regulation with
respect to Vi, .. is in indicated in the figure. Also, the output current regulation was also
investigated in a different charging scenario and shown in Figure (4.30). In both cases

the controller demonstrated control of both voltage and current load.
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Figure 4.29: The empirical results of the output voltage regulation in relation to V¢, .
and the corresponding input voltage against time.
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4.4 Conclusion

This chapter presented a novel constant-voltage load-side MPPT controller based on I-
V characteristics of the source generator. The chapter began by detailing the opera-
tional principles of the proposed Seesaw MPPT optimising controller. In particular, the
feed-forward mechanism under current-mode control operation for optimal operation was
studied.

Also, the control system design was discussed. That included: the utilisation of the
[-V characteristic instead of the power-characteristic, traditionally used, which reduced
the control complexity; the study of the impedance transformation through a buck-boost
converter which maximised the power into any given load; and the use of output param-
eters that enhanced power conversion efficiency whereby optimum power delivery from
the supply to the load was guaranteed. The proposed MPPT presented here tracked the
MPP under various weather conditions.

As well as MPPT, the Seesaw controller offers constant output voltage regulation.
That is done through matching the load’s voltage (i.e. battery) to that of the generator
using the same principles as for the load impedance transformation. That offers the means
of overcharging protection, achieved by controlling the battery to be charged within its

maximum capacity.
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Chapter 5

Investigation of Water Micro

Leakage Detection

5.1 Introduction

It is evident from reported literature that water losses from residences could account for
a significant portion of the water supply. In the UK, between 7.6 m? and 76 m? of water
is lost in each residence annually through leaks [86]. However, studies of water leakage
at the domestic level have been limited. Identification of large flow rate leaks (e.g. litres
per minute (L/min.) with floods or bursts) through the analysis of the household water
consumption is already available. In contrast, micro-leak losses (i.e. milliletres per minute
(mL/min.)) might seem insignificant but temporal and geographic aggregation leakage
water ultimately leads to major water loss. This, alongside increasing awareness of water
quality and resource protection mandates further investigation of micro-leak detection
systems.

This chapter reports a novel water micro-leak detection measurement system which
features the new technique of shunt measurement using a very sensitive ultrasonic flowme-

ter to analyse different leak scenarios. The micro-leak detection system is completely
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autonomous as it employs a USB-powered voltmeter, flowmeter and switches. The au-
tonomous water flow meter is self-powered through the 2x2 arrangement of MHPGs pre-
sented in section (3.4.2). This is remotely controlled which ensures large-scale data col-
lection and system control across the globe. In order to test and investigate the system
within a laboratory environment, it was incorporated in an intelligent low-cost hydropower
emulator, which is detailed in section (3.3.1). Different household water consumption pat-
terns are emulated. Unlike conventional leak detection systems, the automated system
presented here is highly sensitive. Findings from practical experiments detected leaks of
just 1 mL/min without impeding main flow. A completely new wavelet analysis for the
flowmeter measurements was then derived so as to detect the isolated micro-leak events
by removing undesirable background noise. This system detects the water leaks on any
scale, anywhere in the world. This feature is beyond the reach of the usual complex

conventional detection methods.

5.2 Principles of shunt measurement in the hydraulic
analogy

A shunt is an element that is employed in an electrical circuit to redirect the current
flow. The diversity of shunt applications in electronics ranges from current measurement,
electrical noise bypassing, to over-voltage protection. In electrical current measurement, a
shunt resistor is used to create low resistance path, whereby the circuit is interrupted and
the interruption is bypassed by the measuring instrument. Analogies between electrical
current and water flow imply a potential applicability in fluid dynamics. A shunt water
flow measurement method is therefore proposed, whereby a shunt flow meter is placed in
parallel with the main water meter creating an alternative fluid pathway. This has a large

resistance to flow which enables micro flow rates to be detected. Thus, such a bypass
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allows all of the water flow to travel through the main flow meter and dose not disturb
the water flow. In other words, when water is been consumed in the house the flow will
be measured through the main meter. However, in the event of a water leakage and when
no water is been consumed, the leakage flow signals travel through the large resistance

path.

Water meter Rihunt
Water main @ () ‘
[ 1| s Load
} Shunt flow meter | i [ ‘ Current ﬂOW
| . | |
I e | 3
L ——_ ‘_Oi _____ | ! l
Large resistance path :L?gvﬁxge L

Figure 5.1: Block diagram of the proposed shunt measurement for water flow rate signals.

Figure (5.1) illustrates the electrical analogy of the shunt measurement system. The
nature of the analogy developed an understanding of the quantities in an electric circuit,
whereby the volume flow rate in litres/min is analogous to the electric current flow in
amperes. Similarly, a battery is analogous to a pump in hydraulics; a pump drives the
water at low pressure and ejects it at high pressure in the same way the battery takes the
charge at low voltages and ejects it at high voltages. The addition of the large resistance
path, flow meter in this case, allows small flow rates to go through the shunt device. The
fact that the ultrasonic flow meter neither impedes the pressure nor the flow of the water
made it a good choice for the proposed leakage measurement system.

A highly ultrasonic flow meter was used in this application, other sensors can serve
of course. This feature of the measurement configuration makes it possible to detect any

flow, including leakages.
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5.3 Principles of wavelet threshold de-noising

Signal noise reduction is an attractive feature of wavelet transform. The key in signal
de-noising lies in the suppression of unwanted noise while recovering the original data.
A signal contaminated with noise can be expressed as in Equation (5.1), where z(t)
represents signal (i.e. low frequency characteristics) and e(t) defines the noise (i.e. high

frequency characteristics).
S(t) = x(t) + e(t), t=0,1,....n—1. (5.1)

In its basic form the de-noising process includes thresholding of the high frequency coeffi-
cients of the wavelet transform to eliminate the high frequency coefficients and restrain the
undesired complements of the original signal [126]. The de-noised signal is then acquired
through wavelet reconstruction. Due to the high sensitivity of the flow meter, micro
signals are likely to contain noise components. The process proceeds in three stages,

namely:

e Decomposition
Firstly, the wavelet and the decomposition level are chosen. The wavelet decompo-
sition at level ‘N’ is then computed. Generally, decomposition levels between 2-5
are arbitrarily selected [127]. This is determined through visual inspection of the

details and approximation components.

e Thresholding
At this stage a threshold for each level is selected to eliminate high frequency coeffi-

cients (i.e. de-noise). The universal threshold Ty is given in Equation (5.2) [128].

TUV = (\/210gn)0 (52)

100



Chapter 5. Investigation of Water Micro Leakage Detection

where n is the number of data points and ¢ is an estimate of the noise level. The

guaranteed noise-free reconstruction is the main feature of this method.

e Reconstruction
This includes computing the wavelet reconstruction based on the original approxi-

mation coefficients of level ‘N’.

5.4 QOutlines of the water monitoring system

This section reports on the practical implementation of the proposed micro leakage detec-
tion method. It presents empirical results obtained from testing the shunt measurement
on the laboratory hydraulic emulator detailed previously in section (3.3.1); these findings
are published in [24]. The water monitoring system prototype is shown in Figure (5.2). A
high-flow rate sensing was established through the optimised set of MHPGs. An off-the-
shelf hall-effect water sensor was used to sense the high-flow rate. The flow rate signals
were monitored through an Mbed microcontroller. The use of ultrasonic (mL/min) sensor

in parallel allowed micro-leaks to be detected.

5.4.1 Implementation and results of the self-powered water flow

sensor

This section highlights the implementation of the autonomous water flow meter powered
by MHPGs. The specifications of the sensor are listed in Table (5.1). The SeeedStudio
water flow sensor was powered by the optimised 2x2 arrangement of MHPGs in the house
inlet. The power characteristics of the optimised configuration are previously detailed in
section (3.4.2). The flow signals were observed using an Mbed microcontroller allowing

remote flow measurement.
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Figure 5.2: Overview of the remotely accessed automated water monitoring system pro-
totype

Table 5.1: Specifications of the SeeedStudio water flow sensor

Parameter Value

Flow rate range 2 to 60 L/min
Operating temperature range | 0 to 80 °C'
Operating voltage 5-24 'V

Maximum current 15mA
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The relationship between the frequency and the flow rate is given in Equation (5.3).

An outline of the autonomous water flow sensing is shown in Figure (5.3).

F=175Q, (5.3)

where F is the frequency in Hz and @, is the flow rate in L/min.

. I .
4W into 330 Ohm (35 VDC) 1875 V to 15V 2-60 L/min
DC-DC JUL
MHPGs Converter @ Mbed
Flow rate sensor |

Electrical Connection
USB Connection
— . —  Oscilloscope Probe Connection

Figure 5.3: Outlines of the water low measurements through MHPGs.

The flow signals were measured through an Mbed controller and observed on the
oscilloscope at various flow rates @,, Q1>@Q2>Q3 as shown in Figures (5.4), (5.5) and

(5.6), respectively.
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Figure 5.4: Flow rate signals measured through MHPGs at (); of ~ 11 L/min as observed
on the oscilloscope.
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Figure 5.5: Flow rate signals measured through MHPGs at )2 of ~ 2 L/min as observed

on the oscilloscope.
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Figure 5.6: Flow rate signals measured through MHPGs at @3 of ~ 0.8 L./min as observed

on the oscilloscope.

5.4.2 Implementation and results of the shunt measurement for

micro-leakage detection

This section reports on the shunt measurement for leakage detection established through

the addition of a sensitive flow meter in parallel with an autonomous meter. The state

of the art of the proposed leakage detection system lies in the use of shunt measurement
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across the mains water supply.
sensitive ultrasonic flow meter (ImL/min). The Atrato low-flow ultrasonic meter can
monitor flow over a range of 200 : 1 with accuracy better than +1.5%. Also, it is USB-
powered and features real-time monitoring and data logging of various parameters such
as water flow rate and the total measured water. Figure (5.7) outlines the configuration

of the measurement system. The specifications of the Atrato ultrasonic flow meter are

At its heart, the detection system features a highly

tabulated in Table (5.2). A water tap was used to emulate the water leakage scenarios.

Table 5.2: Specifications of the Atrato ultrasonic flow meter

Parameter Value

Flow rate range 0.002 to 20 L/min
Fluid temperature range | -10 to 60 °C
Accuracy +1.5%

\", Pump

A J

@Vater meter
A

]

1L

Water Tap

Shunt ultrasonie flow
meter
AN

Water Tank

Water Connection
Electrical Connection
USB Connection

Figure 5.7: An outline of the automated shunt measurement for water leakage detection.
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In order to test the performance of the shunt measurement system, water leakage
events were emulated using a water tap as shown in Figure (5.7). The flow rate mea-
surement of water leakage events and the corresponding total accumulated water in litres
over a period of time are shown in Figures(5.8, 5.9, 5.10). The shunt measurement for the
water leakage has proven to be very sensitive. It can be seen that the leaks of 1mL/min
were detected. Considering the total accumulated water in Figure(5.10), such leaks tend
to be visually and audibly unnoticeable. This indicates a low likelihood of them being
detected before they become apparent. Usually a leak is recognised after structural dam-

age has occurred.
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Figure 5.8: Flow rate measured by the shunt flow meter and total accumulated water
from such leakage over a period of time (= 30 minutes).
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Figure 5.9: Flow rate measured by the shunt flow meter and total accumulated water
from such leakage over a period of time (=~ 38.5 minutes).
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Figure 5.10: Flow rate measured by the shunt flow meter and total accumulated water
from such leakage over a period of time (/& 22 minutes).
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5.4.3 De-noising water flow signals of micro flow rates (mL/min)

It is obvious from Figure (5.10) that the signal for the leakage at a micro flow rate
is contaminated with noise which could be misleading in the analysis of micro-leakage.
Thus, the de-noising property of wavelet transform is carried out on the data to eliminate
the noise.

Figure (5.12) shows the approximations and details at 6 levels using the Haar wavelet.
The analysis was carried out using the MATLAB Wavelet Analyzer toolbox. The de-
composition levels were chosen based on experimental trials. A Haar wavelet transform
at level 1 is shown in Figure (5.11). Decomposition at level 6 was observed to be the

optimum level for the investigated data as captured in Figure (5.12).

o0 Decomposition at level 1 :s = al + dl1
7 T T T T T ! |
| J\‘ “'\l If | “ J1
LIS I nnnoonn f I .
I U L . [
oL LLH L{ I_| d | J u ‘_‘ N ‘_“ ”‘F - ﬂ\ | r| n ’_‘rr\__“_‘ rL‘ lﬂ'— . ; H] T " ]wa - -
5 \ \ | \
Tl SRR IR 'UL” 1 JUJ - | [ | L [ i n [ o J", nlrrmn
l | J —‘1 rr U ! H F ” U ‘d HIT lJrﬂl u UJ ‘\7
2l vl I L | | 1
\ \ \ I L \
10 <107 _
_ﬂ\ﬁﬁ‘ ﬂl nJW'\ T T T T T T

O AN b
, Mr“ | J JUJF W j\h ﬁ L[( \ /ﬁ% ﬂl\r Mdkf rmlﬁﬂlﬂfm \\I mj\ﬂu ‘Jﬂf H \

1 11 LN

200 400 600 800 1000 1200

Figure 5.11: The Haar wavelet transform decomposition tree at 1 level. (s) The original
flow rate signal. (A;) A 1- level Haar transform decomposition approximation of the
signal s.  (D;) A 1- level Haar transform decomposition detail of the signal s.
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Figure 5.12: The Haar wavelet transform decomposition tree at 6 levels. (s) The original
flow rate signal. (Ag) The 6-level Haar transform decomposition approximation of the
signal s.  (D,,) The n'"-level Haar transform decomposition detail of the signal s.

Comparing the decomposition detail at level 1 to 6 in Figure (5.12) with that of level
1 in Figure (5.11), it can be seen that the noise contributes a large number of small
magnitude values to the transform of the signal (i.e. Ds). While the transform captures
the original flow signal s , to a high percentage (i.e. full decomposition) with magnitudes
greater than a threshold 7y > 0, the noise signal’s transform values are represented
by magnitudes below a noise threshold T,,, T,, < T,. Therefore, by thresholding the
signal transform the noise can be removed. That was achieved by setting all the signal’s
transform values with magnitude below the noise threshold 7, to 0. A global threshold

was used in this analysis as stated above.
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Figure 5.13: The original flow rate signal and the wavelet de-noised signal by a Haar
wavelet transform.
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Figure 5.14: The original flow rate signal and the wavelet de-noised signal by a Haar
wavelet transform.

Figure (5.13) shows the original signal and de-noised signal with the noise removed

using a Haar wavelet transform for a low flow signal (mL/min). The results of the de-
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noising effect on a flow signal of a higher flow was studied and shown in Figure (5.14).
Overall, the de-noising was effective and the recovered signal had less noisy components.
Among other wavelet transforms, the Haar transform guarantees effective reconstruction
[129]. The conceptually simple wavelet transform offers robust analysis [130].

These analyses allow leaks of micro flow rates to be recognised and measured. Further

pattern recognition analyses can assist in the identification of the leakage origin.

5.5 Conclusion

In this chapter an innovative shunt measurement method for water flow measurement
was presented. The principles of the shunt measurements in the hydraulic analogies were
discussed. Novelty lies in the introduction of a large resistance path which allows small
water flow signals to pass through the shunt device. Highlights of the de-noising property
of wavelet transform were included.

Two features of the water management system were detailed. This includes the im-
plementation and results of a water monitoring prototype which features autonomous
high-flow sensing through MHPGs. Also, the use of a sensitive flow meter in parallel with
the self-powered flow meter ( i.e. shunt configuration) which allowed leaks of micro flow
rates to be detected. Leaks of just 2 mL/minute were detected and the system did not
impede the main flow.

Further, a Haar wavelet analysis was carried out on the flow meter measurements
investigated individual micro-leak events by removing undesirable background noise. In
that, decomposition at level 6 was observed to be the optimum level for the investigated

data.
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Conclusions and Future Work

6.1 Summary and discussion

The performance of power conversion systems under various operational conditions contin-
ues to challenge the efficiency of power control systems. An insight into power conversion
systems properties is imperative. The work described in this thesis was aimed at this
problem while mainly concentrating on microgeneration, MPPT optimisation and the
application of MHPGs. This has been achieved by examining three different MHPGs
incorporated into a prototype residential hydro power emulator and presenting experi-
mental and simulation results. A challenging task in MPPT control optimisation was to
obtain a good trade-off between design cost effectiveness and complexity, and conversion
efficiency. In this regard, a simple but robust feed-forward Seesaw MPPT controller was
proposed to maximise the power into a given load. Knowledge of the interconnections
between MHPG electrical properties and flow dynamics showed a potential application of
hydropower for water management systems.

The study of MHPGs characteristic impedance reported in Chapter 3 was drawn
from examining three different MHPGs within a controlled environment under different

operational conditions. These empirical results introduced a new understanding of MHPG
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properties. Arguably, the most useful was the observation of constant ohmic impedance
in these generators. Constant source impedance was observed for MHPG combinations as
well as for single units. This exhibited a linear system performance regardless of varying
environmental conditions (i.e. flow rate), and explained the interconnections between
MHPG electrical properties and fluid dynamics, owing to the analogy between power
generated from the MHPG and its hydraulic principles. A second major finding concerns
the multi-flow correlation between the voltage and current at MPP, which coincided with
50%V,. and 50%I,.. A novel heuristic model for a hydroelectric power generator was then
described and validated through MATLAB-Simulink simulations. These novel heuristic
MHPG models are expected to assist with emerging hydropower generation strategies.
A new simple, low-cost, model independent analogue MPPT controller based on the
classical theory of feed-forward was presented in Chapter 4. The Seesaw controller com-
bined a current-mode-controlled buck-boost converter to transform the load impedance
to that of the generator through a positive feedback mechanism on the load side for max-
imum power operation. The impedance transformation through a buck-boost DC-DC
converter maximised the power into any given load above or below the MPP. The use
of I-V characteristics reduced the control requirements for mathematical operation func-
tions. Optimising the load power by maximising the output voltage is another novelty of
the Seesaw controller, in that only one sensor was required. The feed-forward control of
the output voltage proved rapid response to varying operational conditions (u seconds).
The theory and design properties of the Seesaw controller were verified experimentally
using an off-the-shelf, DC-DC buck-boost converter and a commercially available 1.8W
impulse MHPG incorporated into a controllable hydropower emulator. The theoretical
predictions and experimental data were in excellent agreement. The experimental results
evaluating the performance of the Seesaw controller under dynamic varying conditions are

given in Chapter 4. It is hoped that the proposed MPPT optimisation method described
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in this thesis will prove valuable in improving power conversion efficiency for HPCSs as
well as other PCSs including PV solar systems.

In addition to the MPPT control, the proposed controller features load power regu-
lation. This was made possible by the load-side, constant-voltage control mechanism, in
which the controller set a limit to the voltage, and hence the electrical current drawn to
the load. This can have an effective role in battery charging regulation applications by
controlling the battery to be charged within its maximum capacity.

An autonomous water flow meter powered through a set of commercially available
MHPGs in the house water inlet was described in Chapter 5. Typically, 4W (into 300 ohm)
was produced by an optimised arrangement of 2x2 15V, IW MHPGs on an intermittent,
battery-backup basis. The flow data of the automated flow meter was delivered into
an Mbed NXPLPC1768 microcontroller and was remotely controlled enabling large-scale
data collection and system control across the globe. The major breakthrough of the water
management system development was the shunt combination of high-flow rate sensing
(via turbines) and a very sensitive ultrasonic sensor in parallel to detect water leakages.
Other types of sensors will serve as well, of course. The remotely controlled, completely
automated system (i.e. USB-powered voltmeter, flowmeter and switches) allowed large-
scale data collection and system control across the globe. This latter feature is beyond the
reach of the complex conventional detection methods. Indeed, the global data collection
and control of water flow rates signals is of paramount importance to water resources
protection.

Findings from the practical experiments reported in Chapter 5 showed that the de-
tection system was highly sensitive (leaks of just 1 mL/min are detectable) and did not
impede the main flow. Wavelet de-noising analysis of flow rate signals using a Haar
wavelet at 6 levels removed undesirable background noise and further enhanced the de-

tection sensitivity. The experimental demonstrations and forensic analysis of water flow
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signals opens up the prospects for improved leakage detection through machine learning

methods.

6.2 Future work

The experimental and theoretical work described in this thesis highlighted both the mer-
its and challenges associated with the analysis of MHPGs power generation and control.

This section presents an account of suggested further experimental work.

Optimum arrangement for MHPGs

An optimum arrangement of 2x2 1W MHPGs examined in Chapter 3 produced 4W which
is enough power to supply a flow meter as reported in Chapter 5. However, the output
power can be further enhanced through a different type of MHPG (1.8W impulse MHPG
presented in section (3.4.1) for instance). Furthermore, even utilisation of the generators
can be achieved using a combinational optimisation tool similar to that proposed in [131]
for PV cells, where, to ensure full energy source utilization, series or parallel combinations
of MHPGs are selected. A future direction would thus be to implement a prototype of
combinational MHPGs evenly utilised through a cyclic optimisation tool where the max-

imum power generated would be optimised through the Seesaw MPPT controller.

Seesaw in solar PV applications

The Seesaw MPPT controller tracked the MPP effectively under varying water flow rates.
An extension to that work would be to examine the controller for PV solar systems un-
der varying insolation levels. The Seesaw controller fast tracking response under rapid
changing operational conditions could have a great role in optimising solar power conver-
sion. The fact that the Seesaw MPPT controller is model independent and maximises

the output power as a function of the output voltage makes MPPT highly feasible for PV
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systems. Although the controller was developed for a low power application, the prin-
ciples apply for higher power levels as well. This would be a significant contribution to
the Seesaw controller, so an investigation in that direction should be conducted through
simulation and experimental studies. Another recommendation would be to investigate
the operation of the Seesaw controller for a hybrid system (that incorporates MHPGs
and solar PV). The feed-forward operation under current-mode control would ensure that
the maximum power available from the sources is extracted regardless of the operational

conditions.

Micro-leakage identification through pattern recognition

The micro-leakage identification problem has not been tackled here. However, the ability
to measure micro-leaks along with flow rate signals as reported in Chapter 5 opens up
the potential for water monitoring analysis through pattern recognition, whereby, using
statistical models the nature of the water event can be predicted with the aid of the
features selection approach. Given the knowledge of the water consumption pattern, the
source of the leak could then be estimated. Given that, research efforts on water con-
sumption pattern recognition has shown great improvement in identifying leakage-free
water consumption patterns [93,98]. Unlike in [132] analysis of leakage-free scenarios
would thus not be a precondition. Moreover, a semi-supervised learning approach could
then be used to easily classify the water leakage patterns. Such analysis can be carried
out on MATLAB. Further, these analyses could pave the way for a highly sensitive leak-
age forecasting system. The automated remote controlled leakage measurement system
could therefore have a significant role in the emulation of different leakage scenarios. The
model can be varied using real life household water consumption patterns. Additionally,
further research will investigate remote monitoring of water consumption and leakage in

agricultural and industrial environments.
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Figure A.1: The Seesaw MPPT printed circuit board.
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N. M. Ramli, S. A. Alarefi, and S. D. Walker, ”Renewable Power and Microgeneration in
Libya: Photovoltaic System Sizing, Wind, Rainfall Potentials and Public Response,” The 6th
International Renewable Energy Congress (IREC), pp. 1-6, IEEE, 2015.

Renewable Power and Microgeneration in Libya: Photovoltaic System Sizing,
Wind, Rainfall Potentials and Public Response

Abstract Renewable generation of electricity within the home has not,
thus far, been a notable technology in Libya. To facilitate better take-up,
the studies presented here estimate the photovoltaic system sizing; wind
and rainfall potentials based on Libyan household energy consumption.
Libyan public awareness of such technologies is also investigated. From a
Libyan electricity consumers perspective, the vital benefits of deploying
microgeneration within a house are to reduce power shortage problems
rather than electricity bills. The paper therefore concludes that the public
has a positive attitude towards the new technology despite the current lack
of provision.
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S. A. Alarefi and S. D. Walker, ”Intelligent Low-Cost Micro-Hydro Power Emulator for Do-
mestic Applications,” The 3" International Renewable and Sustainable Energy Conference (IR-
SEC), pp. 1-5, IEEE, 2015.

Intelligent Low-Cost Micro-Hydro Power Emulator for Domestic Applications

Abstract Microgeneration of hydropower for domestic applications is emerg-
ing as a promising technology. However, the amount of energy that can

be harvested is still modest. The lack of experimental evaluation systems

which emulate the power characteristics of such generators for professional

development and research has challenged the growth of micro-hydropower

generation. This paper describes a laboratory micro-hydropower emula-

tor for research purposes. The core novelty of the system lies in the use of

a 2x2 serial/parallel combination of micro-hydro generators. The system

features hydro generation with electronically-controllable water flow rates

and allows emulation of different household usages.

W. F. Domoney, N. Ramli, S. Alarefi, and S. D.Walker, ”Smart City Solutions to Water Man-
agement Using Self-Powered, Low-Cost, Water Sensors and Apache Spark Data Aggregation,”
The 3™ International Renewable and Sustainable Energy Conference(IRSEC), pp. 1-4, IEEE,
2015.

Smart City Solutions to Water Management Using Self-Powered, Low-Cost,

Water Sensors and Apache Spark Data Aggregation

Abstract We describe a Smart City, self-powered, water monitoring solu-
tion that uses low-cost water turbines. These can generate up to 4 W
electrical power whilst reporting flow rates at UK domestic water pressure
levels. This permits the novel use of stand-alone, remote Apache Spark
Streaming as a distributed alternative to the conventional hierarchical
Smart Grid. A future Smart City will have innovative features such as
high-frequency monitoring of water flows, automated leak detection and
shutdown with no requirement for utility electrical power.

139



Appendix B. Publications and Presentations

S. A. S. Alarefi and S. Walker, ”Innovative Shunt Measurement for Residential Water Micro-
Leakage Detection,” The 8" International Renewable Energy Congress (IREC), pp. 1-6, IEEE,
2017.

Innovative Shunt Measurement for Residential Water Micro-Leakage Detection

Abstract In the UK., between 7.6m3 to 76m? of water is lost annually
in each residence through leaks. In contrast to the ongoing improvement
on water distribution network leakage detection technologies, research on
water leakage at the domestic level has been limited. Identification of
large flow rate leaks (i.e. L/min. with floods or bursts) through the
analysis of the household water consumption is highly feasible. How-
ever, micro-flow rate leaks (i.e. mL/min.) tend to be overlooked and
can therefore waste hundreds of liters of water before detection. This,
alongside increasing awareness of water quality and resource protection,
mandates further investigation of micro-leak detection systems. An inno-
vative micro-leak detection system for domestic applications that utilizes
an ultrasonic flowmeter in a new shunt configuration is proposed. Unlike
conventional water leakage detection systems, the proposed automated
system is highly sensitive (detected leaks of 1 mL/min.) and does not
impede the main flow. The micro-leak detection system is completely au-
tomated as it employs a: USB-powered voltmeter, USB-powered flowme-
ter and USB-powered switches. An elegant feature is that the system is
remotely controlled across the Globe; thus, allowing large-scale data col-
lection and system control. This system circumvents water leaks on any
scale, anywhere in the world. This latter feature is beyond the reach of
the complex conventional detection methods. The de-noising property of
Wavelet transform is carried out on the remotely collected data from the
ultrasonic flowmeter to remove unwanted noise.
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S. A. S. Alarefi and S. Walker, "Empirical Investigation and Simulink-Simulation Modelling
of Hydropower Generator Characteristic Impedance”, accepted for publication at The 19*" In-
ternational Conference on Industrial Technology, IEEE, 2018.

Investigations and Modelling of Hydroelectric Power Generators Characteristics
Impedance

Abstract Research on the electrical characteristics of hydroelectric power
systems has, to our knowledge not received much attention. However,
renewed interest in hydropower microgeneration has created a need to
understand the underlying properties. This paper presents a pioneering
empirical investigation into the electrical characteristics of micro-hydro
power generators (MHPGs). We demonstrate Ohmic characteristic be-
havior in MHPGs with constant source impedance, even with varying
water flow. A novel heuristic model for hydroelectric power generator is
then described and validated through Simulink simulations.
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S. A. S. Alarefi and S. Walker, ”Innovative Shunt Measurement for Residential Water Micro-
Leakage Detection” Poster for the STEM for BRITAIN Competition, House of Commons, Lon-
don, 2017.
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