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Foreword

This doctoral thesis entitled "Modelling, simulation and control of an
isolated pumping system powered by renewable energy sources" is a
synthesis of the theoretical and experimental research activity started by the author
at Aalborg University (Denmark), developed at Bombeatec (Spain) and
completed within the Department of Automation and Applied Informatics of
the Politehnica University Timisoara, Romania.

The scope of the thesis is to reduce the operating expenses of the pumping
systems, by powering them with photovoltaic or wind energy conversion systems,
increasing their energy efficiency, reliability and robustness.

In this sense, the major objectives achieved by this thesis are: the
development and validation of models that describe as precisely as possible the
operation of a high-power pumping system; development and validation of models
of photovoltaic, respectively, energy conversion systems; the integration of these
models for the synthesis, implementation and validation of control strategies for the
correct operation of a high-power isolated pumping system powered by photovoltaic
or wind energy conversion systems.

In this thesis are addressed the issues specific to the field of pumping
systems powered by renewable energy sources.

After a brief review of the state-of-the-art of the research in the field, is
addressed the modelling of an isolated pumping system powered by photovoltaic or
wind energy conversion systems. It has been developed, implemented and validated
the customized control structures for driving the induction motor of a centrifugal
pump at fixed (nominal) speed using a soft starter, and at variable speed, flow,
pressure (pumping head) or power absorption using a variable frequency drive.
Based on these customized control structures, the control strategies of a pumping
system powered by photovoltaic or wind energy conversion systems were developed
and implemented regulating the pumping system power absorption to track the
power produced by the conversion energy system at partial load, and regulating the
pressure (pumping head) according to its reference at full load it. A monitoring
campaign is proposed and implemented to determine the performance of a pumping
system powered by a photovoltaic energy conversion system by recording the
values of the main parameters using a non-intrusive acquisition and storage system.
At the end of the thesis are presented the performances and contributions brought
by the proposed control structures based on the simulations results and
experimental data.

The present work contributes to the European Union strategy regarding the
reduction of greenhouse gas emissions, increase of the renewable energy
consumption share and increase of the energy efficiency.

On this occasion, I address the first thanks with deep gratitude to the Phd
supervisor Prof.Phd.Eng. Octavian PROSTEAN, for accepting me as a PhD
student and for the permanently support, effort, patience and competent guidance
offered during the entire period of the thesis elaboration.
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I express my full consideration towards the members of the doctoral committee,
Mr. President Prof.Phd.Eng. Radu-Emil PRECUP from Politehnica University of
Timisoara, Prof.Phd.Eng. Mihail ABRUDEAN from Technical University of
Cluj-Napoca, Prof.Phd.Eng. Vlad MURESAN from Technical University of Cluj-
Napoca and Prof.Phd.Eng. Ioan FILIP from Politehnica University of
Timisoara who honored my invitation to be part of the thesis analysis committee
and for their assessments about the thesis.

Thanks and gratitude to the General Director of Kintech-Engineering Eng.
Tirso VAZQUEZ, the General Director of Bombeatec Eng. Alejandro SERRANO
and to the colleagues from these companies, for their support provided in the
research activity and for their permission granted in the use of their research
platforms and the data necessary for the experimental validation of the proposed
approaches, without which the thesis could not have this scientific consistency.

I would like to express my warm thanks to the members of the guidance
committee, from the Politehnica University of Timisoara who participated in the
exams, presentations and presented reports, bringing useful observations and
suggestions for the thesis improvement: Assoc.Prof.Phd.Eng. Iosif SZEIDERT,
Assoc.Prof.Phd.Eng. Cristian VASAR and Assoc.Prof.Phd.Eng. Sorin NANU.

I address my respectful thanks to the Rector Assoc.Prof.Phd.Eng. Florin
DRAGAN and to the entire Department of Automation and Applied
Informatics from the Politehnica University of Timisoara, for their warm
welcoming in the team.

I express special considerations to the professors Assoc.Prof.Phd.Eng.
Mohsen SOLTANI and Assoc.Prof.Phd.Eng. Zhenyu YANG for introducing and
sharing their knowledge in power system engineering during my studies at Aalborg
University in Denmark.

Last but not least, I would like to thank my family for their understanding,
patience, constant encouragement and unconditional support offered during the
entire period of the doctoral research program.

The best thoughts of gratitude and thanks go to my father Prof.Phd.Eng. Ilare
BORDEASU for whom there are not enough words to express my gratitude. I only
hope that my actions and professional development confirm the trust and support
given.

Finally, I consider that the current work is of real use for research in the
pumping system industry.

Timisoara, February 2023 Eng. Dorin BORDEASU
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Abstract

In this thesis are addressed the issues specific to the field of
pumping systems (PS) powered by renewable energy sources
(RES). After a brief review of the state-of-the-art of the research
in the field, it is addressed the modelling of an isolated PS
powered by photovoltaic or wind energy conversion systems
(PECS or WECS). It has been developed, implemented and
validated the customized control structures for driving the
induction motor of a centrifugal pump at fixed (nominal) speed
using a soft starter, and at variable speed, variable discharge
(flow rate), variable pressure (pumping head) or variable power
absorption using a variable frequency drive. Based on these
customized control structures, the control strategies of a PS
powered by PECS or WECS were developed and implemented for
driving the PS so that its absorbed power tracks the power
produced by the PECS or WECS at partial load and controls the
pressure (pumping head) of the PS according to its reference at
full load. A monitoring system is developed and implemented to
determine the performance of a PS powered by a PECS that
measures and stores the transducers values using a non-intrusive
acquisition and logging system. At the end of the thesis, the
performances and contributions brought by the proposed control
structures and strategies are determined based on the
simulations results and the data collected with the proposed
monitoring system.
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PVG Photovoltaic generator

WEG Wind electrical generator

VFD Variable frequency drive

MASLOWATEN Market uptake of an inno_vative irrigation Solution based on LOW
WATer-Energy consumption

UPM Polytechnic University of Madrid

PECS Photovoltaic Energy Conversion System

WECS Wind Energy Conversion System

WPHG Wind-Photovoltaic Hybrid Generator

PSPPECS Pumping Systems Powered by Photovoltaic Energy Conversion
Systems

PSPWECS Pumping Systems Powered by Wind Energy Conversion Systems

PSPWPHG Pumping Systems Powered by a Wind-Photovoltaic Hybrid
Generator

PSPWPHECS Pumping_ Systems Powered by a Wind-Photovoltaic Hybrid Energy
Conversion Systems

H>O Water

DC Direct Current

AC Alternate current

V-f Variable-frequency

V-1 Variable-current

VSD Variable-speed drives

V/Hz The ratio voltage over frequency

IGBT Insulated-gate bipolar transistor

PS Pumping System

LPG Liquefied petroleum gas

PI Proportional Integral

PWM pulse-width modulation

NPSH Net Positive Suction Head

PV Photovoltaic

NOCT Nominal Operating Cell Temperature

N North

S South

N-S North-South

E East

w West

E-W East-West

DU Drive Unit

PLC Programable Logic Controller

I1SC Short-Circuit Current

VOC Open Circuit Voltage

PMAX Maximum Power

P-V Power-Voltage

I-v Current-Voltage

MPP Maximum Power Point

BUPT



MPPT
P&O
VMP
PPT
HSAT
NREL
DFIG
wT
LHP
CP

cT
SISO
MIMO
ss
DFIM
WRIM
GVOVC
PLL

HMI
PS
PVS
IM
RES

Maximum Power Point Tracking
Perturb and observed
Maximum Power Voltage
Power Point Tracking
Horizontal single-axis trackers

National renewable energy laboratory

Doubly-fed induction generator
Wind turbine

Left half plane

Power coefficient

Thrust coefficient

Single input - single output
Multiple input - multiple output
State-space

Doubly fed induction machine
Wound rotor induction machine
Grid voltage-oriented vector control
Phase locked loop

Proportional

Integral

Human Machine Interface
Pumping system

Photovoltaic system

Induction motor

Renewable energy sources

BUPT



VARIABLES NOTATIONS, DESCRIPTION AND

Variable
notation

Toump
Tim

P drivenominal
P driveoutput
P driveinput

Ips
a)ps

Ndrive
Nfilter

Ncables

Xa, Xb, XC

Xa
Xp

Wim
Vas, Vbs, Vcs

ias, ibs, ics

q”as, wbs, wcs
R:

Var, Vbry Ver

iar/ ibr/ icr

war/ wbr/ Wer
Rr

Ln

Los

LUI‘

UNITS

Variable description

Pump (motor load) torque

Induction motor torque

Induction motor drive nominal power
Induction motor drive output power

Induction motor drive input power

pumping system moment of inertia

Angular velocity of the shaft connecting the
motor and pump

Induction motor drive efficiency

DV/DT filter efficiency

The efficiency after the loss due to the voltage
drop in the cables (typically between 1-3%)
Three phases corresponding to the complex
space vector

The real component of the space vector

The imaginary component of the space vector
Electrical angular velocity of the induction
motor

The stator actual voltages for each phase
winding

The stator actual currents for each phase
winding

The stator actual fluxes for each phase winding
The stator resistance

The rotor actual voltages for each phase
winding

The rotor actual currents for each phase
winding

The rotor actual fluxes for each phase winding
Rotor resistance

Self-inductance of the stator windings
Leakage inductance of the stator windings
Leakage inductance of the rotor windings

The stator voltage vector reference to the
stator

The stator current vector reference to the
stator

The stator flux vector reference to the stator
Stator voltage vector a component
Stator voltage vector B component
Stator current vector a component

Unit

[Nm]
[Nm]
[W]
[W]
[W]
[Kg m?]
[rad/s]
[%]
[%]

[%]

(-]

[-]
[-]
[rad/s]

(vl

[A]
[Vm]
[Q]

(vl

[A]
[Vm]
[Q]
[H]
[H]
[H]

(vl
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[Vm]
[v]
[v]
[A]
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Yar

Pim

wdr
Var
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ar
Q*
H*
H*
Ppump

Stator current vector f component
Stator flux vector a component
Stator flux vector B component

The rotor current vector reference to the stator
The rotor flux vector reference to the stator
Rotor current vector a component
Rotor current vector B component
Rotor flux vector a component

Rotor flux vector B component

Mutual inductance

Stator inductance

Rotor inductance

Generator stator synchronous speed
Grid frequency of the balanced three phases
Generator pairs of poles

Induction motor active power
Voltage vector a component

Voltage vector B component

Current vector a component

Current vector B component
Induction motor reactive power

The leakage coefficient

The stator voltage vector reference to
synchronously rotating frame

The stator current vector reference to
synchronously rotating frame

The stator flux vector reference to
synchronously rotating frame

Stator flux d component

Stator flux g component

Voltage vector d component

Voltage vector g component

Stator current d component

Stator current g component

The rotor current vector reference to
synchronously rotating frame

The rotor flux vector reference to
synchronously rotating frame

The d component of the rotor flux
The g component of the rotor flux
Rotor current d component

Rotor current g component

Pump service flow rate

Submersible pump service head
Pump rated efficiency

Pump rated hydraulic power

[A]
[Vm]
[Vm]

[A]
[Vm]

[A]

[A]
[Vm]
[Vm]

[H]

[H]

[H]

[rad/s]
[Hz]

(W]
[Vl
[Vl
[A]
[A]
(W]
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[A]

[Vm]

[Vm]

[Vm]
[v]
[v]
[A]
[A]
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[m]
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H min
H X
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Hgcons
Hgweil

.ED
iS)
o
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Phydraulic
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Sa, Sb, Sc

Vas and Vgs

Vas and Vs

Vas, Vbs, Vcs
las, Ibs, Ics
io and ig
ids*
Ids
igs*
Iqs

qu. ap
TaB. dq

Tabc. ap

TaB. abc

kil

Pump maximum flow rate

Pump head at theoretical 0 flow rate

Pump minimum head (at maximum flow rate)
Pump efficiency at maximum flow rate

Pump hydraulic power at maximum flow rate
Consumer pressure

Well Dynamic head

Water level variation

Pipe diameter

Head-flow 1st coefficient

Head-flow 2nd coefficient

Head-flow 3rd coefficient

Efficiency-flow 1st coefficient

Efficiency-flow 2nd coefficient

Water density

Pump geometry

Shaft pump power

Pump shaft angular velocity

Pump shaft power

Hydraulic power of the water at the pump
outlet

Gravitational acceleration

The PWM switching commands (orders)

The stator three-phase AC voltage commands
transformed in synchronous (dq) reference
frame

The stator three-phase AC voltage commands
transformed in stationary (apB) reference frame
The stator three-phase AC voltages

The stator three-phase AC currents

The stator three-phase AC currents expressed
in stationary (ap) reference frame

Reference of the d-axis current loop

The output of the d-axis current loop

The reference of the g-axis current loop

The output of the g-axis current loop
Transformation from synchronous (dq)
reference frame into stationary (ap) reference
frame

Transformation from stationary (aB) into
synchronous (dq) reference frame
Transformation from three-phase (abc)
complex space vector into stationary (ap)
reference frame

Transformation from stationary (ap) reference
frame into three-phase (abc) complex space
vector

Integral time constant of the d and g axis
currents systems

The first natural frequency of the d and q axis
currents systems

[m3/h]
[m]
[m]
[%]

[m3/h]

[bar]

[mca]

[mca]
[m]
[m]

[h/m?2]

[h/m3]

[1/m?]

[1/m>]
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[m3]
[W]

[rad/s]
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[W]
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[A]

[A]
[A]
[A]
[A]
[A]
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Tem
Tem*
fm

Fm*

Wn2
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Kiz
Tr
Wn3
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ki3

Pmax
Vmpp
Iypp
Voc
Isc
Nm

T

Kp
Kv
K1
Nepy
Nepvyear
Leo
Omax
Dev

Baxis
LNS

BG
Gg/oba/
Guir
Gclearsky
Ten 14
Gdirect
H

¥s

Proportional gain of the d and q axis currents
systems

Integral time constant of the d and q axis
currents systems

Electromechanical torque of the induction motor
Reference of the induction motor
electromechanical torque

Electrical frequency of the induction motor
Reference of the induction motor electrical
frequency

The first natural frequency of the driving shaft
system

The damping factor of the driving shaft system
Proportional gain of the driving shaft speed
controller

Integral time constant of the driving shaft
speed controller

Induction motor’s rotor time constant

The first natural frequency of the rotor flux
estimator

The damping factor of the rotor flux estimator
Proportional gain of the rotor flux controller
Integral time constant of the driving rotor flux
controller

Peak Power Watts

Maximum Power Voltage

Maximum Power Current

Open Circuit Voltage

Short Circuit Current

Module Efficiency

Nominal Operating Cell Temperature (NOCT)
Temperature Coefficient of PMAX
Temperature Coefficient of VOC

Temperature Coefficient of ISC

Initial PV module power loss

Yearly PV module power loss

Separation between trackers in E-W direction
Maximum Rotation

Deviation of the rotating axis regarding the
South (axis azimuth)

Axis inclination

LNS: Separation between tracker rows in N-S
direction

Module inclination

Global irradiation

Diffuse irradiation

Clear sky irradiation

Environment temperature

Direct irradiation

Solar time

Solar elevation

(-]

[-]
[Nm]
[Nm]
[Hz]
[Hz]

[Hz]
[Ns/m]
[-]
[-]
[s]
[Hz]

[Ns/m]
[-]
[-]

[Wp]
[Vl
[A]
[Vl
[A]
[%]
[°C]
[%/K]
[%/K]
[%/K]
[%]
[%]
[m]
[°]
[°]

[°]
[(m]

[°]
[W/m2]
[W/m2]
[W/m2]

[°C]
[W/m2]
[hh:mm]
[-]
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Cr:

Guiro
Giqi
C

CFidife
Galbedo
CF. albedo

Cadj

Gpag
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1. INTRODUCTION

1.1. Motivations and objectives of the thesis

At the end of 2019, the total installed renewable energy power was 2 533 GW,
with 7% (177 GW) being installed in 2019 [1]. In the European Union, the total
installed renewable energy power was 497 GW, with 6% (31 GW) installed only in
2019 [1]. Of the total global renewable energy capacity, 650 GW represents wind
energy, with 9.3% (60.4 GW) installed in 2019 [2], and 579 GW represents
photovoltaic energy, with 20% (115 GW) installed in 2019 [1]. Of the total
renewable energy capacity of the European Union, 204.6 GW represents wind
energy, with 7.5% (15.4 GW) installed in 2019 [2],[3], and 130 GW represents
photovoltaic energy, with 12.3% (16 GW) installed in 2019 [1].

Taking into account the European Union “2030 climate and energy framework™
[4], which aims to reduce greenhouse gas emissions by at least 40%, increase the
share of renewable energy to at least 32% of the total consumption and improve
the energy efficiency by 32.5% or more until 2030 [4], it is necessary to upgrade
and integrate the renewable energy plants besides for to the main consumers, also
for the secondary consumers of fossil and electrical energy. A significant share of
these consumers, which can be domestic or industrial consumers [5], is represented
by pumping systems from irrigation or water supply and distribution plants.

Currently, the pumping systems (PS) used in irrigation of agricultural fields are
powered by electricity from the national grid in areas where this grid is found, and
by diesel or gasoline generators, where it is missing. Because most of these systems
are used during the summer, with maximum demand on the hottest and sunniest
days of the year, the solution for powering an irrigation PS may consist in PVGs
(Photovoltaic generators) leading to an excellent integration of the PVGs into such
systems.

Another solution for powering the pumping systems is the wind electrical
generator (WEG), which, depending on the characteristics of the wind, can ensure,
at the pumping site, the availability of energy during the night and on cloudy days.

Irrigation installations have evolved significantly in recent years through
progressive modernization, reaching more efficient irrigation methods in terms of
water exploitation and usage. This has been achieved by integrating various
solutions that have replaced traditional gravity irrigation systems such as sprinkler
or drip irrigation systems, which significantly improve water usage efficiency. The
payback of those methods represents the drastic increase in the energy
consumption of the installations.

The investments in upgrading the irrigation systems were made based on an
economic profitability study considering a price for powering the pumping system,
that has drastically increased in the last years.
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The current favorable legislation combined with the price decrease of
photovoltaic panels makes the agricultural sector consider upgrading their pumping
systems with photovoltaic, wind or wind-photovoltaic hybrid generators to ensure
the energy necessary for operating the pumping system. However, despite the
economic profitability offered by pumping installations powered by photovoltaic,
wind or by wind-photovoltaic hybrid generators and the fact that their market
demand is constantly increasing, those types of systems still require a technological
maturation for becoming more robust, durable, reliable and efficient.

Currently, the existing irrigation systems powered by photovoltaic, wind or
wind-photovoltaic hybrid generators have low reliability, not ensuring the correct
operation of the system throughout the designed lifetime. Although there are
various solutions on the market, such as photovoltaic pump kits, they are generally
only valid for low power installations [6], [7], [8]1, [9].

Taking into account the aforementioned, this doctoral thesis "MODELLING,
SIMULATING AND CONTROLLING AN ISOLATED PUMPING SYSTEM, POWERED BY
RENEWABLE ENERGY GENERATORS" presents the development and implementation
of a reliable and robust solution for powering a pumping system by a photovoltaic or
wind energy conversion systems. This doctoral thesis contributes to the objective of
the European Union regarding the reduction of greenhouse gas emissions, increase
of the renewable energy consumption share and increase the energy efficiency.

1.2. State of the art

Analyzing the existing solutions offered by specialized literature (quite poor in
such information), can be observed a high degree of difficulty in integrating
renewable energy generators into the existing pumping system, due to the
appearance of several technical problems, due to the lack of an appropriate
technology [10], [11]. In recent years, there has even been a reluctance of possible
customers to power their pumping systems with renewable energy generators.

The companies that started installing pumping systems powered by renewable
energy can be classified into 3 groups:

a) Companies operating in the irrigation industry: Those companies, taking
advantage of the already existing customer portfolio, offered them to
integrate photovoltaic generators into their pumping system, without
mastering the electrical protection part and electronic tuning. As a result, as
can be seen in the pictures below (Figure 1.1.), many installations caught
fire. Example: RiegoSolar from Spain [12].

b) Companies operating in the renewable energy (photovoltaic) sector: Those
companies possessing extensive experience in the field of photovoltaic
energy production have expanded their market by offering photovoltaic
generators to existing pumping systems. Because these companies did not
possess any expertise in the hydraulics sector, they treated these projects
like a consumer that needed to be powered, ignoring the effects of hydraulic
shock, water hammer, and cavitation [13-15]. Because of this, the lifetime
of the pumps powered by photovoltaic energy has decreased considerably in
the installations made by these companies (if a pump in the same
installation lasted between 5 and 7 years before the installation of the
photovoltaic generator, after its installation, the same pump model lasted a
maximum one year). Example: Solenersa from Spain [16].
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¢) International enterprises with extensive experience in sectors like irrigation,
pumps, power electronics and renewable energies. Those enterprises, due to
their business model, cannot adapt to the pumping system market that
needs to be powered by renewable energy due to the uniqueness of each
project (at the moment, no standard solution can be implemented in all
projects because of the complexity and uniqueness of each hydraulic
system); those companies can only offer solar kits with powers up to 10 kW.

Example: Grundfos [17].

-y

Figure 1.1. a) A variable frequency drive
(VFD), from a pumping system powered
by a photovoltaic generator, that caught
fire due to electric shocks (picture taken
by the author during the visit of a
pumping system powered by a
photovoltaic generator from Frutas to
Rinconada [18]).

Figure 1.1. b) Dv/Dt filter [19] from a
pumping system powered by a
photovoltaic generator, that caught fire
due to improper use. The DV/Dt filter is
used for cables up to 50 m long. For
cables longer than 50 m, sinusoidal
filters are recommended (picture taken
by the author during the visit to a
pumping system powered by a
photovoltaic generator from Frutas to
Rinconada [18]).

Figure 1. 1. The components of a pumping system powered by photovoltaic
generator that caught fire

A high-performance pumping system powered by renewable energy has a
particular complexity as it requires a perfect integration in a single integrated
system of 4 subsystems from different technical fields:

1. Renewable energy generator (photovoltaic generator, wind generator or

wind-photovoltaic hybrid generator);

2. Electrical system;
3. Hydraulic system;
4. Control system.
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1.2.1.

State of the art of pumping systems powered by
photovoltaic energy conversion systems

In recent years, due to the continuous decrease in the price of photovoltaic
panels, irrigation with photovoltaic energy has become increasingly tempting and
represents the type of system that draws the greatest research effort among
pumping systems powered by renewable energies. The only drawback for the
possible customers remains the lack of the technology necessary for robust and
reliable installations. The payback of the investment in irrigation with a photovoltaic
generator is about 6 or 7 years, assuming a reliable system.
According to studies on the size of the potential market for photovoltaic pumping
systems, the market is huge. Some significant data on the market size of the
pumping systems powered by renewable energy generators is given in Table 1.1.

[20]:

Table 1. 1. Data about the market size of the pumping systems powered by
renewable energy generators [20]:

Country Irrigated Irrigated Market size of the | Value of the market
area (ha) area using pumping systems | size of the pumping
underground powered by systems powered
water (ha) renewable energy by renewable
generators energy generators
China 61.899.940 | 18.658.742 43.691 6.554
USA 28.375.752 | 18.384.053 32.612 4.892
Bangladesh 5.049.400 3.786.322 6.462 1.292
Turkey 5.215.144 1.621.546 3.744 749
Brazil 4.463.691 969.527 2.669 534
Australia 4.068.965 940.612 2.506 627
Peru 1.729.069 489.950 1.180 295
Algeria 569.418 368.489 654 163
South Africa 1.498.000 127.330 642 161

Photovoltaic powered pumping systems become particularly complex when the
installed power increases, when they are directly connected to the irrigation system
(without a water storage), when they are isolated (without support from a power
grid) and when the hydraulic systems are very complex.
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From a technological point of view, the characteristics of pumping systems can
be divided into two categories:

1. Characteristics of a technologically 2. Characteristics of a technologically

simple system complex system

- Installed power < 25KW; - Installed power >> 25KW;

- Pumping in a water storage at - Pumping directly into the irrigation
variable pressure and flow; system at constant pressure and

- Hybridized with the power flow;
grid; - Isolated from the power grid;

- Hybridization with inverter (the - Hybridization with variable
pumps operate at a nominal frequency drive (the pumps
frequency of 50 Hz); operate at variable frequency);

- Pumping systems with a single - Pumping system with pumps in
pump; parallel and series, connected to a

- Fixed structure photovoltaic complex hydraulic network,
generator - Photovoltaic generator with one or

- lrrigation through drip two axis trackers
irrigation system - Irrigation through sprinklers.

By the delimitation made previously, it can be understood that a pumping
system is considered simple from a technological point of view when, by the
typology type of the system, the effects of the intermittency and fluctuations of the
power source are partially or totally reduced, and when the flow rate and pressure
variations can be correlated with the variation (fluctuations and intermittency) of
the power produced by the photovoltaic generator. For example, the effect of
fluctuations in the power available from the photovoltaic generator can be partially
reduced by oversizing the photovoltaic generator at a relatively acceptable cost, in
the case of pumping systems with low nominal power (below 25 kW), or completely
reduced in the case of its hybridization with the power grid, because the problem is
solved by compensating the lack of energy from the photovoltaic generator with the
energy available from the power grid. Pumping at variable flow and pressure can be
correlated to a large extent with the variation (fluctuations and intermittency) of the
energy available from the photovoltaic generator in the case of pumping into a
water storage at variable flow and pressure, and to an acceptable extent in the case
of drip or flood irrigation, due to the wide range of admissible flow and pressure
variation.

A system is technologically complex when the effects of fluctuations and
intermittency of the power supply cannot be reduced through the system typology
and/ or when the pumping systems operate at constant pressure and/ or flow. For
example, technologically complex systems are both an isolated pumping system
powered only by a photovoltaic generator (there is no connection with the power
grid) and a high-power pumping system, because oversizing the photovoltaic
generator is not economically feasible, and the problems caused by photovoltaic
generator powers intermittency and fluctuations must be overcome by technological
means (highly efficient control systems). Direct sprinkler irrigation represents also a
complex system from a technological point of view because the pumping into the
hydraulic network is done at a high and constant pressure and can be correlated to
the variation (fluctuations and intermittency) of the energy available in the
photovoltaic generator only through highly efficient technological means.
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Some of the technological problems of the pumping systems powered by
photovoltaic generators highlighted previously, were tried to be solved by the
implementation of an European research project called Market uptake of an
innovative irrigation Solution based on LOW WATer-Energy consumption
(MASLOWATEN), coordinated by the Polytechnic University of Madrid (UPM) and
supported by the 2020 European Horizon program, with a budget of 5 million euros.

Through this project, some of the presented problems were researched, by
implementing 5 high power pumping systems powered by photovoltaic generators
[21], from which, the most significant ones are:

1. Alter do Chao, Portugal, 140 kW — isolated pumping system powered by a

hybrid photovoltaic and diesel generator;

2. Uri, Sardinia, Italy, 40 kW - isolated sprinkle irrigation system powered by a

photovoltaic generator hybridized with the power grid;

3. Tamelalt, Morocco, 120 kW - isolated pumping system powered by a

photovoltaic generator hybridized with the power grid.

From the European Maslowaten project resulted the simulation tool developed to
design a high-power pumping system powered by a photovoltaic generator called
Sisifo [22]. The limitations of this tool consist of the fact that only relatively simple
pumping systems, from the hydraulic point of view, and only systems powered by a
photovoltaic generator can be simulated.

The typology of the pumping systems that can be simulated in Sisifo [22]
consists of a single pump that can pump water into water storage at variable flow
and pressure, or directly into an irrigation network at constant pressure and flow
(see Figure 1.2.)

(5 )
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+ =
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¥
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aloo!
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Single pump that can pump water into  Single pump that can pump water directly
a water storage at variable flow and into the irrigation network at constant
pressure. pressure.

Figure 1. 2. Pumping systems typology that can be simulated in Sisifo [22]
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The Sisifo simulation and design tool is developed to simulate only pumping
systems powered by photovoltaic generators, not by wind generators. This tool also
presents little capabilities in designing and simulating complex hydraulic typologies
with several pumps in parallel and/or series.

1.2.2. State of the art of pumping systems powered by
wind energy conversion systems

The pumping systems powered by wind generators have lagged behind those
powered by photovoltaic generators, although, as the price of photovoltaic energy,
the price of wind energy has dropped substantially in recent years. Without
mentioning that there are irrigation sites where wind energy resources are superior
to photovoltaic ones. It should be noted that there is currently no reliable
technology for pumping systems powered by wind energy.

The weak development of pumping systems powered by wind energy can also
be due to the low supply of wind turbines with small and medium powers (powers
between 5kW and 1 MW) and the difficulty raised by the impossibility of offering a
varied range of powers, compared to the modularity offered by photovoltaic
generators.

Taking into account that in many areas a pumping system powered by
photovoltaic energy can operate for about 1700 hours per year, while one powered
by wind energy can operate for 3500 or even 4000 hours, the operating period
limitation offered by the pumping systems powered by photovoltaic generators can
be overcome at specific sites by the ones powered by (or hybridized) with wind
generators.

This doctoral thesis solves exactly this need by evaluating the possibility of
integrating wind generators within isolated pumping systems.

Advantages and disadvantages of the pumping systems powered by a wind
generator compared to those powered by a photovoltaic generator

Advantages:
1. The irrigating period using wind energy can be longer than the one using
photovoltaic energy.
Even if the price of a wind electrical generator is higher than that of a
photovoltaic generator with the same nominal power, after a certain number
of operating hours with wind energy, the irrigation with it becomes more
profitable.

2. Wind energy irrigation can provide 100% of the energy demanded by the

pumping system, in sites where there are more wind energy resources than
photovoltaic energy.
Photovoltaic powered pumping systems are not always able to pump the
required water volume when the solar hours are less than the minimum
operating hours. Therefore, these systems need the support of a diesel
generator or a power grid during the night.

3. The area occupied by a wind generator is smaller than that occupied by a
photovoltaic generator.
The area occupied by a photovoltaic generator increases directly
proportionally with its installed power, a fact that is not applicable to a wind
generator.
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4.

The wind generator maintains its electrical efficiency throughout its lifetime
The wind generator maintains its electrical output throughout the lifetime of
the project, while the photovoltaic generator decreases its electrical output
over its lifetime, so that after 20 years of production, the output is
approximately 20% lower, a feature that is not always taken into account
when sizing the photovoltaic generator to power the pumping system.

A wind energy conversion system has already integrated the complex power
electronics systems.

Due to this fact, the main parameters can be controlled without additional
costs, while, in pumping systems powered by a photovoltaic generator, the
power electronics must be integrated at an additional cost.

The possibility of exporting a larger amount of electrical energy increases
the economic profitability of the system.

A wind generator can produce twice as much electrical energy as a
photovoltaic generator with the same nominal power, and a higher excess of
electrical energy can be exported, increasing the economic profitability of
the system.

Fewer and smaller power fluctuations.

In isolated pumping systems powered by a photovoltaic generator, cloud
passing is a serious problem. The photovoltaic generator can be covered by
the shadow of a cloud in a few second, and the generator power will
suddenly drop (for example, from 700 W/m2 to 150 W/m2). This sudden
drop in power can cause hydraulic shock (cavitation and water hammer in
the hydraulic system) and electrical shock (which also affects power
semiconductors, due to the large voltage variation after the drop). Although
the wind exhibits turbulence and varies more frequently, due to the inertia
of the wind turbine rotor and generator, these drops cannot be as sudden,
avoiding most hydraulic and electrical shocks.

Disadvantages:

1.

The lack of correlation between the available wind energy and the volume of
water needed to irrigate the crops.

Between a crop irrigation system and a photovoltaic generator, there is a
correlation because the crops need to be irrigated especially during periods
of high solar irradiation due to evapotranspiration.

The pumping systems, pumping directly into a hydraulic network with high
volume and pressure variations, need water storage for pressure and flow
regulation.

Due to fluctuations in wind speed and turbulences, direct pumping into a
hydraulic network at constant pressure becomes problematic. The problem
is that, depending on the weekly or monthly wind regime and the lack of
correlation with the volume required to irrigate the crops, the required water
storage size to maintain the flow and pressure constant can be very large.
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3. The Pumping systems powered by a wind generator require more
maintenance.
Wind generators are more complex than photovoltaic generators and
therefore require more maintenance. However, the availability provided by
modern wind turbines is greater than 97% [23].

4. The wind resources are more difficult to evaluate and vary a lot with site
location and orography.
Photovoltaic resource evaluation is much simpler and has less uncertainty
than wind resource evaluation, which also varies a lot from one area to
another. However, modern assessment methods and the available virtual
data to assess photovoltaic and wind energy resources have increased their
accuracy in recent years.

5. A wind generator has a lower modularity (scalability) than a photovoltaic
one.
In a photovoltaic powered pumping system, the photovoltaic generator is
easily scalable to obtain the desired power by increasing the number of
strings (a string consists of photovoltaic panels connected in series to
ensure the desired voltage). Wind generators can be scalable by placing
more wind turbines, but the huge differences between wind turbine powers
make it very difficult to avoid oversizing the wind generator.

6. Lack of manufacturers of small, medium-sized wind generators (10 kW —
500 kW)
Currently, on the international market, this type of wind generator is not in
high demand, which is why companies have abandoned their production
[24].

7. The lack of wind generators adapted to pumping systems.
Controlling a wind generator connected to a pumping system must be done
exactly for this purpose, and currently there is no option commercially
available on the market [25].

Taking into account the potential of the international market, the current work
researched a solution capable of generating wind energy for an isolated pumping
system without photovoltaic hybridization.

1.3. Thesis objectives and purpose

Considering the current state of the pumping systems powered by renewable
energy research, which is almost non-existent and because the few installations
carried out internationally are unreliable, this Ph.D. thesis entitled "Modelling,
simulation and management of an isolated pumping system, powered by renewable
energy sources" contributes to their development and implementation.

The main objectives addressed and solved in this Ph.D. thesis are:

e Advanced dynamic modelling, controlling and simulating of a photovoltaic
generator, respectively, of a wind generator modified for powering a
pumping system;

e Advanced dynamic modelling, controlling and simulating the operation of a
complex pumping system (several centrifugal pumps in parallel and/ or in
series);

e Analysis, synthesis and implementation of control structures of a pumping
system powered by a photovoltaic or wind energy conversion system.
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1.4. Thesis structure

In summary, Chapter 1 - INTRODUCTION - presents the research topic, the
purpose, the state of the art of the research and the objectives of the thesis. The
proposed research topic consists of modelling, control and simulation the operation
of a complex (pumps connected in series and/or parallel) and isolated pumping
system, powered by a wind-photovoltaic hybrid generator.

Chapter 2, called PUMPING SYSTEMS, presents, through adequate modelling
and simulation, the proposed controlled strategies for the operation of a complex
pumping system, consisting of several pumps in series and in parallel, powered by a
fluctuating and intermittent power source.

Chapter 3, entitted PHOTOVOLTAIC ENERGY CONVERSION SYSTEMS
(PECS), presents, through adequate modelling and simulation, the proposed
controlled strategies for the operation of a PECS.

Chapter 4 — WIND ENERGY CONVERSION SYSTEMS (WECS), presents,
through adequate modelling and simulation, the proposed controlled strategies for
the operation of a WECS.

Chapter 5, called PUMPING SYSTEMS POWERED BY PHOTOVOLTAIC
ENERGY CONVERSION SYSTEMS (PSPPECS), presents, through adequate
modelling and simulation, the proposed control strategies for the operation of a
pumping system powered by a photovoltaic energy conversion system. In partial
operation, the power absorbed by the pumping system tracks the power generated
by the photovoltaic energy conversion system and, at full load, the irrigation
pressure is controlled.

Chapter 6, entitted PUMPING SYSTEMS POWERED BY WIND ENERGY
CONVERSION SYSTEMS (PSPWECS), presents, through adequate modelling and
simulation, the proposed control strategies for operation at partial load (the power
absorbed by the pumping system tracks the power generated by the wind energy
conversion system), and at nominal load (the power generated by the wind energy
conversion system is limited according to the power required by the pumping
system nominal operation).

In chapter 7, FINAL CONCLUSIONS, PERSONAL CONTRIBUTIONS AND
DEVELOPMENT PERSPECTIVES are pointed out the author's contributions along
with possible directions for further research development. The overall research
contribution brought by this thesis consists of the proposal of advanced models and
control strategies for operating a complex and isolated pumping system powered by
a wind or photovoltaic energy conversion system.
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The current chapter presents the modelling, controlling and simulation of a
pumping system. The first subchapter (2.1. Pumping system description) presents
a short description of a general pumping system and its components together with
the most common layouts of such a system. The second subchapter (2.2. Pumping
system modelling) consists of a nonlinear mathematical model of a general pumping
system, and the third subchapter (2.3. Controlling a pumping system) presents
the proposed control strategy. In the fourth subchapter (2.4. Pumping system
simulations), the performance of the proposed control strategy is determined by
analyzing several performance indicators during five simulations. One simulation in
which the pumping system operates at a fixed (nominal) speed. And four simulations
where the pumping system operates at desired variable speed, flow, pressure and
power. Finally, in the last subchapter (2.5. Conclusions) are presented the chapter
conclusions.

2.1. Pumping system description

The main components and operating conditions of a complex pumping system will
be described in detail in this subchapter.

2.1.1. Water source

The working fluid of the pumping systems considered in the presented work is
fresh water (H20 in liquid state) at standard ambient temperature and pressure. Fresh
water is usually intended for irrigation and/or water supply and distribution. The water
can be collected from a river, channel or aquifer.

The water can be extracted from a river, channel, damp and/or deposit with the
help of a pumping system that is generally placed above the water level.

The aquifer (ground) water can be extracted through a well or borehole that is
drilled into the ground until it reaches the water level. Normally inside a borehole, a
steel tube is placed that acts as a sleeve for protecting the electric motor, pump and
pipes. The electric motor converts the electric power into mechanical power, which is
transmitted to the pump by a driving shaft. The pump converts the mechanical power
into hydraulic power by pumping the water into the pipes with the help of a propeller.
The water is pumped and distributed to the consumer through a hydraulic grid.

The water depth of the borehole when there is no water extraction from the
borehole is called the static level and depends on the groundwater level. When the
water starts being extracted from the borehole, the water level decreases and based
on the extracted water flow, the new water depth stabilizes at a certain depth called
dynamic level. Due to the reason that the dynamic level increases over time, the
borehole has to be drilled greater than the water level, in order to install the pump at
a depth ensuring it is submerged during the entire lifetime operation (taking into
consideration the increase of the dynamic level over the lifetime of the borehole).
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When the dynamic level increases, the power consumption of the pump increases
proportionally because the pumping head depends on the dynamic level and not on
the depth at which the pump is installed, a phenomenon that changes the optimal
operation point of the pump. Every borehole has a specific volume flow (m3/h) directly
proportional to the increase in the dynamic level. Depending on the water needs, each
borehole can be exploited in order to obtain the lowest increase in the dynamic level.
The lower the increase in the dynamic level, the lower the pump head loss. The term
used for a significant increase in dynamic level during extensive exploitation of a
borehole is excessive pumping [26].

2.1.2. Hydraulic pumps

Pumps are machines (turbomachines) that deliver liquids. There are two main
types of pumps: positive displacement and dynamic pumps. Positive displacement
pumps force the fluid along by volume changes, while dynamic pumps add momentum
to the fluid through fast-moving blades or vanes. Dynamic pumps can be rotary
pumps (centrifugal) or special design pumps [27]. Dynamic pumps can provide high
flow rates (69 000 m3/h) with moderate pressure rise (few atm), while positive
displacement pumps can provide low flow rates (23 m3/h) at high pressures (300
atm) [27].

Due to the reason that irrigation, water supply and distribution require high flow
rates at moderate pressure rise, in the current work only the centrifugal dynamic
pumps will be considered. In centrifugal dynamic pumps, the fluid increases
momentum while moving through openings and when it exits the diffuser section, the
high velocity is converted into a pressure increase [27].

The centrifugal pumps can be submersible or surface pumps, depending on

whether they are installed below (submersible) or above (surface) the dynamic water
level.
Centrifugal pumps consist of an impeller rotating within a casing. The fluid that enters
through the eye of the pump casing, is caught up in the impeller blades, and swirls
outward into the diffuser part of the casing. The fluid gains both velocity and pressure
while passing through the impeller [27].

2.1.3. Motors

The mechanical power required by a pump is delivered by a motor. The motor
converts electrical power to mechanical power and transmits the mechanical power
through a shaft to the pump. Although some manufacturers offer DC (Direct Current)
motors for small power pumps, today most pumps are powered by an AC (Alternate
current) asynchronous three-phase motor, because the cage induction motor is
simpler, much cheaper and more robust than the DC motor [28].

2.1.4. Motor drives

Induction motor drives can be variable-speed drives that are based on the steady-
state equivalent circuit of the motor or on vector-controlled drives that are based on
dynamic models. Variable-speed drives (VSD) use stator voltage, slip power, variable-
voltage, variable-frequency (V-f) or variable-current (V-I) as control methods, while
vector-controlled drives use the indirect rotor flux-oriented vector or the direct vector
control with airgap flux sensing as control methods [28].
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Because most pumps use AC asynchronous three-phase motors, the current work
focusses on soft starters for pumps operating at nominal grid frequency (50 Hz) or
variable frequency drives (VFD) for pumps operating at variable frequency.

Both soft starters and VFDs can control the ramp-up and ramp-down of a motor during
start-up and shut down operations.

In the case that the AC motor of the pump is intended to be powered up by a DC
generator (for example, a photovoltaic generator), the VFD works also as an inverter,
converting the voltage from DC to AC, while in the case of a soft starter, an additional
inverter for converting the voltage from DC to AC has to be used.

2.1.4.1. Soft starter

Soft starters limit the starting torque and current by gradually increasing the
voltage over a specific period. A similar procedure is applied to stopping the motor by
gradually decreasing the voltage over a specific period.

The soft starters that drive the centrifugal pump induction motor limit the power
absorption to the necessary one during the start and reduce the possibility of water
hammer occurrence due to quick stopping [29].

Figure 2.1. presents the electrical diagram of
a three-phase soft-starter based on a three-phase Eﬂ
thyristor converter (controlled rectifier). Thyristors |
distort the voltage and current waveforms, _ | e u
generating harmonic torques until the induction — —b

0
@

motor has gained sufficient speed to connect the ] e
induction motor directly to the power line. Various l [t A
starting programs can be implemented, such as T o
maintaining a constant current or increasing the ] Smchworiena | | i
voltage [29]. As expected, the only drawback of | firing ifeuits | o
soft starters is that the main currents during Figure 2.1. Soft starter
operation are not sinusoidal, leading to electrical diagram [30]
interference with other equipment on the same
supply [30].

2.1.4.2. Variable frequency drive (VFD)

The variable frequency drives (VFD) control the speed of an AC induction motor
by varying the frequency of the input voltage that supplies to the motor.
In induction motors, the air gap flux is directly proportional to the ratio between the
motor voltage and the frequency. If an induction motor is operating at constant speed,
the flux remains constant because its voltage and frequency are constant. The torque
is proportional to the flux. By changing the induction motor frequency, the speed and
torque will also change. To maintain the torque constant while changing the speed,
the voltage-frequency ratio (V/Hz) must be kept constant. The input voltage and the
frequency of the VFD are constant and vary through a control strategy that kept the
V/Hz ratio constant while changing the speed of the motor. This control method is
also called the scalar control method because the VFD controls the frequency and
magnitude of the voltage.

A VFD reduces the high starting current as the motor is accelerated to the
operating speed because it is started at reduced voltage and frequency. The VFD
increases the voltage and frequency while keeping the V/Hz ratio constant. A VFD can
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operate in open-loop or closed-loop mode. In the case of open-loop regulation, the
reaction to sudden changes in load can be poor [31].

Figure 2.2. presents the electrical diagram of a Variable frequency drive. The VFD
contains a three-phase diode converter and a three-phase inverter using insulated-

O Gha,
S5 ] @ar

Figure 2.2. Variable frequency drive (VFD) electrical diagram [32]

2.1.5. Hydraulic network

The water is transported between two points with the help of a hydraulic network
(pipeline). The hydraulic network can have an open channel flow if the pressure
distribution within the flow is hydrostatic, since it has a free surface (boundary
exposed to the atmosphere), or a pressurized flow if the flow pressure is above the
atmospheric [26, 33]. Hydraulic networks are called pipe irrigation networks if they
are destined for irrigation and water supply networks if they are destined to transport
water for household or industrial use.

In general, a hydraulic network is mainly built from a pumping station that pumps
the water through pipes that are interconnected with the help of some fittings. The
flow is controlled by valves. Because hydraulic networks can be characterized with
the pipe characteristic, a complete network can hydraulically be represented by a
single pipe with hydraulic features equivalent to the entire network, called the network
characteristic [34].

2.1.5.1. Hydraulic network design

In order to analyze a hydraulic network, first it has to be designed. This process
consists in identifying the diameters of all pipes, their lengths and roughness, as well
as where reservoirs, pumps, pressure reduction valves and other fittings are located
[26, 34].

Because the hydraulic network design distinguishes from a hydraulic network
analysis by the choice of the variables that are regarded as unknown, in Table 2.1 it
can be seen the necessary parameters for hydraulic network design.

Table 2.1. Hydraulic network design parameters

‘Water source

Water source dynamic level m
Water source maximum dynamic level variation m
Water source maximum extractable flow m3/h
Hydraulic network

Hydraulic network pressure requirements m
Hydraulic network flow requirements m3/h
Water deposit

Water deposit capacity m3
Water deposit height m
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2.1.5.2. Hydraulic networks typologies

Hydraulic networks are very complex system and it is very hard, if not impossible,
to find two identical hydraulic networks. For this reason, in this section, a classification
based on their typologies is presented:

I.

II.

Single pump-pumping stations, that have only one pump pumping the
water through the pipe network.
Depending on the consumer type, the water can be delivered at variable
pressure and flow into a water storage, deposit or pool, from:
a. A channel with a surface pump (Figure 2.3),
b. A well with a submersible pump (Figure 2.4);
Or at a constant pressure and flow directly into a water distribution
network, from:
a. A channel with a surface pump (Figure 2.5),
b. A well with a submersible pump (Figure 2.6).
Multiple pump-pumping stations, that have more than one pump pumping
the water through the pipe network.
1. Delivering water at variable pressure and flow into a water storage,
deposit or pool, from:
a. A channel with parallel surface pumps (Figure. 2.7),
b. Parallel wells with submersible pumps (Figure. 2.8);
2. Delivering water at constant pressure and flow directly into a water
distribution network, from:
a. A channel with parallel surface pumps (Figure. 2.9),
b. Parallel wells with submersible pumps (Figure. 2.10),
c. A single borehole with a submersible pump in series with a
single surface pump working with a water deposit for
balancing the flow (Figure 2.11),
d. A single well with a submersible pump in series with a single
surface pump working with a pressurized flow (without a
water deposit for balancing the flow) (Figure 2.12),
e. Parallel wells with submersible pumps in series with parallel
surface pumps working with a pressurized flow (without a
water deposit for balancing the flow) (Figure 2.13);
f. Parallel wells with submersible pumps in series with parallel
surface pumps working with a water deposit for balancing
the flow (Figure 2.14).

In Figure 2.3, a single surface pump is presented that pumps water from a river
or water channel into a deposit, at variable pressure and flow into a water deposit.
The river or channel water level cannot vary too much, not more than the net positive
suction head (NPSH) of the pump. The water from the deposit can be further used in
a hydraulic network with the help of gravity. This type of pumping station can be
found mostly in small power pumping stations (smaller than 10 kW), because it is not
the most energy efficient system, as the water has to be pumped to a height higher
than it is required (wasting energy).
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Figure 2.3. Single surface pump working at variable flow and pressure

In Figure 2.4, a similar single pump is presented pumping water at variable
pressure and flow into a deposit as in Figure 2.3, the only difference is that the pump
is a submersible one installed in a well/borehole below the lowest water level, in order
to ensure that the water is always pumped. Similarly to the pumping station presented
in Figure 2.3, this one can be found mostly in small power pumping stations (smaller
than 10 kW) due to the same reason as not being the most energy efficient system,
as it can waste some energy.

HG_CONSUMER

CONSUMER = WATER DEPOSIT TANK

PUMP_

HG_WATER_SOURCE

SUBMERSIBLE
PUMP

WATER SOURCE=WELL

Figure 2.4. Single submersible pump working at variable flow and pressure
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Figure 2.5 presents a single surface pump that pumps water from a river or a
water channel into the hydraulic distribution network, at constant pressure and flow.
The river or channel water level cannot vary too much, not more than the NPSH of
the pump. This typology of pumping system can be found in irrigation systems close
to rivers, lakes or open irrigation channels.

HR_WATER_DISTRIBUTION_GRID: J

HG_CONSUMER . CONSUMER = IRRIGATION FIELD
PRESSURE GAUGE

SURFACE
FPUMP

T

FILTER

HG_WATER_SOURCE

WATER SOURCE=CHANNEL

Figure 2.5. Single surface pump working at constant flow and pressure

Figure 2.6., presents a similar single pump pumping water into a hydraulic
distribution network, at constant pressure and flow as the one presented in Figure
2.5, the only difference is that the pump is a submersible pump, installed below the
lowest water level in the well/ borehole. This typology of the pumping system can be
found in irrigation systems where the well/ borehole gives enough water flow.

——HR_WATER_DISTRIBUTION_GRID————
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/ _FILTER

/
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s

SUBMERSIBLE
PUMP

WATER SOURCE=WELL

Figure 2.6. Single submersible pump working at constant flow and pressure

A multi-pump system, with parallel surface pumps, pumping water from a river,
lake or channel at variable pressure and flow into a water storage such as an artificial
(barrier) lake or dam, can be seen in Figure 2.7. The water level in the river, lake or
channel cannot variate too much, not more than the NPSH of the pump. The water
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from the storage, the artificial (barrier) lake or dam, can be further used in a hydraulic
network with the help of gravity. This typology of the pumping system can be found
in systems where an enormous volume of water is delivered from a river or lake to a
customer through a channel and all the volume of water must be quickly stored in a
water storage.

HR_WATER_DISTRIBUTION_GRID

HG_CONSUMER | PRESSURE GAUGE\

T — 1}
g W ﬁ CONSUMER = WATER DEFPOSIT TANK
= T R v
' ¢ NUMBER OF SURFACE PUMPS
HG_WATER_SOURCE . IN PARALLEL

WATER SOURCE=CHANNEL

Figure 2.7. Parallel surface pumps working at variable flow and pressure

A similar pumping system as in Figure 2.7, is presented in Figure 2.8, where a
multi-pump system, with parallel submersible pumps, pumping water from various
wells/boreholes into a water storage such as an artificial (barrier) lake or dam. For
correct operation, the pumps must be installed below the lowest water level in the
wells/boreholes. The water from the storage (dam, artificial or barrier lake, can be
further used in a hydraulic network with the help of gravity. This typology of the
pumping system can be found in sites where the maximum extractable water flow
from one well/ borehole is not enough; due to this reason, several wells/ boreholes
are made for extracting the water from several aquifers into a water storage, such as
an artificial (barrier) lake or dam.
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Figure 2.8. Parallel submersible pumps working at variable flow and pressure
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A similar multi-pump system as in Figure 2.7, is presented in Figure 2.9, where
parallel surface pumps pump water from a river, lake or channel at constant pressure
and flow into a hydraulic distribution network. The water level in the river, lake or
channel cannot variate too much, not more than the NPSH (Net Positive Suction Head)
of the pump. This typology of the pumping system can be found in pumping systems
that require a water flow with huge variations.
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Figure 2.9. Parallel surface pumps working at constant flow and pressure
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In Figure 2.10, a system similar to the one in Figure 2.8 is presented, where a
multi-pump system, with parallel submersible pumps, pumps water from various
wells/ boreholes into a hydraulic network. For correct operation, the pumps must be
installed below the lowest water level in the wells/ boreholes. This typology of the
pumping system can be found in sites where the maximum extractable water flow
from one well/ borehole is not enough. Due to this reason, several wells/ boreholes
are made to extract the water flow required by the consumer.

HR_WATER_DISTRIBUTION_GRID J
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i
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.:'_f WATER SOURCE=W

Figure 2.10. Parallel submersible pumps working at constant flow and pressure

In Figure 2.11, a pumping system with a single submersible pump is presented
that pumps water at variable pressure and flow into a water storage (deposit tank or
pool) from where the water is distributed at constant flow and pressure into a
hydraulic network. For a correct operation, the submersible pump must be installed
below the lowest water level in the well/ borehole. This typology of the pumping
system can be found in irrigation systems, where the surface pump distributes a water
flow higher (even four times higher) than the maximum flow that can be extracted
from the well/ borehole by the submersible pump. Due to this reason, the water is
stored in the deposit tank/ pool.
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Figure 2.11. Single submersible pump in series with a single surface pump working

at constant flow and pressure with a water deposit to balance the flow.
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In Figure 2.12, it is presented pumping system with a single submersible pump
in series with a single surface pump, where the water is pumped from a well/ borehole
at constant flow and pressure into a hydraulic network. For a correct operation, the
submersible pump must be installed below the lowest water level in the well/
borehole. This typology of the pumping system can be found in pumping systems,
where a significant pumping head (pressure) is required.
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Figure 2.12. Single submersible pump in series with a single surface pump working
at constant flow and pressure

In Figure 2.13, it is presented a pumping system with parallel submersible pumps
in series with a parallel surface pump, where the water is pumped from several wells/
boreholes at constant flow and pressure into a hydraulic network. For a correct
operation, the submersible pumps must be installed below the lowest water level in
each well/ borehole. This typology of the pumping system can be found in pumping
systems, where significant pumping head, pressure and a water flow with huge
variations are required.
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Figure 2.13. Parallel submersible pumps in series with parallel surface pumps
working at constant flow and pressure

Figure 2.14 presents a pumping system with parallel submersible pumps that
pumps water from several wells/ boreholes at variable pressure and flow into a water
storage (pool, artificial lake, barrier lake or dam) from where the water is distributed
at constant flow and pressure into a hydraulic network by parallel surface pumps. For
a correct operation, the submersible pumps must be installed below the lowest water
level in each well/ borehole. This type of pumping system can be found in shared
irrigation systems, where the water is collected in an artificial (barrier) lake from
several aquifers, to be used by several farmers to irrigate their fields, with a shared
distribution hydraulic network and without restrictions.
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Figure 2.14. Parallel submersible pumps in series with parallel surface pumps
working at constant flow and pressure with water deposit to balance the flow.
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2.1.5.3. Hydraulic network analysis

From the hydraulic network design, the total head (pressure) and flow are
obtained. In Table 2.2. are presented the parameters necessary to perform a
hydraulic network analysis to obtain the discharges (and head losses) and pressures
at each node in all pipes [26, 34].

Table 2.2. Necessary parameters for hydraulic network analysis

NECESSARY PARAMETERS FOR EACH WATER SOURCE

Water source dynamic level

Water source maximum dynamic level variation

m
m
Water source maximum extractable flow m3/h

NECESSARY PARAMETERS FOR EACH SUBMERSIBLE PUMP

Number of identical submersible pumps -

Submersible pump installation depth m
Submersible pump pipe diameter m
Submersible pump operating limits

Ambient temperature °C
Minimum water speed to cool the jacket of the motor m/s
Maximum number of starts in one hour -
Minimum immersion depth m
Submersible pump operating characteristics

Submersible pump service flow rate curve (minimum 5 points) m3/h
Submersible pump service head curve (minimum same 5 points) m
Submersible pump efficiency curve (minimum, at the same 5 duty points) %

Submersible pump hydraulic power curve (minimum, at the same 5 duty kW
points)

Submersible pump maximum flow rate m3/h
Submersible pump head at theoretical 0 flow rate m
Submersible pump minimum head (at maximum flow rate) m
Submersible pump efficiency at maximum flow rate %
Submersible pump hydraulic power at maximum flow rate kW
Submersible pump electric motor characteristics

Submersible pump motor nominal power kw
Submersible pump motor power curve (minimum 4 points) kw
Submersible pump motor efficiency curve (minimum the same 4 points) %
Submersible pump motor rated frequency Hz
Submersible pump motor rated voltage V
Submersible pump motor rated current A
Submersible pump motor number of poles -
Submersible pump motor nominal speed rpm
Submersible pump motor power factor (cos @) %
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NECESSARY PARAMETERS FOR EACH SURFACE PUMP

Number of identical surface pumps

Surface pump installation height m
Surface pump pipe diameter m
Surface pump operating limits

Ambient temperature °C
Maximum operating time with closed port -
Surface pump operating characteristics

Surface pump service flow rate curve (minimum 5 points) m3/h
Surface pump service head curve (minimum same 5 points) m
Surface pump efficiency curve (minimum, at the same 5 duty points) %
Surface pump hydraulic power curve (minimum, at the same 5 duty points) kW
Surface pump maximum flow rate m3/h
Surface pump head at theoretical 0 flow rate m
Surface pump minimum head (at maximum flow rate) m
Surface pump efficiency at maximum flow rate %
Surface pump hydraulic power at maximum flow rate kW
Surface pump electric motor characteristics

Surface pump motor nominal power kw
Surface pump motor power curve (minimum 4 points) kw
Surface pump motor efficiency curve (minimum the same 4 points) %
Surface pump motor rated frequency Hz
Surface pump motor rated voltage V
Surface pump motor rated current A
Surface pump motor number of poles -
Surface pump motor nominal speed rpm
Surface pump motor power factor (cos @) %

HYDRAULIC NETWORK, NECESSARY PARAMETERS FOR EACH CONSUMER

Hydraulic network pressure demand m
Hydraulic network flow demand m3/h
Hydraulic network characteristics h2/m>
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2.2. Pumping system modelling

In the current section, a nonlinear mathematical model of the most demanding
pumping systems typology containing a single pump is developed. This pumping
system typology is presented in Figure 2.6 and contains a submersible centrifugal
pump that delivers water from a well/ borehole directly into a hydraulic distribution
network at different operating points. This pumping system model it was used by the
author when publishing the paper from reference [35].

The mathematical model of the pumping system takes into consideration just the
following aspects:

e The hydraulic network is characterized by a quadratic function equivalent to

the entire pipeline;

e The standard properties of water (temperature=15, density=...).

All other aspects and parameters of the pumping system that are not mentioned
above are neglected (for example, the influence of the ambient temperature,
components temperature, etc.).

In Figures 2.15 and 2.16, are presented two typologies of pumping units delimited
based on their driving unit, in Figure 2.15, it is presented a pumping system where
the pump can only operate at a fixed speed (equivalent speed of the 50 Hz frequency),
just the starting it is done with a soft-starter [36], and in Figure 2.16, it is presented
a pumping system where the pump can operate at variable speed, with the help of a
VFD [37].

‘a Pressure
h Transducer

Pipeline

Circuit Breaker Di!ectiona L_W__l
m ater

pri=fren Soft Starter consumer

\1'

g ] H

i~ s e | Pressure
No — expressed

i Motor in Head
. EMC Filter .
Grid or generator filter

Water source

Figure 2.15. Pump motor powered by a soft starter
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m Water

| Rectifier Inverter consumer
T | =] -'""l—
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H \;_[:l— expressed
| S— in Hea
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Grid or generator filter
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Figure 2.16. Pump motor powered by a VFD
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The dynamic of the PS (Pumping System) is modelled according to the following
equation of motion [38]:

Ly - &y =Ty — Topump (2.1)
that is based on the difference between the torques of the pump (Tpump) and induction
motor (Tiv) torques, with Ips being the PS moment of inertia and wps - the angular
velocity of the motor (pump) shaft.

2.2.1. Induction motor drives modelling

The efficiency of the motor drive is calculated based on the nominal power
(Pdrivenominar), output power (Pdriveoutput) and the same three experimental parameters
identified in reference [35]: “kO representing no load losses, k1 representing linear
losses depending on the current (voltage drop across diodes) and k2 representing
losses depending on the square of the current (resistive losses) [39]".

p

p- (ko + k1 Pariveoutput +k2- (pdriveoutput)z)

where P =Pariveoutput/Pdrivenominal, with the Pdriveoutput the induction motor drive output
power.
The AC electrical power required (input) by the drive is:

Pdriveinput = Pdriveoutput/ndrive/nfilter/ncables (2-3)
where Pdriveinput is the induction motor drive input power, ndrive is the induction motor
drive efficiency, nrier is the DV/DT filter efficiency, and ncavres is the efficiency after the
loss due to the voltage drop in the cables.

Narive = (2.2)

2.2.2. Induction motor modelling

The three-phase induction motor drives the pump, and it can be powered by
power sources such as the national grid, diesel, gasoline, LPG (Liquefied petroleum
gas), photovoltaic or wind generators, through soft starters [when running at a
constant 50 Hz frequency (speed)], or through VFD [when running at a variable
frequency (speed)].

2.2.2.1. Dynamic model

The dynamic model of the three-phase induction motor is modeled considering an
ideal and linear machine where the space vector theory of the basic electric equations
of the machines are applied [40]:

R . 2 20 2728
xs=xa+1-xﬁ=§<xa+ej?>-xb+e 3-xb) (2.4)
where:
Xa, Xb, Xc are three phases corresponding to the complex space vector;
Xa is the real component of the space vector;
Xxp is the imaginary component of the space vector;

In order to develop induction motor space vector-based models, two different
reference frames can be used: the stationary reference frame (a-B), and the
synchronous reference frame (d-q), which rotates at synchronous speed. By using the
direct or inverse rotational transformation, the space vector can be represented in
any of these frames [40].
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The electrical angular velocity wim represents the angular velocity of the induction
motor shaft angular velocity wps multiplied by the pole pairs of the machine pmotor:
WimM = Pmotor * Wps (2.5)
The stator voltage is calculated based on the stator winding resistance Rs [40], in
vector form, Equation 2.6 or in matrix form Equation 2.7:

—S
dy
—S —S S
Vg = RS " lg + T (26)
Vas las ¥
Ubs| = Rs " |lps| + [¥bs (2.7)
vCS iCS l{ICS

where:

Vas, Vbs, Ves [V] are the actual stator voltages for each phase winding;
ias, ibs, ics [A] are the actual stator currents for each phase winding;
Was, Wps, Wes [VmM] are the actual stator fluxes for each phase winding;
Rs [Q] is the stator resistance;

Similarly to the stator voltage, the rotor voltage is calculated [40], in vector form,
Equation 2.8 or in matrix form Equation 2.9:

T
_, . d
Urr =R, lrr + Z); (2.8)
Var Lar Yar
[Ubr =R, |ipr |+ |Ppr (2.9)
Ver icr lchr
where:
var, Vbr, Vor [V] are the actual rotor voltages for each phase winding;
iar, ibr, icr [A] are the actual rotor currents for each phase winding;
War, Wor, Yer [Vm] are the actual rotor fluxes for each phase winding;
Rr [R] is the rotor resistance;
The stator quxeslare obtained in the following equation [40]:
w Lys+ Ly _ELh _ELh ] l
as 1 1 .as
st =| =3l Les+ln —Shn | [;bs]
CcS 1 1 CcS
_ELh _ELh Lss+ Ly (2.10)
cos wp cos(wp + 2m/3) cos(wp — 21/3)| rigr
+ |cos(wp — 21/3) COS Wp cos(wp + 271/3)\ . [ibr]
cos(wp + 2m/3) cos(wp — 21/3) oS wp ler
where:

Ln [H] is the self-inductance of the stator (twice the mutual inductance between the
stator windings);
Los [H] is the leakage inductance of the stator windings;
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Similarly, the rotor fluxes are obtained in the following equation [40]:

1 1
v Lor+ Ly —5Ln —5Ln l
ar 1 1 .a‘r
Ppr| = —5Lp Loy + Ly, ==Ly | |tr
Y, 2 z i
cr 1 1 cr
_ELh —ELh Loy + Ly
cos wp cos(wp —2m/3) cos(wp + 21m/3)]| Tigs
+ |cos(wp + 21/3) cos wp cos(wp — 2m/3) |- [ibs]
cos(wp —2m/3) cos(wp + 21/3) cos wp les

where Lor [H] is the leakage inductance of the rotor windings;

Stationary reference frame (oo.—f model)

(2.11)

For representing the voltage equations in the stationary reference frame, the rotor

voltage equation must be multiplied by el¢™ [41]:

d
S S dJS)S vas - RS ' i(XS + j:s
v, =R. 1. + =>
S s s dt . dlpﬁs

Uﬂs = RS ) lBS + dt

(2.12)

In Equation 2.13, it can be seen that the rotor voltage is 0, as there is no voltage

supply to the rotor circuit in the induction machine of the squirrel cage [41]:

0=R, ip + ¢ar+w81 Ypr
l/Jr —S dt B
0=R, lr + —J WYy = wr
0=Rs'iﬁr+7_wel'lpar
where:

Fs’s [V] is the stator voltage vector reference to the stator;
R [Q] is the stator resistance;

L_S’S [A] is the stator current vector reference to the stator;

JS)S [Vm] is the stator flux vector reference to the stator;

Vasr Vgs [V] are the stator voltage vector o and B component;
lass Ugs [A] is the stator current vector a and B component;
Yas, Yps [VM] is the stator flux vector a and B component;

R, [Q] is the rotor resistance;

L_T’S [A] is the rotor current vector reference to the stator;

ES [Vm] is the rotor flux vector reference to the stator

lars Igr [A] is the rotor current vector o and B component;
Yarr Ypr [VM] is the rotor flux vector a and B component;

(2.13)

Similarly to voltage equations, flux equations can be represented in stationary

reference frame [41]:
7S —s lpas =Lsigs+ Ly igs
Y =Ls iy + Ly lr => {l/)Bs—L “igs + L - ips
/S _ _ Yar = L " lgr + Ly * igr
l/]r - ls + L lr = {lpﬁr = L iﬂs + Lr ' iﬂr

(2.14)

(2.15)
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In Figure 2.17 it is represented the equivalent circuit in the stationary (apB)
reference frame, where all the voltages, currents and fluxes magnitudes are sinusoidal
with a frequency of synchronous speed wss [41]:

) @y~ Yer R .
L ) R.s , Lr:r.\ L:sr -— *+ \ "; A tar
'“"...-" \ f I"-.."lI Fﬂ_tnj_\ /RO_{E_C_\' @ I\'\.'" \, I'l...-' '
+ + -
N @s s Q}éL Ao N o
Vas | N\ 1, It = ———
— ¢ © dr WV,
\ v
s R; Ly Loy i pr
o AN T T —
+ - +
~
" N o dips .:: L, dyrg N ﬂIJ_\.
\/ df dt W

Figure 2.17. IM model (electric equivalent circuit) in a-3 reference frame [40]

The synchronous speed of the IM is calculated according to [41]:
60 - f

Wss (2.16)

metOT‘
where:

wss=104.72 [rad/s] is the generator stator synchronous speed;
fs=50 [Hz] is the grid frequency of the balanced three phases;
Pmotor=3 [pairs of poles] is the generator pairs of poles (6 poles).
The active power of the induction motor is calculated using the following formula [40,
42]:
3 . .

P1M=§'(v(x'la+vﬁ"'ﬁ) (2.17)
where:
P [w] is the induction motor active power;
v, [V] is the voltage vector a component;
vg [V] is the voltage vector B component;
iy [A] is the current vector ¢ component;
l'lg [A] is the current vector B component;

The reactive power of the induction motor is calculated using the following formula
[40]:

3 . .
QIM =§'(vﬁ'la_va"'ﬁ) (2.18)
where:
Qv [w] is the induction motor reactive power.
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The electromagnetic torque of the induction motor can be calculated using any of
the following formulas [41]:

3 »
Ty = E " Pmotor * Im{l»baﬁr ' laﬁr}

3 . .
Tim = 5" Pmotor (Ipﬂr “lor — Yar - lBr)

2
3 sk
Ty = E " Pmotor " IM {l/)s ’ lss}
3 Lm —S* g
Tim zz'pmotor'L_'Im{l/)s s } (2.19)
s
L ——S* s
Ty = E * Pmotor L_m “Im {lpr ’ "ss}
r
L ——S* —S
Iy = E'pmotor T:_nllrlm{wr “Ps }

—S* —S
Tim =E'pmotor'l‘m'1m lr g }

with the leakage coefficient being:
 (w)?
Lg - Ly

o=1 (2.20)

where:
TS’S [A] is the stator current vector reference to the stator;

ﬁ’s [A] is the rotor current vector reference to the stator;
—S
Ps [Vm] is the stator flux vector reference to the stator;

ES [Vm] is the rotor flux vector reference to the stator.

iqr [A] is the rotor current vector a component;

i/;r [A] is the rotor current vector B component;

Yor [Vm] is the rotor flux vector « component;

Y, [Vm] is the rotor flux vector § component;

Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

Lr [H] is the rotor inductance;

Pmotor [ pairs of poles] are the induction motor’s pairs of poles.

Synchronous reference frame (d-q model)

The dynamic equations of the induction motor stator and rotor voltage Equations
(2.21) and (2.22) can be represented in a synchronously rotating reference frame by
multiplying them by ei®ss [40]:

., Ay
—a —a d@)a ——a vds:Rs.lds—l_Ts_wss.qu
vs =Rg- 15 + dt +jwgp, => 4 (2.21)
qs

Vgs = Rg " igs + dt + wes Yy,
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oo dy
e P —a 0= Ry lar + d:r = (@55 = i) gy
0=Ry + dt = (wss —wpg) P => dl/qu (2.22)
0=Rs'iqr+—+(wss_w1M)'lpdr
dt

where:
a denotes that the space vectors refer to a synchronously rotating reference frame;

Fs’a [V] is the stator voltage vector reference to a synchronously rotating frame;
R, R, [Q] is the stator and rotor resistances;

l_s’a [A] is the stator current vector reference to a synchronously rotating frame;
W;a [Vm] is the stator flux vector reference to a synchronously rotating frame;
Vq, Vg [V] are the voltage vector d and q components;

Yas, Ygs [VM] are the d and g components of the stator flux;

lgss lgs [A] are the d and g components of the stator current;

lars Lgr [A] are the d and g components of the rotor current;

L_r’a [A] is the rotor current vector reference to a synchronously rotating frame;

—a
Y, [Vm] is the rotor flux vector reference to a synchronously rotating frame;
Yar, Yqr [VM] are the d and g components of the rotor flux;

Similar to the voltage equations, the flux equations can be represented in an

asynchronously rotating reference frame [40]:

—a —a —a Yas = Lg " igs + Ly " igs

=L.- L., - => , . 2.23
Ys s'ls TLptly {lpqs = Lg - igs + Ly " igs ( )
—a —a —a Yar = Ly~ lgr + Ly lgy

=Ll +L."1, => { . . 2.24
lpr m " ls rlr lpqr =L, igs +L,- iqr (. )

In Figure 2.18 it is represented the equivalent circuit for d and g components, in
which all the voltage, current and flux magnitudes are sinusoidal with a frequency of

synchronous speed wss [40].

. @y * Wq.s @y Yar .
Ids Ry —_— Los Lor + -—q_ R, tdr
hoA - S N A A A A
N l/ \j B BET () ;\v; \/ \‘.-"'—‘_
N _ V
+ + +
I
DC dyrgs = dyrg, DC
- ds - dr
Vs L, —_— g_; Ly — ‘|:’
dt o dt
[+ —
@y " Wy
igs Ry +—_ o3 Loy B
— AANAN Y P IR
—N\AN— —000 000
+ + +
e
, DC dipiys b DC
Vs t " = L dyr, T:
g 7 ‘:c(f) m War
dt
O

Figure 2.18. IM model (electric equivalent circuit) in d-q reference frame [41]

BUPT



64 PUMPING SYSTEM

The active power for the synchronously rotating frame is calculated similar as for
the stationary reference frame:

Py = % (va - la + v 1) (2.25)
where:
P [w] is the induction motor’s active power;
V4 [V] is the voltage vector d component;
Vg [V] is the voltage vector g component;
ig [A] is the current vector d component;
iq [A] is the current vector q component.

The reactive power of the induction motor is calculated for the synchronous
reference frame similar as, for the stationary rotating frame:

Qm = ; (Vg ta = va - iq) (2.26)
where:
Qv [w] is the induction motor reactive power;
V4 [V] is the voltage vector d component;
Vg [V] is the voltage vector g component;
ig [A] is the current vector d component;
iq [A] is the current vector g component.

The electromagnetic torque of the induction motor considering a synchronously
rotating frame can be calculated using one of the following equations [8]:

3 L —ax _
Ty = E " Pmotor Lm Im {l»br ’ lsa}
r
~ 3 L, . ' (2.27)
Ty = E " Pmotor * I ' (lpdr “lgs — ¢qr ' lds)
r

where:

—a
Y, [Vm] is the rotor flux vector reference to the synchronously rotating frame;

l_;a [A] is the stator current vector reference to the synchronously rotating frame;
Ygar [Vm] is the rotor flux vector d component;

Yqr [Vm] is the rotor flux vector g component;

iqs [A] is the stator current vector g component;

igs [A] is the stator current vector d component.

Lm [H] is the mutual inductance;

Lr [H] is the rotor inductance;
Pmotor [pairs of poles] are the induction motor’s pairs of poles.

In the diagram from Figure 2.19 it can be seen the flow chart of the induction
motor model developed in Simulink [43]:
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Figure 2.19. Induction Motor dynamic model Simulink diagram
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2.2.2.2,

The state-space form of the dynamic Equations (2.6) and (2.8) defining the

State-space model

induction motor electromagnetic behavior is developed according to [40]:

R, (o —1) R

Lm'(Rr_Lr'j'(‘)IM)

is | | o LLy oL oL L,>2

—s| R.-L R

Y UL —— 4w

T | - L, M
where:

—S
Y, [Vm] is the rotor flux vector reference to the stator;

|

—S
lS

—S

+

FS’S [V] is the stator voltage vector reference to the stator;

Lm [H] is the mutual inductance;
Ls [H] is the stator inductance;
Lr [H] is the rotor inductance;
R [Q] is the stator resistance;
R, [Q] is the rotor resistance;

o is the leakage coefficient;

wm [rad/s] is the induction motor's electrical speed.

The state-space representation of the (d—q) induction motor model, is obtained

[40]:
' R,-(0—1) R Ly R, J-om
oL Ly o-Lg o-Li-L* 0-Lg L,
Las R, (6—1) R J-wm Ly - Ry
tas | _ oL Ly oL, 0Ll oLy L>2|
Yar B Ry Lpy 0 T .
w;ﬂ L _E —]Wmm
Ry Ly . R,
0 L J Wim I
where:

igs [A] is the stator current vector d component;
iqs [A] is the stator current vector g component;

Yar [VmM] is the rotor flux vector d component;
Yqr [Vm] is the rotor flux vector g component;

V4s [V] is the stator voltage vector d component;
Vgs [V] is the stator voltage vector g component;

Lm [H] is the mutual inductance;
Ls [H] is the stator inductance;
Lr [H] is the rotor inductance;
R, [Q] is the stator resistance;
R, [Q] is the rotor resistance;

o is the leakage coefficient;

wm [rad/s] is the induction motor's electrical speed.

o -
0

le 7] (2.28)
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2.2.3. Variable speed centrifugal pump

2.2.3.1. Dynamic model

The variable-speed centrifugal pump [44] is a submersible pump that collects
water from a well and delivers it directly into an irrigation hydraulic distribution
network at different operating points. Table 2.3 presents the technical and operating
points of the centrifugal pump [44]. Even though the pump is installed at a depth of
40 m (PUMP_DEPTH= 40 m below the ground level in Figure 2.6), the water is
extracted from a depth of 30.5 m (HG_WATER_SOURCE= 30.5 m dynamic level in
Figure 2.6). The pump discharges a nominal flow of 91.85 m3/h, with the maximum
discharge being 95 m3/h.

Table 2.3. Variable speed centrifugal pump technical specifications

Properties Value Symbol| Unit
Manufacturer Caprari - -
Type E8P95/7ZC - -
Pump operating limits

Ambient temperature 35°C

Minimum water speed to cool the jacket of the motor 0.5 m/s

Maximum number of starts in one hour 20

Minimum immersion depth 507,5m

Submersible pump operating characteristics

Pump service flow rate 91.85 m3/h Q m3/h
Submersible pump service head 78.12 m H m
Pump rated efficiency 75.63 % n %
Pump rated hydraulic power 25.84 kW | Ppsmax kW
Pump maximum flow rate 169.2 m3/h| Qmax m3/h
Pump head at theoretical 0 flow rate 97.35 m Hmax m
Pump minimum head (at maximum flow rate) 83.29 m Hmin m
Pump efficiency at maximum flow rate 81.5 % n %
Pump hydraulic power at maximum flow rate 30 kW Ppump m3/h
Consumer pressure 1.5 Hgcons bar
Well Dynamic head 35.7 Hgweir mca
Water level variation 18.6 AHg mca
Pipe diameter 0.3 Dpipe m
Head-flow 1st coefficient 185.2123 A m
Head-flow 2nd coefficient 0.2608 B h/m?2
Head-flow 3rd coefficient -0.0076 C h/m?>
Efficiency-flow 1st coefficient 1.8274 D 1/m?2
Efficiency-flow 2nd coefficient -0.104 E 1/m>

The variable centrifugal pump is modelled based on A, B, C, D and E coefficients
from Table 2.3. The coefficients are identified through quadratic regression, using the
Matlab curve fitting tool on 7 operating points on the pump head-flow (Ho-Qo) and
efficiency—-flow (no-Qo) curves at 50 Hz provided by the manufacturer (Figure 2.20).
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Both curves (Ho-Qo and no-Qo) are at nominal speed (wpso) [45-47]. Using the same
denotations as the ones published by the author in reference [35]: “starting from
Equation (2.30), until Equation (2.74), the subscript “0” stands for the nominal value,
and “s” for the current value”.
Hy=A+ B Qy+C-(Qy)? (2.30)
Mo =D Qo+ E - (Qp)? (2.31)
where Q represents the pump discharge, H the pump head, and n the pump efficiency.

Table 2.4. Variable speed centrifugal pump 7 points on the 50 Hz curve

50Hz curve fitting point | Q [m3/h] | H[m] |P [KW]|n [%]|NPSH [m]

1. 0 185 0 0 0

2. 54 177 36.8 | 68.1 1.8
3. 69.84 166 | 41.19| 76.7 2.37
4. 85.68 152 | 45.11| 80 3.22
5. 101.52 133.5|148.09| 78 4.28
6. 117.36 111 | 50.01| 71 5.6
7. 133.2 85 50.03 |58.35 7.2

The dynamic response of the pump to different speeds is modelled using the pump
affinity laws (assuming a constant change in water density pws=pwo and pump
geometry Gs=Go) [27] (p. 776):

Qs Wpss Gs 3
Qo a Wpso (Go) (2:32)
H _ (@)2 . (&)2 (2.33)
Hy Wpso Go
s _ (P <“L> (&Y (2.34)
PpsO Pwo wpso GO

where Pps stands for the shaft pump power.

By combining the (Ho-Qo) quadratic regression Equation (2.30) at nominal speed
(wpso) with the pump affinity laws (2.32)-(2.34), the pump characteristic (Hs-Qs) as a
function of pump speed is obtained (21):

2
Hs=<%> .A+<@>.B.QS+C.(QS)2
wpso

wpsO

(2.35)

Figure 2.20 shows the pump characteristics head-flow (H-Q) curves (representing
on the x-axis the pumping head in meters, and on the y-axis the pump discharge in
m3/h) at different electrical frequencies (variations from 5 to 50 Hz).

By combining the (no-Qo) quadratic regression of Equation (2.31) at nominal speed
(wpso) with the pump affinity laws (2.32)-(2.34) using the equation from reference
[48], the pump efficiency as a function of pump speed is obtained (2.36):
0.1
Me(0g) = 1= (1 = ng) - (222)

Wpss

Ns(wps) =1 - <@>0'1 +D- Qs <w’“°>1.1 +E-(Q5)?- (myl
s\ Wps ) s \w s )

pss pss pss

(2.36)
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Figure 2.20. Pump head-flow H-Q curve at different speeds
Figure 2.21 shows the pump efficiencies (n-Q) curves (representing on the x-

electrical frequencies (variations from 5 to 50 Hz).

the pump efficiency, and on the y-axis the pump discharge in m3/h) at different
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Figure 2.21. Pump efficiency-flow n-Q curve at different speeds
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By combining the head-flow (H-Q) characteristic curves of the pump, Equation
(2.35) with the pump efficiency-flow (n-Q) characteristic curves from Equation (2.36),
the iso-efficiency curves are obtained in Figure 2.22, where x-axis represents the
pumping head in meters, and y-axis represents the pump discharge in m3/h. The
pump efficiency is represented in percentages by the dotted lines while the pump
frequency is represented in Hz by the dashed lines. The red line represents the
hydraulic network characteristic curve from Equation (2.40). For an ideal operation,
the controller strategy must operate the PS according to the hydraulic network
characteristic curve.
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Figure 2.22. Pump Iso-efficiency curve
The pump iso-power curve is presented in Figure 2.23 where the pump power
(Ppump) is calculated based on delivered hydraulic power (Phydrauiic) divided by the pump
efficiency at the operating point (ns), Equation (2.37) [49]:
Py = Phyti]raulic _ Pw '91'1Hs Qs (2.37)
S S
The pump iso-torque curve is presented in Figure 2.24 where the pump torque
(Tpump) is calculated according to Equation (2.38) from reference [50]:
" Poump
2T Wpss
where pw is the water density, g is the gravitational acceleration, Phydrauic being the
current hydraulic power, wpss representing the current pump speed and ns the current
pump efficiency.

(2.38)

pump =
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Figure 2.23. Pump Iso-power curve
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The pump iso-inertia curve is presented in Figure 2.25, where the pump inertia (Ipump)
is calculated based on the equation from [51]:

P 0.9556
I =0.03768 - [ — PP 2.39
pump = 0.03768 <1ooo-w,,ss (2.39)

AR pump Inertia [kg m?)

JC S Frequency [Hz)

X 1[Q=54m3/h; H=68m; F=33Hz; Eif=82%)]
2 [Q=84m3/h; H=76m; F=39Hz; Eff=81%)]

» 3 [Q=91.5m3/h; H=76m; F=40Hz; Eff=80%]
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Figure 2.25. Pump Iso-Inertia curve

2.2.4. Hydraulic network

The considered pumping system irrigates 5 sectors. In Table 2.5 are presented
the nominal values of the key parameters for each sector (operating points), obtained
by analyzing the collected data with the monitoring system in section 5.4.7.
Monitoring system collected data.

Table 2.5. Variable speed centrifugal pump identified operating parameters

Sector | Htotal Q Pressure Pressure Power Frequency
(mca) | (m3/h) (bar) Reference (bar) (kw) (Hz)
1 68 54 3.4812354 3.5 12.029 33.0518
2 76 84 4.18822408 4.2 22.319 39.0077
3 76 91.5 |4.42083782 4.4 25.301 40.3471
4 76 90 4.168346 4.2 24.676 40.0732
5 72 85.5 3.79069191 3.8 21.890 38.6260
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The water distribution and irrigation system characteristic curve is expressed by
equation [52]:

Hy =Hy + k- (Q5)? (2.40)
where Qs is the current pump discharge, Hg is the static head, and k is the head loss
coefficient. Figure 2.22 shows the iso-efficiency diagram of the pump together with
the hydraulic network characteristic curve [35, 48].

The pump discharge (flow rate) as a function of pump speed (wpso0) is given by
the cross-point of the pump head flow characteristic curve (2.35) with the hydraulic
network characteristic curve (2.40):

2

w w

Hy + k- (Q0)* = (wL) -A+(ﬁ)-B-QS+C-(QS)2 (2.41)
psO psoO

From which results:

A e R

Qs(wpss) = 2-(C—k)

The pump power (Ppump) is calculated based on delivered hydraulic power
(Pnyarauiic) divided by the pump efficiency at the operating point (ns), Equation (2.43)
[47]:

3

p pw'g'Hg'Qs+p'g'k1'(Qs(wpss))

pump = (1 ~ (%)0.1 +D - Qs(@pss) - (%)1-1 L (Qs(a)pss))z . (m)m)

(2.43)

Wpss

Finally, the pump torque as a function of pump speed can be obtained through
the substitution of Equations (2.41), (2.42), and (2.43) into Equation (2.44):

pw'g'Hg Qs tp-g-ky- (Qs(wpss))3

» 0.1 » 11 2 /w
Wpss (1 - (ﬁ) +D- Qs(wpss) ' (ﬁ) +E- (Qs(wpss)) ' ( P10

Wpss

T,

pump =

2.1 (2.44)
")

The pump inertia (Ipump) is calculated based on the equation from:

3 0.9556
pw'g'Hg'Qs+P'g'k1'(Qs(wpss))

(1= () - o) (22) 4 (0rom)) - (222)7)

1000 - ws;

Lyymp = 0.03768 - (2.45)
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Figure 2.26 presents the structure of the fixed speed pump controller developed
in Simulink [43].

HR1

-
m ®©
2
4]
4
=
e
o B
< E
oo El
» g
c ‘ 2 8 &
& < @3 T
EI oo
o]
w
[ =4
wl
G —_—
2
g Y '- L]
L 4 T L
a v
o -
-
) k=]
= :
o T 3
n 2 1
- W
aal °
> =
S(56
@ e
c‘-\-ﬂ
q,U
IR
=
[
w O
A

Figure 2.26. Simulink dynamic model diagram of the centrifugal pump together with
the hydraulic network
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2.3. Pumping system control strategy

In the current subchapter, several controllers and controlling strategies are
developed in order to drive the induction motor of the pump at fixed (nominal) speed
using a soft starter driver, or at variable speed (can differ from the nominal) using a
VFD. This control strategy has been published by the author in reference [35]. Both
motor drives contain, besides the controllers, also the execution elements. The soft
driver contains, besides the controller, also the converter, and the VFD contains,
besides the controller, also the rectifier and the inverter.

2.3.1. Fixed speed pump controller

The most common solution to drive high-power centrifugal pumps at a fixed
(nominal) speed is to use a soft starter. A soft starter controls just the induction motor
acceleration to nominal speed (equivalent electrical frequency of 50 Hz) and its
deceleration (to 0 Hz). Figure 2.27 presents the structure of the fixed-speed pump
controller.

Pressure
ransducer

Pipeline

Circuit Breaker | T Directionalk/ |
1 L valve Water
Mo consumer
F e
~ ~ 2 H
~J =~ Pressure
e ——— expressed
- Motor in Head
; EMC Filter .
Grid or generator Converter ; filter

Water source

Figure 2.27. Pump motor powered by a soft starter at nominal frequency
Figure 2.28 published by the author in reference [35], presents the fixed and
variable speed PS diagram, where the induction motor of the pump is controlled using
a classical solution for current regulation in vector-controlled AC drives, called the
current regulator. This solution considers a PI (Proportional Integral) current
regulator, which is tuned using a second-order equivalent system of induction motor
currents [40].

. Fixed speed pump controller "% L
Vir + Flux g5+ Current | vy, Vas,| op ) i
- controlle _®. regulator l.. .,L,
; . War 'r.d's ifls Vbs PWM E,“b
éfm + speed |{Tom - Igs o Current | Vas Vg abe Ves Eb...
_'@ , controller| 'TW, _EF_ regulator Tdq.ap Tap.abe [ Inverter
m r Igs a, a FSIRTEt TUIE SENS (LD
‘ a4 - I e Soft Starter:.g-tt-m
| Rotor flux s ke I\ 2pe ias
ve | and e I :
angle g igs | ap ey T FOEd (O (oo
VFD petmeer o (Toae[ el u
M
|| pmotor . w
2m Variable speed pump controller

Figure 2.28. Induction motor control loops for one single pump [35]
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Legend [35]:

e Sa, Sb, Sc are the switching commands (orders);

¢ PWM= pulse-width modulation;

e as, ibs, ics are the stator three-phase AC currents;

e  Vas, Vbs, Vcs are the stator three-phase AC voltage commands;

e id and iq are the stator three-phase AC currents expressed in synchronous
(dq) reference frame;

e Vvds and vgs are the stator three-phase AC voltage commands transformed in
synchronous (dq) reference frame;

e ig and ip are the stator three-phase AC currents expressed in stationary (aB)
reference frame;

e Vas and vgs are the stator three-phase AC voltage commands transformed in
stationary (ap) reference frame;

e Tabcap= transformation from three-phase (abc) complex space vector into
stationary (ap) reference frame [53];

e Tap.abc= transformation from stationary (ap) reference frame into three-phase
(abc) complex space vector [53];

e Tap.dq= transformation from stationary (aB) reference frame into synchronous
(dq) reference frame [53];

e Tdq.ap= transformation from synchronous (dq) reference frame into stationary
(aB) reference frame [53];

where:
_ [cosBs —sin b cosf; —sinf]""
Tap.aq = sinf;  cos b Taq.ap = [sin QSS cos BSS
2/3 -1/3 -1/3 1 0 1 (2.46)
Tabc.aﬁ =10 \/§/3 —\/§/3 Taﬁ.abc = _1/2 \/§/2 1

1/3 1/3  1/3 -1/2 —/3/2 1

The second-order transfer functions of the induction motor currents closed loop
system of the considered the following forms [40].

igs(s s ky +k;
iis( ) — - p1 i1 (2.47)
lds(s) S (O- " Ls) + S (RS + kpl) + kil
iqs(s) _ N kpl + kil (2.48)
ias(s) 52 - (0' : Ls) + N (RS + kpl) + kil
With o being leakage coefficient [40]:
(Lm)? (2.49)

=1-
? L L,

where the ids* is the reference and ids is the output of the d-axis current loop and
respectively igs* is the reference and igs is the output of the g-axis current loop.
Rs=0.095 [Q] representing the IM stator resistance, Rr=0.063 [Q2] representing the
IM rotor resistance, Lm=0.032 [H] being the IM magnetizing inductance, Ls=0.034
[H] being the IM stator inductance and Lr=0.034 [H] the IM rotor inductance. kp: and
ki1 are the proportional gain and integral time constant of the both closed loop currents
systems (“d” and “q”). The current regulators of both loops are equally tuned.
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The tuning of the fixed speed pump controller is done, considering the closed loop
denominator of equations (2.47) and (2.48) being matched to a standard second-
order systems denominator [40]:

52 ) (0' " Ls) + s (RS + kpl) + kil = SZ + 2 ) 51 - wm S+ ((l)nl)z (2'50)
Developing equation (2.50), is obtained:

(2.51)

Rs+k k;
L) =522 s + ()’

2 + _(
§ s o LS [ LS
where wn: and &: are the first natural frequency and damping factor of the system.

From equation (2.51) results that the required proportional gain and integral time
constant are:
kpy=0"Ls"2& Wy —Rs (2.52)
and, respectively,
kip =0+ Ls - (wn1)? (2.53)

For a critically damped response, the second order denominator equations (2.50),
(2.51), must give a solution with double real poles, a solution obtainable only with a
damping factor equal to 1, £1=1:

For & =1 results - (s + wy, %) (2.54)

According to the recommendation from reference [40], to choose the dynamics
of the closed loop system faster than the one of the open-loop system, the poles of
the closed-loop system (wn:) are chosen to be 10 times greater than the open loop
poles (0-Ls/Rs). Recommendation that leads to good results.

10 (2.55)
gL
Ry

Wpy =

Figure 2.29 presents the structure of the fixed speed pump controller.
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Figure 2.29. Fixed speed pump controller structure
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2.3.2. Variable speed pump controller

The most common solution for driving high-power centrifugal pumps at a variable
speed is using a VFD. A VFD besides controlling the acceleration and deceleration of
the induction motor controls also the operating speed, which can differ from the
nominal one. Due to this reason, the variable speed pump controller uses the same
closed-loop systems as the fixed speed controller (2.3.1 Fixed speed pump
controller), with the same transfer functions (2.47), (2.48), to which was added in
the cascade the speed controller developed in this section (Figure 2.28). The speed
controller, that becomes the main loop, provides the reference for the inner loop g-
axis current (igs*) containing the current regulation (g-axis), from the
electromechanical torque according to Equation (2.56) from [41]:

Tom = Tom = K- Way * igs (2.56)
which allows us to obtain the g-axis current reference, ias*.

The synthesis of the speed controller is done, starting from equation (2.57) [41],
where the viscous friction has been neglected:

2-m- 1L

Tem — Tpump = Ipump ' (wpss) = PR (fm) (2.57)
Pmotor
where fm represents the motor electrical frequency (fm=pmotorWpss/2/1) (2.58)

Ipump represents the total inertia of the pumping unit (induction motor plus pump),
equations (2.44) and T,ump represents the mechanical torque (2.45).

Figure 2.30 presents the structure of the variable speed pump controller.
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Figure 2.30. Pump motor powered by a VFD at variable frequency

Denoting AT=Tem-Tpump, from equation (2.57), the following transfer function of
the driving shaft system is obtained:
fms) P (2.59)
AT(S) 27 Ly - S

Considering the transfer function of a Proportional and Integral controller (PI2) of
the form (2.60):

k.
PI, = ky, +?12 (2.60)
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in series with the transfer function from Equation (2.59), the transfer function of the
closed loop with unitary feedback is obtained:
fm(s) B kpz s+ ki
fmi(s) 2-m
Pmotor
with fm* being the motor electrical frequency and representing the input and fm being
the current motor electrical frequency and representing the output.

(2.61)
* Ipump - Sz + kpz s+ klz

For the PI> pump speed controller the same tuning method as the one used for
the current regulators of the induction motor, equations (2.47)-(2.55), has been used.
Similarly, the closed loop denominator of equation (2.61) is matched to the
denominator of a standard second-order system:

s?- (2 T Ipump/pmotor) +s: kpz + ki = sZ4+2- Ey pp s+ (wnz)z (2.62)

The required proportional gain (kp2) and integral time constant (ki2) are:
2- EZ " Wy2 " Pmotor

k,, = .
=g (263)
(wnz)z * Pmotor
ki, = 27, (2.64)

In parallel, a flux controller loop is developed similarly to the speed controller
loop. The flux controller provides directly the reference to the d-axis current regulator
from its inner loop.

Same as the speed controller, the PI3 flux controller is developed, with kp3 being
the proportional gain and kis the integral time constant. The rotor flux estimator is
modeled according to the transfer function from reference [40]:

lpdr(s) _ Lm
igs(s) T s+1

where the dynamics of the d-axis current control loop is neglected because the d-
axis current loop dynamic is much faster than the rotor flux dynamic. 7 represents
the rotor time constant.

(2.65)

By including another PI regulator type, equation (2.60), (PI3) in series to the rotor
flux estimator and closing the loop with unitary feedback, the transfer function of the
rotor flux closed loop is obtained:

Par(s) _ kp3 'S+ ki
_(s) . I 1 (2.66)
d?"() Sz'm+s'(m+kp3)+ki3

where the current rotor flux (¥ar) being the output and the reference of the rotor
flux (War*) being the input.

The proportional gain and the integral time constant of the flux controller are
obtained from the identification of the closed-loop denominator of equation (2.66)
with a standard second-order system denominator:

p3 L n3 ( )

m
ks = 2+ 2 ! 2.68
is—Lm &3 " Wns3 L. (2.68)
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2.3.2.1. Variable flow pump controller

A particular application of the variable speed pump, is the pumping system that
has to operate at the desired water discharge (volume flow). Due to this reason, a
mathematical equation is introduced, in order to obtain the electrical frequency error
Af=(fm*-fm) expressed as a function of water discharge (flow) error AQ=(Q*-Q), the
first-order Taylor series approximation is used:

Q=0Q + — (fm = fm*) - (Q) - (2.69)

where ( is obtained deriving equation (2.32) from the affinity laws, equations
(2.32)-(2.34), the angular velocity (wpss) is converted into electrical frequency (fm)
(equation (2.58)), and the nominal discharge (flow) (Qo) and frequency (fmo) are
equals with the reference discharge (Q*=Qo) and frequency (fm*=fmo) [48]. From
equation (2.69) results:

AQ — 2

2.

Af(0),,. =t Af and Af =Pmtelh.pg  (2.70)

Pmotor fm* 2:mH*

Pmotor

Figure 2.31 presents the structure of the variable flow pump controller.
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Figure 2.31. Pump motor powered by a VFD at variable flow

2.3.2.2. Variable pressure pump controller

Another particular application of the variable speed pump, is the pumping system
that has to operate at the desired pressure. Due to this reason, a mathematical
equation is introduced, in order to obtain the IM electrical frequency error Af=(fm*-
fm) as a function of pumping head error AH=(H*-H), using the first-order Taylor
series approximation:

2.

H=H"+ -(fm—fm*)-(l-’l)fm* (2.71)
motor

where H is obtained deriving equation (2.33) from the affinity laws, equations
(2.32)-(2.34), the angular velocity (wpss) is converted into electrical frequency (fm)
(equation (2.58)), and the nominal head (Ho) and frequency (fmo) are equals with the
reference head (H*=Ho) and frequency (fm*=fmo) [48]. From equation (2.71)
results:

A = 2T Af - (H), . =—""——Af and Af = Pmotor™ ap o 5o

Pmotor Pmotor fm* 4mH”
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Figure 2.32 presents the structure of the variable pressure pump controller.
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Figure 2.32. Pump motor powered by a VFD at variable pressure

2.3.2.3. Variable power pump controller

Another particular application of the variable speed pump is the pumping system
where the absorption power is limited. For example, in the pumping systems powered
by a photovoltaic (electrical wind) generator, where the pumping system absorption
power has to track the photovoltaic (electrical wind) generator produced power. Due
to this reason, a mathematical equation is introduced, in order to obtain the electrical
frequency error Af=(fm*-fm) expressed as a function of pump power error
APpump=(Ppump*-Ppump), the first-order Taylor series approximation is used:

2.

Boump = (Ppump)* + “(fm—fm")- (Ppu',mp)fm* (2.73)
pmotor

where Ppu.mp is obtained deriving equation (2.34) from the affinity laws, equations
(2.32)-(2.34), the angular velocity (wpss) is converted into electrical frequency (fm)
(equation (2.58)), and the nominal pump power (Ppumpo) and frequency (fmo) are
equals with the reference pump power (Ppump*=Ppumpo) and frequency (fm*=fmo)
[48]. From equation (2.73) results:

2+ . 4-T-H* motor” *
APpump =_T['Af'(Ppump)fm* = - 'Af and Af=u APpump (274)

= -
Pmotor Pmotor fm’ 6'”'(Ppump)

Figure 2.33 presents the structure of the variable flow pump controller.
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Figure 2.33. Pump motor powered by a VFD at variable power
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2.4. Pumping system simulations

Combining the pumping system control strategy presented in the third subchapter
(2.3. Pumping system control strateqy), with the dynamic model of the pumping
system presented in the second subchapter (2.2. Pumping system modelling), a
simulator was developed in Simulink [43].

Three-Phase
V-1 Measurement Power Source

Ak a
PS_Vabc_ref | Vabc_ref
Bp b
Cp c
order_motor [ P> Order_motor|
Shaft Speed 125605 5
Pump
Controller Induction_Motor

Figure 2.34. Pumping system simulator flow chart in Simulink

Using the developed pumping system simulator, five simulations were executed
in order to analyze and evaluate the response of the: fixed speed pump controller,
variable speed, flow, pressure and power pump controllers

2.4.1. Response of the pump driven by a soft starter
(fixed speed pump controller)

In the first simulation (15 seconds), is presented the response of the pumping
system when the induction motor is driven by a soft starter that accelerates to the
rated speed in 10 s and then decelerates to 0. This simulation was executed in order
to see the response of the pumping unit (induction motor plus centrifugal pump)
driven by a soft starter.

3000 -

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time [s]

Figure 2.35. Agular velocity response of the fixed speed controller
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In Figure 2.35, it can be seen that the developed strategy for controlling to a fixed
speed through a soft starter, makes the presented pump accelerate to its nominal
speed in less than 4 seconds without any overshoot or oscillations (<0.003 %).

Figure 2.36, presents the induction motor's speed reference expressed in
electromechanical torque, the actual electromechanical torque and the load (pump)
torque. It can be seen that the actual motor torque has a maximum residual deviation
of 8%. It can also be observed a delay between the motor torque and the pump torque
due to the reason that no torque it’s applied to the pump until reaches the minimum
head (pressure) for pumping water.
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Figure 2.36. Torque response of the fixed speed controller

In Figure 2.37, it can be seen the 3 phases voltage supply from the power grid to
the induction motor, are held constant during this simulation.
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Figure 2.37. Induction motor voltage during the fixed speed controller simulation

In Figure 2.38., it can be seen the current variation of the 3 phases supplying the
induction motor. This figure confirms that using a soft starter, the starting (first
seconds) current flow from the power grid to the induction motor does not exceed the
nominal current as in the case of a star-delta starter.
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Figure 2.38. Induction motor current absorption of the fixed speed controller
Figure 2.39 depicts the electrical power flow from the power grid to the induction

motor,

how this power is converted

into rotational

(mechanical

power), and

transferred to the pump. Similar to Figure 2.38, this figure confirms that using a soft
starter, the starting (first seconds) power flow from the power grid to the induction
motor does not exceed the nominal power as in the case of a star-delta starter. It can
be also seen that stopping the pump is done by deceleration and not by cutting off.
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Figure 2.39. Power response of the fixed speed controller
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Figure 2.40. Pump head response of the fixed speed controller
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In Figure 2.40 it can be seen that the presented control strategy reaches quickly
(almost 1 second) the minimum pump head (pressure) for pumping water, and then
slowly reaches the nominal pressure. In this diagram, it can be also seen that no
water hammer or cavitation occurs during the operation of the pump.
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Figure 2.41. Pump flow response of the fixed speed controller

Figure 2.41 presents the pump water discharge (flow) into the irrigation network.
This diagram shows, that in less than 1 second the pump starts pumping water in
order to avoid the overheating of the induction motor due to only rotating the water
inside the well/ hydraulic network, without pumping it. A phenomenon that can lead
to short-circuiting the induction motor.

2.4.2. Response of the pump driven by a VFD (Variable
frequency drive)

The following simulations are executed in order to see the response of the
pumping unit (induction motor plus centrifugal pump) driven by a VFD in 4 different
modes (considering 4 different references):

1. Variable speed;

2. Variable flow;

3. Variable head (pressure);
4. Variable power.

2.4.2.1. Response of the variable speed pump controller

In the second simulation (12 seconds), is presented the response of the pumping
unit driven by a VFD (in the variable speed mode) by a reference speed step from
1800 rpm to 2400 rpm, occurring at the fourth second.

In Figure 2.42, it can be seen that the developed strategy for controlling the pump
to various speeds, makes the pump seed reach its reference with a small overshoot
(maximum overshoot<0.4%) or oscillations (<0.003 %).

Figure 2.43, presents the induction motor's speed reference expressed in
electromechanical torque, the actual electromechanical torque and the load (pump)
torque. It can be seen that the proposed controller drives the induction motor with its
maximum torque until reaches the torque equivalent to its reference speed. Compared
to Figure 2.36 it can be observed that the delay between the motor torque and the
pump torque has disappeared because the pump is already discharging water (flow).
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Figure 2.42. Agular velocity response of the variable speed controller
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Figure 2.43. Torque response of the variable speed controller

As in the first simulation (Figure 2.37), in Figure 2.44 it can be seen that the 3
phases voltage supply from the power grid to the induction motor, is held constant.
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Figure 2.44. Induction motor voltage during the variable speed controller simulation

BUPT



Pumping system simulations

87

In Figure 2.45, it can be seen the current variation of the 3 phases supplying the
induction motor.
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Figure 2.45. Induction motor current absorption during the variable speed controller
simulation

Figure 2.46 depicts the electrical power absorbed from the power grid, the motor
electromechanical power, the mechanical (rotational) power provided by the motor
and the pump’s shaft mechanical (rotational) power. During the power transition of
the induction motor, the absorbed power from the grid does not exceed the nominal
power of the motor. The fluctuations of the absorbed power do not exceed 1%
(accepted by most of the power grids).
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Figure 2.46. Power response of the variable speed controller
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In Figure 2.47 it can be seen the pump head (pressure) variation during the

variable speed step response.
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Figure 2.48 presents the pump water discharge (flow) variation during
variable speed step response.
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Figure 2.47. Pump flow response of the variable speed controller
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Figure 2.48. Pump head response of the variable speed controller

In the third simulation (12 seconds), is presented the response of the pumping
unit driven by a VFD, in the variable flow mode, by a reference flow step from 84
m3/h to 91.5 m3/h, occurring in the fourth second. In the ninth second the proposed

control strategy gives the stopping order.

In Figure 2.49, it can be seen that the developed strategy for controlling the pump
to various flows (discharges), makes the pump flow reach its reference with a small

overshoot (maximum overshoot<1.3%) or oscillations (<0.003 %).

Figure 2.50 presents the actual speed of the induction motor and the reference
pump flow expressed in the motor’s speed. In second four during the simulation, it
can be seen how the equivalent speed reference changes as the actual volume flow

start reaching its reference.
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Figure 2.49. Pump flow response of the variable flow controller
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Figure 2.50. Agular velocity response of the variable flow controller

Figure 2.51 presents the pump water flow reference expressed in
electromechanical torque, the actual electromechanical torque and the load (pump)
torque.
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Figure 2.51. Torque response of the variable flow controller
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Figure 2.52 shows the 3 phases voltage from the power grid being held constant.
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Figure 2.52. Induction motor voltage during the variable flow controller simulation

In Figure 2.53, it can be seen the current variation of the 3 phases supplying the
induction motor.
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Figure 2.53. Induction motor current absorption of the variable flow controller
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Figure 2.54. Power response of the variable flow controller
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Figure 2.54 depicts the electrical power absorbed from the power grid, the motor
electromechanical power, the mechanical (rotational) power provided by the motor
and the pump’s shaft mechanical (rotational) power. During the power transition of
the induction motor, the absorbed power from the grid does not exceed the nominal
power of the motor. The fluctuations of the absorbed power do not exceed 1%
(accepted by most of the power grids).

In Figure 2.55 it can be seen the pump head (pressure) variation during the
variable flow (discharge) step response.
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Figure 2.55. Pump head response of the variable flow controller

2.4.2.3. Variable pressure pump controller

In the fourth simulation (12 seconds), is presented the response of the pumping
unit driven by a VFD, in the variable head (pressure) mode, by a reference head step
from 68 m to 70 m, occurring at the fourth second. In the ninth second the proposed
control strategy gives the order to stop the pump operation.

In Figure 2.56, it can be seen that the developed strategy for controlling the pump
to various heads (pressures), makes the pump pressure reach its reference with a
small overshoot (maximum overshoot<0.2%) or oscillations (<0.001%).
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Figure 2.56. Pump head response of the variable head controller
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Figure 2.57 presents how the actual speed of the induction motor tracks the

reference pump head (pressure) expressed in motor’s speed.
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Figure 2.57. Agular velocity response of the variable head controller

torque, the actual electromechanical torque and the load (pump) torque.
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Figure 2.59 shows the 3 phases voltage from the power grid being held constant.
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Figure 2.58. Torque response of the variable head controller
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Figure 2.59. Induction motor voltage during the variable head controller simulation
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In Figure 2.60, it can be seen the current variation of the 3 phases supplying the
induction motor during the variable bead controller.
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Figure 2.60. Induction motor current absorption of the variable head controller

Figure 2.61 depicts the electrical power absorbed from the power grid, the motor
electromechanical power, the mechanical (rotational) power provided by the motor
and the pump’s shaft mechanical (rotational) power. During the power transition of
the induction motor, the absorbed power from the grid does not exceed the nominal
power of the motor. The fluctuations of the absorbed power do not exceed 1%
(accepted by most of the power grids).
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Figure 2.61. Power response of the variable head controller

In Figure 2.62, it can be seen the pump discharge (flow) variation during the

variable head controller.
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Figure 2.62. Pump flow response of the
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2.4.2.4. Variable power pump controller

In the last simulation (9 seconds), is presented the response of the pumping unit
driven by a VFD, in the variable power mode, by a reference power step from 22 kW
to 25 kW, occurring at one second. In the sixth second, the proposed control strategy
gives the order to stop the pump operation.

In Figure 2.63 depicts the electrical power absorbed from the power grid, the
motor electromechanical power, the mechanical (rotational) power provided by the
motor and the pump’s shaft mechanical (rotational) power and it can be seen that the
developed strategy for controlling the pump to various powers makes the pump power
to reach its reference with some oscillations around 5%.
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Figure 2.63. Power response of the variable power controller

Figure 2.64 presents the actual speed of the induction motor and the reference
power expressed in the motor’s speed. The fluctuations of the induction motors speed
are maximum 1.5%.
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Figure 2.64. Agular velocity response of the variable power controller
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Figure 2.65 presents the

induction motor power reference expressed

in

electromechanical torque, the actual electromechanical torque and the pump torque.
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Figure 2.65. Torque response of the variable power controller
Figure 2.66 shows the 3 phases voltage from the power grid being held constant.
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Figure 2.66. Induction motor voltage during the variable power controller simulation

In Figure 2.67, it can be seen the current variation of the 3 phases supplying the
induction motor during the variable bead controller.
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Figure 2.67. Induction motor current absorption during the variable power controller
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In Figure 2.68, it can be seen the pump discharge (flow) variation during the
variable power controller.
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Figure 2.68. Pump head response of the variable power controller

In Figure 2.69, it can be seen the pump discharge (flow) variation during the
variable power controller.
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Figure 2.69. Pump flow response of the variable power controller
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2.5. Pumping system chapter conclusion

According to chapter 2. PUMPING SYSTEMS, it can be concluded that the model
of the pumping system developed in subchapter 2.2 Pumping system modelling
can be used for both dimensioning and simulating pumping systems. The personal
contribution to pumping system modelling consists in developing a model capable of
simulating also transitory regimes not only nominal regimes as the ones presented in
the specialized literature [10, 11, 38, 45, 46, 49, 50, 52].

In subchapter 2.3 Pumping system control strategy, it is developed a strategy
for controlling a pumping system based on the vectorial machine controller from
reference [40, 41] whose current references are given by a PI speed controller in
cascade. The personal contribution to the pumping system control strategy consists
in adding several mathematical equations, in order to obtain the electrical frequency
error expressed as a function of pump discharge (flow) error, head (pressure) error,
or absorbed power error necessary for driving a pump through a VFD to desired flow,
head or for tracking a fluctuating and intermittent power source.

Finally, in the fourth subchapter (section 2.4. Pumping system simulations),
the pumping system model and the proposed control strategy are validated through
five simulations where the pump is driven at a fixed speed, variable speed, variable
flow, variable pressure and variable power pump controllers. The performance of the
proposed control strategy is determined by analyzing several performance indicators:
induction motor and pump speed, torque, the absorbed power by the induction motor
from the power grid including the 3 phases voltages and currents and the pump’s
water head and discharge.
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3. PHOTOVOLTAIC ENERGY CONVERSION
SYSTEMS (PECS)

The current chapter presents the modelling and simulation of a PECS (photovoltaic
energy conversion system). The first subchapter (3.1. PECS description) presents
a short description of a general PECS and its components. The second subchapter
(3.2. PECS modelling) consists of a nonlinear mathematical model of the described
PECS, and the third subchapter (3.3. PECS controller) presents the proposed control
strategy. In the fourth subchapter (3.4. PECS simulations), the performance of the
proposed control strategy is determined by analyzing several performance indicators
during four simulations: a clear sky day, a day with a big cloud, a day with many
small clouds and a fully cloudy day. Finally, in the last subchapter (3.5. Conclusions)
are presented the chapter conclusions.

3.1. PECS description

The pumping systems used in the irrigation of agricultural fields are powered by
electricity from the national grid in areas where this grid is found, and by diesel or
gasoline generators, where it is missing. Since most of these systems are used during
summer, with maximum demand on the hottest and sunniest days of the year, the
solution for powering an irrigation PS may consist of PVG (photovoltaic generators)
leading to an excellent integration of the PVG into such systems [54]. In the upcoming
paragraphs, the main components of an existing PECS powering a PS in Aragon, Spain
[54], a system used further in validating the proposed MM and control structures.

3.1.1. Photovoltaic panel

The PV (photovoltaic) cell is the core element of any PV generator [55] and
consists of a p-n semiconductor junction that converts the PV energy received from
the sun radiation into electrical energy [56]. A PV module (panel) is made of several
series of PV cells connected in parallel [57]. In Table 3.1. it can be seen the technical
specification of the PV panel [58] considered in the current work.

3.1.2. Array of photovoltaic panels

A PV array consists of strings of PV modules connected in parallel, several or a
multitude, depending on PV array power. Each string is made up of several PV
modules connected in series and their number depends on the voltage requirements
of the PV array [59, 60].

BUPT



PECS description 99

Table 3.1. Photovoltaic panel technical specifications [58]

Photovoltaic panel characteristics Value | Symbol | Unit
Manufacturer Trina Solar

Type 144 cell multi-crystalline
Electrical data at standard conditions (Irradiance 1000 W/m?2, Cell Temperature 25
°C, Air Mass AM1.5)

Peak Power Watts 335 Pmax Wp
Power Output Tolerance 0/+5 - -
Maximum Power Voltage 37.4 \Vmpp \Y
Maximum Power Current 8.96 Ivpp A
Open Circuit Voltage 45.9 Voc \Y
Short Circuit Current 9.45 Isc A
Module Efficiency 16.9 Nm %
Temperature coefficients

Nominal Operating Cell Temperature (NOCT) 44 T °C
Temperature Coefficient of ISC (Short-Circuit Current)|0.05 Ki %/K
Temperature Coefficient of VOC (Open Circuit Voltage)[- 0.32 Ky %/K
Temperature Coefficient of PMAX (Maximum Power) |- 0.41 Kp %/K
Initial PV module power loss 3 Nepv %
'Yearly PV module power loss 0.7 Nepvyear (%

3.1.3. Support structure

The 171 photovoltaic panels are distributed on 3 decentralized self-operated

horizontal single-axis trackers (HSAT) [61] (57 on each tracker). The trackers have
N-S (north-south) orientation and a 110° range of motion around their axis.
The tracker structure is made out of galvanized hot steel and complies with EN 1991
[62, 63] regarding the resistance to the loads created by the self-mass, snow and
wind characteristics at the site location and with ISO 9223 [64] regarding the
protection against corrosion.

A 5 meters distance between the trackers was determined to be the optimum
distance to avoid most of the shadows between the rows and allows access for
cleaning and periodic inspection and maintenance.

The tracker control system controls the motor of the tracker and includes the
algorithm to track the sun irradiation, the backtracking algorithm to avoid the
shadows from one tracker to another, and includes also protections and alarms
regarding axis blockage (the tracker stops its movement when reaching £559, or if it
detects more power consumption in rotating the tracker than usual) or wind speeds
(the tracker goes into the safe position if it detects wind speeds greater than the
limit).

The decentralized solar tracker incorporates a control and communication system
with the following characteristics:

e Wireless: Wireless communications system with ZigBee technology

e Self-powered from a photovoltaic module with a backup battery.

¢ Autonomous flagging: autonomous flagging to protect the structure and the

photovoltaic modules in situations of extreme wind.

e Alarms and states: Easy implementation in the plant's SCADA system to carry

out O&M tasks.
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e Personalized Backtracking: The backtracking algorithm modifies the position
of each tracker based on the height of the adjacent trackers, avoiding
shadows and optimizing the production of photovoltaic modules.

Table 3.2. Photovoltaic tracker technical specifications [61]

Photovoltaic tracker characteristics Value Symbol Unit
Manufacturer - - -
Type - - -
Dimensions

PV Modules per beam 57 -
Installed power (PV module of 335 W) 56.95 kWp

PV module height. Tracker in horizontal position 02 M

PV module height. Tracker in 55 deg position 2.37, 0.4 Min, max
Mechanical characteristics

Rotating range Up to +/- 55°

Maximum wind speed in the horizontal position 140 Km/h
Structure Hot galvanized steel

Drive unit (DU)

DU type Electromechanical rotary actuator
DU power supply 155W/ 24V Self-powered

DU electrical consumption < 0.45 kWh/day
Motor power 155 W
Control system

Tracking controller IAstronomical Algorithm
Backtracking Management Backtracking Algorithm

Wind Management User-configurable feathering table
Tilt sensor Inclinometer

Considered dirt factor (%D) 0.22 | -

3.1.4. Inverter

In order to take advantage at maximum from the PV generator, a variable
frequency drive (VFD) [37] will drive the AC induction motor also at partial load, when
there is not enough power in the PV generator to run the motor at nominal power.
The VFD complies with IEC 61000-6-2 [65], IEC 61000-6-4 (EMI) [66] and EN50178
[67] standards and can operate in ambient temperatures higher than 50°C. Due to
the fact that the maximum voltage of the system with the current configuration can
exceed a voltage higher than 830Vdc at low temperatures, a switch will be installed
at the DC bus input to disconnect the DC bus connection from the PV generator.

A 45-kW variable frequency drive [37] converts the PECS DC power into AC power
at a working voltage of 400 V with a maximum continuous current of 94 A. The
variable frequency drive has 2 analog inputs, 2 analog outputs, 3 digital inputs, 3
configurable digital outputs; 2 relay outputs, one safe torque off input, 2 Modbus
RS485 communication ports and an on-board PLC (Programable Logic Controller). The
onboard PLC includes besides the programming functions, two PID controllers [37].
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Table 3.3. VFD specifications [37]

Variable frequency drive Value Symbol| Unit
\Variable frequency drive rated power 45 kW
\Variable frequency drive rated voltage 400 vV AC
Variable frequency drive maximum continuous current/94 A
Analog inputs 2

)Analog outputs 2

Digital inputs 2

Digital outputs 2

Relay outputs 2

Safe torque inputs 1

Communication protocols 2 X Modbus RS485

3.2. PECS modelling

In this subchapter is presented a steady-state model for dimensioning the PECS,
and a dynamic model for simulating the transitory regimes of the PECS.

3.2.1. Steady-state model

In Figure 3.1, can be seen the Horizontal single-axis trackers layout and in Table
3.4 it the parameters description and values from Figure 3.1.

NBGH

Figure 3.1. HSIT general layout [21]

- = Axis
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Table 3.4. Photovoltaic tracker layout parameters technical specifications [21]

Variable frequency drive Value |Symbol|Unit]
Separation between trackers in E-W (East-West) direction 5 Leo m
Maximum Rotation 110 Omax 0
Deviation of the rotating axis regarding the South (axis azimuth)|0 Dev 0
AXis inclination 0 Baxis |[°
LNS: Separation between tracker rows in N-S direction 0 LNS m
Module inclination +55 Bs 0

The irradiation data from Table 3.5, considering a horizontal plane (parallel to the
ground) at the site location, is obtained from PVGIS 5.2 [68] and it is depicted in
Figure 3.2 and Figure 3.3:

Table 3.5. Irradiation data at site location from PVGIS 5.2 [68]

Parameter Symbol Unit
Global irradiation Gglobal W/m2
Diffuse irradiation Gaifr W/m2
Clear sky irradiation Gelearsky W/m?2
Environment temperature Tenv °C
Direct irradiation Gdirect W/m2
Solar time H hh:mm

Figure 3.2 presents the variation of the PV cell temperature during the representative
day of each month at the site location. The representative day of each month refers
to a day that represents an average of the considered characteristic (PV cell
temperature in Figure 3.2 and Irradiation in Figure 3.3) of each month.

35 1
January
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by March
&)
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i} i
520 May
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i T |
g 15 uly
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ﬁ 10 September
October
5 . | 002 VR T
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5 g 7 8 9 m 1n 12 13 14 15 16 17 18 19 20
Day Time [h]

Figure 3.2. PV Cell temperature during the representative day of each month at the
site location
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Figure 3.3 presents the variation of the sun irradiance on the horizontal plane at
the site location during the representative day of each month.
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Figure 3.3. Irradiance during the representative day of each month at site location
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The solar elevation is calculated according to the following formula [69]:
Vs = sin‘l((sin PV _declination - sin Lat + cos PV _declination - cos Lat) - cos H) (3.1)

The angle of incidence of the PV generator was calculated according to the
following equation [22]:
6 = cos™(sinys - cos BG + sin B - cosys - cos(Dev — ¥s)) (3.2)

A multiplier factor for direct irradiance according to generator position was
calculated in Equation 3.3 [69]:

cos o
%S = — (3.3)
sin yg
The sky losses are calculated as [23]:
_ Gdir
nsky - G (3-4)
clearsky

The diffuse irradiation from the circumsolar region (equivalent to direct) in the
plane of the generator is calculated according to [69]:
Gaiffo = Gairf * %S * Nsky (3.5)
A correction factor for losses in Direct Irradiance and Diffuse Circumsolar
Irradiance, due to the angle of incidence and dirt implemented in equation (3.5) [69]:

-6 -1
e%D — e%D
Cr1 =098 1———7F— (3.6)
e%D

A correction into the direct irradiation in the generator plane has been made [70]:
Gairo = Gair = %S - Nsky (3.7)
The isotropic diffuse irradiation in the plane of the PV generator was calculated
(Giagirr in W/m?2), [70]:
Gidiff = (1 - T]Sky) . (1 + CcoS BG) . Gdiff (38)
A decomposition term C was implemented to calculate the correction factor for
losses in Diffuse Isotropic, by the angle of incidence and dirt [70]:
4 T — Bg — sin g 7 — Bg — sin Bg\*
c=—-(' —)—0.054-(' —) 3.9
3 sinfg + 1 + cosfg sin B + 1 + cos B¢ (3.9)

The correction factor for losses in Diffuse Isotropic, by the angle of incidence and
dirt, was calculated according to equation 3.10 [69]:

C
CFigiss = 0.98 (1 - e‘o—%) (3.10)
The albedo irradiance in the plane of the generator (Gaipedo in W/m2) [69]:
cos f3
G

Gaibedo = 0.2+ Gglobal 1- (3.11)

2

The correction factor for the losses in Albedo, due to the angle of incidence and
dirt is [69]:

C
CFapeao = 0.98 (1 - e_D_%) (3.12)

Adjustment coefficient based on the solar elevation [69]:
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( 0.7;7s <5
08,5<ys<8
0.9;8<ys <12
092;12<ys <15
Caaj =10.94;15 <ys <20 (3.13)
0.96;20 <ys < 25
0.98;25 <ys < 30
0.99;30 <ys <35
1;35 < Ys
Then, the global irradiance in the plane of the generator was obtained after
considering losses due to dirt and angle of incidence [70]:

Gpo = (Gairo * Cr1 + Gaifo * Cr1 + Giaiss * CFiaifr + Gavedo * CFaedo) * Cadj (3.14)

The distance between the closest points of consecutive tracker panels was found
in (Hpv being the PV module height in meters) [69]:

LNS, = LNS — (Hpy - cos B..) (3.15)

Calculation of the height to save with the inclined panel (horizontal panel height
+ extra height due to inclination), where Hrnee=2 m is the height of the fence
surrounding the PV generator [69]:
AH = Hfence + (Hpy/2 - sin ;) (3.16)
The ideal tracking angle, wip, is given by (XZ Axis Solar Vector Projection) [69]:

COS Y5 * Sin|¥,
w;p = tan? <ys—|5|> (3.17)
sinyg
The consecutive tracker’s shadow length projection on the ground (Sew: m) [70]:
SEWl = AH - tan Wip (3.18)

And the equivalent length favorable for not shading, favorable by elevation to the
ground of the consecutive tracker, in meters [70]:
SEWZ = AH . tan wID (3.19)
Length between trackers to avoid shadowing, (shadow length minus favorable
equivalent length per elevation), (Sewsz m) [70]:

Sews = Sew1 — Sewz (3.20)
Valid distance to avoid shadow generation between the N-S axis (Sew) [70]:

LNSy ; LNS — (Hpy - cos (g ~Bs)) <0

SEW =) (Spwa; Sews = LNS m
EW319EW3 = 2
. — . —_— >
{LNSZ;SEwg < LNS, LNS (Hv Cos(z Bs)) = 0
The shading factor: FSew between the 1-axis trackers (N-S) and the shadows (E-
W) is calculated [69]:

(3.21)

Sew3

EW
The length of the shadow generated by the fence (Sfrence in meters) was

approximated according to the following formula [69]:
S _ ernce — Heracker
fence tan ¥s

(3.23)
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The shadow Factor FSrence generated by the fence was also obtained [69]:

LNS
FSfence =1- S
fence
Finally, the global irradiance in the generator plane was obtained after considering
losses due to dirt, the angle of incidence and the shadows between the trackers and
the fence [69]:

(3.24)

Gpe = (1 = FSpw — FSfence) "Gpe (3.25)
The PVG considered in this work has a 56.95 kW installed power and is made out
of 170 photovoltaic panels of 335 W [58], combined in 10 strings of 17 photovoltaic
panels in series (5.695 kW). In Figure 3.4. and Figure 3.5 can be seen the global
irradiance on the PVG plane, considering a fixed structure (30 © Slope) in Figure 3.4
and a one axis N-S tracking system in Figure 3.5:
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Figure 3.4. Global irradiation on the PVG plane considering a fixed structure, during
the representative day of each month at the site location
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Figure 3.5. Global irradiation on the PVG plane considering a single axis N-S tracker,
during the representative day of each month at the site location [54].
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The average cell temperature of the PV array is calculated using equation [70]:

Ggs

Teot1 = Tonpy + (NOCT — 20°C) - 800

(3.26)

Figure 3.6. and Figure 3.7 depicts the average PV cell temperature variation of a
PVG considering a fixed structure (30 © Slope) in Figure 3.6 and a one axis N-S
tracking system in Figure 3.7, during the representative day of each month at site

location:
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Figure 3.6. Average PV cell temperature of a PVG on a fixed structure, during the

representative day of each month at the site location
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Figure 3.7. Average PV cell temperature of a PVG on a one axis N-S tracker, during

the representative day of each month at the site location

The PV generator produced power is calculated using the equation:
Ppyg = (Pyax *MPPV) - Ggg - [1 — Ky (Teey — 25°C)] - Kp * Npgc

(3.27)

where naqcis the efficiency including the losses due to the voltage drop in the DC

cables (1-1.38%).
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Finally, in Figure 3.8. and Figure 3.9 are depicted the produced powered by a PVG
considering a fixed structure (30 © Slope) in Figure 3.8 and a single axis N-S tracking

system in Figure 3.9, during the representative day of each month at site location:
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Figure 3.8. Power produced by a PVG on a fixed structure, during the representative

day of each month at the site location.
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Figure 3.9. Power produced by a PVG on a single-axis N-S tracker, during the
representative day of each month at the site location [54]
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3.2.2. Dynamic model

In specialized literature [58], [71-76], are presented various mathematical
models describing the characteristics of a PV generator, most of them are based on
modelling an equivalent circuit of a single [57-58], [71-73] or double diode [58], [74-
76]. Due to the reason, that most of the improvements of the double diode model
[75, 76] are at lower irradiances [73], [74] and our system starts operating only at
relatively high irradiances (the pumping system requires a minimum power for
starting its operation, equivalent to relatively high irradiances in single pump systems
powered by PV generators) in the current paper, is implemented a single diode model
representing the equivalent circuit of a PV array with NP parallel connections of strings
(one string contains NS PV modules connected in series).

- - o+" 0 e @

Diode Rsh

S B

IL

Vpv

| Temperature

Figure 3.10. Equivalent circuit of a PV module (panel)

In Figure 3.10 it can be seen the equivalent circuit of a PV module. The
characteristics of this PV module can be obtained using the following standard
equation that describes the relationship between the current and the voltage of the
cell [59], [71].

The PV cell has a non-linear characteristic [56], and equation (3.28) is the
governing equation [55] of its dynamic model. The Ipy current and Vpy voltage of a
single PV module are calculated according to the following equation:

va+Rs'1PV) 1] Voy + R " Ipy

IPV :IL_IO [e( Vr (328)
Rsh

where:

Ipy is the photovoltaic current that is generated by one PV module [A];

Vpy is the photovoltaic voltage that is generated by one PV module [V];

I, is the light generated current at nominal condition (25°C and 1000 W/ m2) by a PV
module [A];

Ip is the equivalent Diode saturation current of a PV module [A];

Rs is the equivalent resistance of the PV cells connected in series in a PV module [Q];
Rsh is the shunt resistance representing the irradiance and temperature dependent I-
V characteristics of a PV module (the equivalent resistance of the PV cells series
connected in parallel in a PV module) [Q];

In equation (3.29), Vris the thermal voltage of PV module [71]:
_ kg " Teeu

T = T "Nl - Neepis * Noeries (3.29)
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where:

Nceis = number of cells connected in series in a PV module [-]

Teen = is the actual temperature of the p-n junction (cell temperature) [9K]
kg =1.3806e-23 is the Boltzmann constant [J/°K]

g = 1.6022e-19 is the electron charge [C]

nr is the ideality factor of the equivalent diode of the p-n junction [-].

The light generated current of the photovoltaic cell is obtained according to
equation (3.30), where it can be seen its linearly dependency on the solar irradiation
and its influence by the temperature:

G
I, = Iy = [y + K, - AT] - 2222

Gy (3.30)

with
AT = Tcell - TN (3.31)

where:

Tw is the standard PV cell temperature [°K];

Teen is the operating PV cell temperature [°9K];

Ggiobal is global irradiation received by the PV module [W/m2];

Gy is1000 standard irradiation [1000 W/m2];

Isen is short circuit current of a single cell of the solar panel under the specified nominal
conditions [A];

Isc is the short circuit current of the solar panel [A]

Kr=0.05 is a coefficient that approximates linearly the change in ISC concerning the
operating temperature [%/°K].

The saturation current Iy is strongly dependent on the temperature variation, is
calculated according to the following equation (3.32) [55]:

ISC + KI * AT
0= W (3.32)
e\t / —1
with
Voc = Nseries * Vocn + Ky - AT) (3.33)
where:

Voc is the open circuit voltage of the PV module [V];

Voen is the open circuit voltage of a single cell of the PV module under the standard
conditions [V];

Kv=-0.32 is a coefficient that approximates linearly the change in VOC concerning the
operating temperature [%/°K];

The two internal resistors Rs and Rp are estimated according to reference [72]:

V,
Ry = 0.09--% (3.34)
ISC

VOC . Gglobal

Rsh =11- (3.35)

SC GN
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The technical specifications for the polycrystalline 144 cells PV module modeled
in the current section and installed in monitored installation, are given in Table 3.1.
In Figure 3.12, it can be seen the corresponding P-V (Power-Voltage) and I-V
(Current-Voltage) curves of the PV module for different irradiations.
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Figure 3.11. PV module I-V and P-V Curves [58]

The equivalent circuit model of the PV array is implemented in Simulink using the
PV array module, available in the Simulink standard components in the
SimPowerSystems toolbox [59].
Ns
Vpy_ Array+(+=>)RsIpy N.
( it Ns-éfp) k > ] VPV_array + (N_}SJ) "Ry - IPV_Array
Ipy_array = Np "1, — Np Iy le I

1 RECEE

(3.36)
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3.3. PECS controller

The controller presented in the current subchapter is a MPPT (Maximum Power
Point Tracking) control method based on the P&O (Perturb and Observed) algorithms
developed and presented in [41, 55, 71, 77, 78, 79], with several modifications
necessary for future integration in a high-power pumping system.

Maximum Power Point Tracking Control Methods

According to the P-V characteristics of the PV module presented in Figure 3.12, in
order to maximize the power output of the PV generator, each string of PV modules
should be operating around the MPP (Maximum Power Point). The MPP depends on
the average solar irradiation and cell temperature. The PV string MPP can be reached
by controlling the load curve of the PV string, in order to intersect the I-V curve at its
maximum point [36]. The voltage giving the MPP is called vmp representing also the
reference of the controller. Many MPPT control methods can be found in the literature
[55], but as this work doesn’t focus on the PV MPPT control method itself, and just on
its integration into a high power system, in the current work, the P&O (Perturb and
Observed) algorithm it is considered, as it is the most used one in practice, and it will
be adapted for its integration into a high-power pumping system.

Perturb and Observe (P&0O) Algorithm

The P&O algorithm is a simple, effective and easy to implement MPPT control
method based on hill-climbing algorithms that continuously searches the reference
voltage through small perturbations of the reference voltage and by observing the
response of the actual system in order to determine the direction of the next
perturbation till reaching the MPP [36]. The reference voltage perturbations are
executed in the direction where the power should increase. As can be seen in Figure
3.12, increasing the voltage reference (v*) of the PV string when it operates on the
left side of the MPP will increase the output power, while if the PV string operates on
the right side of the MPP will decrease the output power and the voltage reference
(v*) has to be decreased during the next perturbation. Repeating constantly this
procedure will reach the MPP point when the perturbations in the reference voltage
(Av) will make the power point oscillate around the MPP (the magnitude of the
oscillations around the MPP depends on the magnitude of the perturbations |Av]).
[41]. When the changes occur in the irradiation or temperature, the P-V characteristic
curve of the PV string will change, and the perturbations on the reference voltage will
make the P&O algorithm to reach the new MPP.

The only drawbacks of this MPPT control method are its sensitiveness to
measurement noise and its poor capabilities in reacting to a sudden change in solar
irradiation when results in a power change significantly larger than the perturbations
that can be created by the algorithm [36]. Due to this reason, it is important for a
highly efficient algorithm, to select the proper perturbation increment (Av). If the
perturbation increment is too small it will take too long for reaching the MPP, while if
the perturbation increment is too large, it will create large oscillations around MPP.
Large oscillations around the MPP can lead to power ripples (check Figure 3.12) when
the algorithm PPT falls on the right side of the MPP [41, 71].

In Figure 3.12 it can be seen the flowchart of the P&O algorithm.

BUPT



PECS simulations 113

START

| P

*‘
Measure

Voo (k) and I, (k)

v

k4

Calculate Power
By, (k)= Vo (k) X Iy (k)

NO YES

NO YES NO YES

Voo (k) = Vou (k = 1) + AV, Voo (k) = Voo (k = 1) = AV, |1, (k) =V, (ke — 1) — A, Voo (k) =V (k — 1) + AV,

—

Figure 3.12. P&O algorithm flow chart
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3.4. PECS simulations

The simulations in this chapter, consider a 56.95 kW PECS made out of 170
photovoltaic panels of 335 W [48], combined in 10 strings of 17 photovoltaic panels
in series (5.695 kW), distributed on 3 decentralized self-operated horizontal single-
axis trackers (HSAT) [49] (57 on each tracker). The trackers have N-S (north-south)
orientation and a 110° range of motion around their axis.

Combining the PECS controller presented in the third subchapter (3.3. PECS
Controller), with the dynamic model of the PECS presented in the second subchapter
(3.2.2. Dunamic model, a simulator was developed in Simulink [43]. In Figure 3.13
it can be seen the PECS simulator developed Simulink.

Using the developed PECS simulator, four simulations were executed in order to
analyze and evaluate the PECS response during a clear sky day, a day with a big
cloud, a day with many small clouds and a fully cloudy day.

In Figure 3.14 and Figure 3.15 it can be seen the inputs to the simulator: the
global irradiance and PV cell temperature variation during the clear sky day, the day
with a big cloud, the day with many small clouds and the fully cloudy day.
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Figure 3.13. PECS simulator flow chart in Simulink
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Figure 3.15. PECS average PV cell temperature
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Finally, in Figure 3.16 it can be seen the PECS power production during the clear
sky day, the day with a big cloud, the day with many small clouds and the fully cloudy
day.
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Figure 3.16. PECS power production

3.5. PECS chapter conclusion

According to chapter 3. PECS, it can be concluded, that the advanced steady-
state and dynamic models of the PECS presented in subchapter 3.2 PECS modelling
can be used for both dimensioning and simulating nominal and transitory regimes.

In subchapter 3.3 PECS controller, it is presented a MPPT control method based
on the P&O algorithm. The personal contribution to this PECS controller consists in
preparing the PECS controller for integration into a pumping system controller.

Finally, in the fourth subchapter (3.4. PECS simulations), the PECS model and
the proposed controller are validated through four simulations representing four

different types of days: a clear sky day, a day with a big cloud, a day with many small
clouds and a fully cloudy day.
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4. WIND ENERGY CONVERSION SYSTEM
(WECS)

The current chapter presents the modelling and simulation of a WECS (wind
energy conversion system). The first paragraph (4.1. WECS description) presents
a short description of a general WECS, consisting of a three blades upwind horizontal
axis wind turbine with variable speed connected by a shaft to a generator. The second
paragraph (4.2. WECS modelling) consists of a nonlinear mathematical model of
the described WECS, and a linearization of the nonlinear model, which is used for the
controller design development in the third paragraph (4.3. WECS controlling). In
the fourth paragraph (4.4. WECS simulations) are presented the results and
analysis of the WECS simulations. Finally, the chapter ends with the fifth paragraph
(4.5. WECS conclusions), where the chapter conclusions are presented.

4.1. WECS description

A wind energy conversion system (WECS) converts part of the kinetic power from
the wind into mechanical shaft power by rotating a rotor. The mechanical shaft power
is converted further into electrical power by a generator.

Nowadays, most of the industrial wind turbines manufactured and operated are
upwind three blades horizontal axis wind turbines [80]. A three blades horizontal axis
wind turbine consists of a rotor-nacelle assembly on a tower, that is directed into the
wind by a yaw system. The wind kinetics rotates aerodynamically the rotor with 3
blades. The angular speed of the rotor is variated by pitching the blades with the help
of a pitch actuator. The rotor is connected to the nacelle low speed shaft by a hub.
Inside the nacelle, the low-speed shaft is connected to a high-speed shaft through a
gearbox. The high-speed shaft drives a generator that converts the mechanical power
into electrical power. For preventing the WECS operation
during extreme weather conditions [81], or maintenance
a braking system prevents the rotor from rotating [80].
The main components of the WECS will be deeply
described in upcoming paragraphs.

Rotor

Hub = (" 1+Nacelle

4.1.1. Rotor

The rotor consists of blades connected to a hub
through blade supports. The blades have an airfoil cross- Blade—
section [82] and extract power from wind power by a lift —Tower
force caused by a pressure difference between the high
and low pressure sides of the blade [80]. The blade
supports contains bearings that allows the blades to be
rotated around their axis by pitch actuators. Pitch
actuators consists of hydraulic servo systems, controlled
by a pitch controller. The angle difference in the blade
before and after being pitched around its axis, it is Figure 4.1. Horizontal-axis

called pitching angle. wind turbine [83]
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4.1.2. Nacelle

The nacelle houses the key components of the WECS. The rotor torque and
angular velocity are transferred through a main (low speed) shaft to the gearbox
inside the nacelle frame. The gearbox transfers the torque and the angular velocity
from the low-speed shaft to a high-speed shaft applying a ratio. Because the high-
speed shaft heats more than the low-speed shaft, due to its operation at higher
speeds, it is cooled down and lubricated by a hydraulic cooling device. The mechanical
power given by the torque and angular velocity of the high-speed shaft is converted
by a generator into electrical power. The AC electrical power given by the electric
generator is converted into DC electrical power by a converter. The DC power given
by the converter is converted and controlled by the power converter in the electric
panel. The electric panel contains also the electrical control with the required
protection. The main shaft brake is normally placed between the rotor and the gearbox
in case of a gearbox failure and consists of a hydraulic system braking a disc
connected to the low-speed shaft. The yawing system, positioned between the nacelle
and tower, turns the rotor into the wind when the wind changes its direction [80],
[82]-[84].

Main

Gearbox
support Mechancial
Blade Main brakes Hydraulic i
- shaft cooling Ele':tjilc
siacie support ) device ﬁenerfator pane
ranstofmen ¢4 Anemometer
Pitch angle
actuator Hub =m=
Spinner

Nacelle Towe
Frame Yaw !

Arivinn

Figure 4.2. Rotor nacelle assembly components [85]

4.1.3. Tower

The tower supports the rotor nacelle assembly and rises the wind turbine at
heights far above the terrain orography, in order to harvest faster, stronger and less
turbulent winds. The tower consists of several tubular or lattice sections of steel or
concrete [80], [84].
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4.1.4. WECS technical data

The WECS considered and modeled in the current study is an upwind horizontal
axis wind turbine with variable speed. It has three blades, a high-speed drive train, a
multiple-stage gearbox with a variable speed and a collective pitch controller. The
necessary parameters of the WECS, for modelling, defining the controller parameters
and running the simulations are presented in Table 4.1. (the parameters of 5 MW
NREL (National Renewable Energy Laboratory) WECS are used as an example) [86]:

Table 4.1. Necessary WECS parameters, for modelling, defining the controller and
running the simulations [85]

Air density at hub height Kg/m3
Wind speed time series [m/s, s]
Rated Power 5 MW
Rotor diameter? 126 m
Hub diameter 3 m
Hub height 90 m
Rotor mass 110000 kg
Nacelle mass 240000 kg
Tower mass 347460 kg
Cut-in wind speed 3 m/s
Cut-in rotor speed 6.9 rpm
Rated wind speed 11.4 m/s
Rated rotor speed 12.1 rpm
Rated generator speed 1173.7 rpm
Cut-out wind speed 25 m/s
Gearbox ratio 97:1
Electrical generator efficiency 94.4 %
Generator stator frequency 50 Hz
Generator rated stator voltage 690 V
Generator rated stator current 4404 A
Generator pole pairs 3
Generator stator/rotor turns 1/3
Generator rated rotor voltage 2070 V
Generator maximum slip 33.33%
Generator stator resistance 0.0016 Q
Generator leakage inductance (stator and rotor) 0.000119 H
Generator magnetizing inductance 0.0022 H
Generator rotor resistance referred to stator 0.0014 Q
Back to back converter DC bus voltage 1150 V
Generator damping 0.001 kg/s
Grid DC bus capacitance 0.08
Grid side filter’s resistance 0.00002 Q
Grid side filter’s inductance 0.0004 H
Tower structural-damping ratio 0.08 %
Tower first eigen frequency 0.321 Hz

1 The rotor diameter ignores the effect of blade precone, which reduces the actual diameter and

swept area.
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4.2. WECS modelling

In the current subchapter, a nonlinear mathematical model of a WECS together
with its linearization is presented. A comparison between the WECS nonlinear and its
linearization is done at the end of the subchapter.

Nonlinear model

The presented nonlinear mathematical model of a WECS takes into consideration
just the following aspects [85]:

e The wind is evenly distributed through the entire rotor;

e The rotor is homogenous without any imperfections in the rotor symmetry;

e At all three blades, at the same time, the same deflections with the same
accelerations and velocities occur;

e The blades are pitched at the same time with the same pitching angle;

e The power coefficient and thrust coefficient are obtained from a look up table
given by the manufacturer;

e The blades are directly connected to the pitch actuator ignoring other
components such as the bearings;

e The drive train is modeled as a third order equation, based on the rotor (low-
speed shaft) and generator (high-speed shaft) angular velocities, and the
shaft torsion;

e The considered generator is a doubly fed induction generator (DFIG);

e The tower is modeled as a mass-spring-damper system which approximates
the tower deflection, velocity and acceleration;

e All three blades bending moments are equal and they are approximated based
on the thrust force (evenly distributed to all three blades) acting on the rotor;

e The rotor diameter ignores the effect of the blade precone, which reduces the
actual diameter and swept area [86].

All other aspects and parameters of the WECS which are not mentioned above
are neglected (for example the ambient temperature, components temperature and
secondary components friction).

Linearized model

The nonlinear model is linearized in order to use its linearization form for designing
the controller (determining the gains of the gain scheduled PI blade-pitch controller).
All the nonlinear parts of the nonlinear model are linearized using Taylor expansion
approximation at rated operation.
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4.2.1. Wind Turbine

4.2.1.1. Nonlinear model

The wind in front of the wind turbine, besides acting on the rotor, acts also on the
tower and exerts a thrust force, that deflects the tower structure. Due to this reason,
the actual wind speed acting on the rotor is equal to the wind speed in front of the
wind turbine less the nacelle velocity resulting from the tower deflection Equation
4.79 [84, 85]:

Vyot =V —Z (4.1)

where:

v [m/s] is the wind speed;

Vrot [M/S] is the average wind speed over the rotor;
Z [m/s] is the tower velocity.

The tip speed ratio is calculated according to the following formula [84, 85]:
R-Q
= (4.2)

where:

A [rad] is the tip speed ratio;

R [m] is the rotor radius;

Q [rad/s] is the rotor angular velocity.

When the wind acts on the rotor, part of the kinetic energy of the wind is
transferred to the rotor. The power extracted by the rotor from the wind is obtained
with the following equation [84, 85]:

E'Urot3'p'”'R2'CP(AuB) (4.3)

Prot =
where:
Prot [W] is the rotor power;
Vot [M/s] is the average wind speed over the rotor;
R [m] is the rotor radius;
A [rad] is the tip speed ratio;
CP [-] is the power coefficient;
B [°]is the pitch angle.
and p [kg/m3] is the air density;

The power coefficient (CP) is obtained from a look-up table derived from the
geometry of the blades, based on the tip speed ratio and the blade’s pitch angle. The
maximum limit of the power coefficient is known as Betz limit and has a value of 0.59.
Betz limit represents the maximum energy, approximately 59%, that can be extracted
by a turbine from the total wind energy in ideal conditions [84, 85].
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Figure 4.3 depicts the CP of the 5 MW NREL wind turbine, obtained from [85] and
limited to operating range (pitch angle 8 from 0° to 90°, tips speed ratio from 0 to
25 and the power coefficient from 0 to Betz limit 0.59).
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Figure 4.3. 5MW NREL wind turbine power coefficient

The rotor torque is calculated from the division of the rotor power (Equation 4.3)
with the rotor angular speed velocity [84, 85]:

P,
M,y = TT“ (4.4)
Finally, substituting the rotor power in (Equation 4.4), results:
1 3 2 -1
Mmt=§-vmt -p-m-R*-CP- (] (4.5)

where:

Mot [NmM] is the rotor torque;

Vot [M/s] is the average wind speed over the rotor;

Q [rad/s] is the rotor angular velocity;

CP [-] is the power coefficient;

B [°]is the pitch angle;

and Cp(A,B) is the power coefficient look-up table.

The rotor thrust force is obtained according to the following formula [84, 85]:

1
Frot =E'vr0t2'p'ﬂ"R2'CT(A,ﬂ) (4.6)
where:

Frot [N] is the rotor thrust force;

Vot [M/s] is the average wind speed over the rotor;
CT [-] is the thrust coefficient;

B [°]is the pitch angle;

and CT(A,B) is the thrust coefficient look-up table.
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In Figure 4.4, is presented the thrust coefficient (CT) look up table of the 5 MW
NREL wind turbine limited to the operating range (pitch angle 8 from 0° to 90°, tips
speed ratio from 0 to 25 and only the positive thrust coefficients). Similar to the power
coefficient, the thrust coefficient is a look-up table, obtained from [85], derived from
the geometry of the blades based on the tips speed ratio and blades' pitch angle.
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Figure 4.4. 5MW NREL wind turbine thrust coefficient

In the diagram from Figure 4.5, it can be seen the flow chart of the aerodynamics
model developed in Simulink [43]:

env.rho*.5* pi * wt.rotor.radius"2 »
v_rot [m/s]
x
rho/2*A - F_t[N]
D
beta [deg] C_T table -
G)— wtrotor.radius > np[rsrx]ed x D)
w_rot [rad/s] C_P table . M_rot [Nm]
rotor radius —
x
>

Figure 4.5. Wind turbine's nonlinear aerodynamics Simulink diagram
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4.2.1.2. Linear model

Tip speed ratio linearization

The first equation that is linearized is the tip speed ratio Equation 4.2 by
calculating the tip speed ratio at rated wind speed in front of the rotor of 11.4 [m/s],
using the nonlinear Equation 4.2 [85]:

Ao = A(QOrvrotO) =

.QOZ ;

Vroto (4.7)

where:
R=63 [m] is the rotor radius;
Q0=1.2671 [rad/s] is the rated rotor angular velocity;

Vroto=11.4 [m/s] is the rated wind speed at rotor;
Ao=7 [-] is the tip speed ratio at the linearization point.

The linearization will be done using first-order Taylor expansion approximation
[85]:

aA
/11(!2' vrot) = /1(!20, vroto) + E ) (-Q - -QO) +
(20,v70t0)

v ' (vrot - vroto) (48)

7Ot (20,0r0t0)

where:

AR, Vrot)= A [-] is the linearized tip speed ration;

Ao(R0, Vroto)= Ao=7 [-] is the tip speed ratio at the linearization point.;
Q0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
Vroto=11.4 [m/s] is the rated wind speed at the linearization point;

2 [rad/s] is the rotor angular velocity;

Vot [M/s] is the wind speed at the rotor.

By replacing the changes in tip speed ratio, in wind speed at the rotor and in rotor

angular velocity with A, Equation 4.8, becomes [85]:
AL oA oA

-~ 00

(20,Vr0t0) OVrot (R0,vr0t0) (4.9)

where:

AA [-] is the change in tip speed ratio;

AQ [-] is the change in rotor angular velocity;

Avirot [-] is the change in wind speed;

Q [rad/s] is the rotor angular velocity;

v [m/s] is the wind speed at the rotor.

20=1.2671 [rad/s] is the rated rotor angular velocity at the linearization point;
Vroto=11.4 [m/s] is the wind speed at the linearization point.

Finally, the slopes in the angular velocity and wind speed at the rotor which
contributes to the change in tip speed ratio are calculated:

0 =B 55 (4.10)
0 (L0,Yr0t0) Vroto - .
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A

av
T0t 1 (020,vr0t0)

where:
R=63 [m] is the rotor radius;

R-0

(Vroto)?

0

=—-0.614

0=1.2267 [rad/s] is the rotor angular velocity at the linearization point
vVroto=11.4 [m/s] is the wind speed at the linearization point.

Power coefficient linearization

I

(4.11)

The first step in linearizing the power coefficient look up table is to identify, using
Matlab [43], a regression function with the following form[87]:

CP(ﬁ' A= lep(kZCp ) (A + ksap) - k3cp B - k4cp ' ﬁksw - k6cp) ’ ek7(_~p'(ﬂ.+k35p)

(4.12)

With the help of Matlab [43], the following coefficients fit the best the regression
Function 4.12 and the power coefficients values in the look up table:

Kkep1= 0.067
Kep2= 4.664
kep3=-0.524
Kepa= 3.360

Keps= 0.460
Keps= 3.222
Kep7=-0.216
Keps=-1.998

In Figure 4.6, it can be seen the accuracy of the power coefficient regression curve
when the pitch angle (Bo) is 0, during a wind speed variation from 0 to 25 m/s.

5 MW NREL WT CP regression curve fitting
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0.5

0.45
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= == +CP (regression)

B 10 15
Wind [m/s]

Figure 4.6. Graphical representation of the CP table
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By using Equation 4.12, the rated tip speed ratio Ao, the rated pitch angle Bo, at
a wind speed in front of the rotor vy of 11.4 [m/s], the rated power coefficient CPy
at the linearization point is obtained:
Ao=7 [-] is the tip speed ratio at the linearization point;
Bo= 0[°] is the pitch angle at the linearization point;
CPp= 0.4772 [-] is the power coefficient at the linearization point.

The power coefficient linearization will be done using first-order Taylor expansion
approximation on the polynomial regression of power coefficient look up table [85]:

acp acp

CPL(B,A) = CP(Bo, Ao) + =% '(ﬁ‘ﬁo)"'ﬁ

(A—2p) (4.13)
0B gy 10) ’

(Bo,Ao)

where:

CP(B, A)=CP, [-] is the linearized power coefficient;

CPo(Bo, Ao)=CPp= 0.4772 [-] is the power coefficient at the linearization point.
Ao=7 [-] is the tip speed ratio at the linearization point;

Bo=0 [°]is the pitch angle at the linearization point;

A [-] is the tip speed ratio;

B [°]is the pitch angle;

By replacing the changes in power coefficient, pitch angle and tip speed ratio with
A, Equation 4.13, becomes [85]:
acP acP

- AL 4.14
aﬁ (Bo.1o) 02 (Bo2o) ¢ )
where:

ACP [-]is the change in power coefficient;

AA [-] is the change in tip speed ratio;

AB [-] is the change in pitch angle;

Ao=7 [-] is the tip speed ratio at the linearization point;

Bo=0 [°] is the pitch angle at the linearization point;

A [-]is the tip speed ratio and B [°] is the pitch angle.

By deriving Equation 4.12, Equation 4.14 becomes:

sep—1 .
ACP = (—k1cp . k3cp — lep . k4cp . kSCp ) (E 5cp )) . ekrep (Aotkscp) . AB

(4.15)
+kiep Kaep Krep - ekrep(Ao+kecp) . A}

Finally, the slopes of the pitch angle and tip speed which contributes to the change
in power coefficient are calculated:

acP Ksep~1
W - (_klcp “Kacp = Kacp “Kacp * Ksep - (g " ))
(Bolo) (4.16)
. ek7cp'()‘0+kscl’) = —0.0395
dCcP
=k -k -k . ek7cp'(10+k8cl7) = —0.0230
_6/1 Goio) 1cp " HK2cp " K7cp (4.17)
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Thrust coefficient linearization

The first step in linearizing the thrust coefficient look up table is to identify, using
Matlab [43], a regression function with the following form [87]:

CT(B,A) = kyct(kpee = (A + kger) = kzer * B — kace - B¥5t — koer) - ekree (Atksce) (4.18)

With the help of Matlab [43], the following coefficients fit the best the regression
function and the thrust coefficients values in the look up table:

k1= 0.056 Kees= 0.677
Keeo= 1.288 Kets= 1.913
kct3=-0.827 ket7=-0.013
Kcta= 3.582 Ketg= 7.242

In the graph from Figure 4.7, it can be seen the accuracy of the thrust coefficient
regression curve when the pitch angle (Bo) is 0, at a wind speed variation from 0 to
25 m/s.

5 MW NREL WT CT regression curve fitting

p=0" cT
= = *p=0'(regression) 187 = = CT (regression)| |

0 5 10 15 20 25 0 10 20 30
Tip speed ratiof-] Wind [m/s]
Figure 4.7. Graphical representation of the CT table
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The thrust coefficient linearization will be done using first-order Taylor expansion
approximation on the polynomial regression of power coefficient look up table [85]:

oCcT
- (A= 20)

acT
CTL(B,A) = CT(Bo, Ao) + =7 "B=Fo) + 753 Godo) (4.19)

op (Bo.4o)

where:

CTi(B, A)=CT, [-] is the linearized thrust coefficient;

CTo(Bo, Ao)=CTp= 0.7214 [-] is the thrust coefficient at the linearization point.
Ao=7 [-] is the tip speed ratio at the linearization point;

Bo= 0 [°]is the pitch angle at the linearization point;

A [-] is the tip speed ratio;

B [°1is the pitch angle.

By replacing the differences in thrust coefficient, pitch angle and tip speed ratio
with A, Equation 4.19, becomes [85]:

ACT dCT dCT A
=—=5 : v : 4.20
B (BoAo) oA (BosAo) ( )
where:

ACT [-] is the change in thrust coefficient;

AA [-] is the change in tip speed ratio;

AB [-] is the change in pitch angle;

Ao=7 [-] is the tip speed ratio at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

A [rad] is the tip speed ratio;

B [°1is the pitch angle.

By deriving Equation 4.19, Equation 4.20 becomes:

Ksci—1 :
ACT = (_klct “k3ce = Kice  Kace " Ksce * [)’é st )) - elrer(Gotkace) . A

(4.21)
+ ke koer * Ko - ekrce(dotksct) . A}

Finally, the slopes of the pitch angle and tip speed which contributes to the change
in thrust coefficient are calculated:

aCT Keer—1 .
3 = (_klct “kace = kice " Kace " sct '/)’é st )) - eltreeGotkoct)
(Bo,20) 01027 (4.22)

oCcT

- = kyee  koer * kyep - €X7et Gotksct) = —0,0008
(BO!AO)

(4.23)
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Rotor torque linearization

The rotor torque equation from the nonlinear model (Equation 4.5) will be
linearized using first-order Taylor expansion approximation, at a wind speed in front
of the rotor of 11.4 [m/s] [85]:

M, ot1(Vrop, CP,02) = Myot(Vroro, CPo, 20) + 2

' (U‘rot - 177’ot0)
(Vrot0,.Cpor20,) (4.24)

OMyor
+(CP = CPy) +— 2% (02— Q)
(Vroto,Cror20,)

0]

OVyot
OM; ¢

acp Wrot0,CPo20,)

where:

Vroto=11.4 [m/s] is the wind speed at the linearization point;

Q0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;

CPp= 0.4772 is the power coefficient at the linearization point;

Mrot(Vroto, CPo, $20)=Mroto= 4254651.011 [Nm] is the rotor torque at the linearization
point;

Vrot [M/s] is the wind speed,;

2 [rad/s] is the rotor angular velocity;

CP is the power coefficient.

Mot [NmM] is the rotor torque.

By replacing the changes in rotor torque, rotor angular velocity and power
coefficient with A, Equation 4.24 becomes [85]:

a1VI7‘ot aMrot aMrot
= AV +—— ACP + ———— - AN
vy ot acp (Wroto,Cpo20) 00 (Vroto,Cpo20) (425)

(Wroto.Cpor20,)

where:

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.26717 [rad/s] is the rotor angular velocity at the linearization point;
CPp= 0.4772 is the power coefficient at the linearization point;
Mrot0=4254651.011 [Nm] is the rotor torque at the linearization point;

AQ is the change in rotor angular velocity;

Avyot is the change in wind speed;

ACP is the change in power coefficient and AM,.: is the change in rotor torque.

By substituting the change in power coefficient (Equation 4.14) and the change
in the tip speed ratio AA (Equation 4.9), (Equation 4.25) becomes [85]:

oM, oM, oM,
rot 'Aert + rot C A0 + rot

av”’t Wroto20.80) 00 (Wroto.20,80) aﬁ (rotoR0,80)

AM,op = “AB (4.26)
where:

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CPp= 0.4772 is the power coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;
Mrot0=4254651.011 [Nm] is the rotor torque at the linearization point;
AQ is the change in rotor angular velocity;

Avo is the change in wind speed;

ACP is the change in power coefficient;

ApB is the change in pitch angle and AM. is the change in rotor torque.
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The change in rotor torque in respect to wind speed at the rotor is derived from
Equation 4.5 [85]:

aMrat
av

70t {(vr0t0420,80)

dCP (2o, )
al,

=1-n-p-RZ-i- 302+ CPy— Vi Ag -
2 2 To T0

> = 1245675.018 (4.27)

where:
p=1.2 [kg/m3] is the air density;
R=63 [m] is the rotor radius;
Vroto=11.4 [m/s] is the wind speed at the linearization point;
20=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CPp= 0.4772 [-] is the power coefficient at the linearization point;
Bo= 0 [°]is the pitch angle at the linearization point;
Ao=7 [-] is the tip speed ratio at the linearization point.
The change in rotor torque in respect to rotor angular velocity is derived from
Equation 4.5 [85]:

oM, 1 1 1 R 9CP(Ay, o)

5 =o e p R v |~ o5 CPy + —— ——————— | = —4491636.493

02 w0060 2 008 T Ty v 04 (4.28)
where:

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CPp= 0.4772 [-] is the power coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point.

The change in rotor torque in respect to pitch angle is derived from Equation 4.5
[85]:
OM o 1 5 1 <6CP(AO, Bo)

=_—:1t-p-R?%- .
2 mp Vroto Q[] aB[]

3 ) = —351868.402 (4.29)
B (vVroto.©0,80)

where:

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;

CPp= 0.4772 [-] is the power coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point;

By notating the sensitivity of the generator torque with amrot, Bmrot, Cmrot, in respect
to wind speed at the rotor, rotor speed and pitch angle sensitivity, Equation 4.26 can
be written in the following form [85]:

AMyot = amrot * AVrot + bmrot * AL + Crror * AP (4.30)
where:
amrot=1245675.018 is the rotor torque sensitivity in respect to change in wind speed
at the rotor;
bmror=-4491636.493 is the rotor torque sensitivity in respect to change in rotor speed;
Cmrot=-351868.402 is the rotor torque sensitivity in respect to change in pitch angle.

BUPT



WECS modelling 131

Rotor thrust force linearization

The rotor thrust force equation from the nonlinear model (Equation 4.6) will be
linearized using first-order Taylor expansion approximation, at rated wind speed in
front of the rotor of 11.4 [m/s] [85]:

_ aFrot
Frotl(vrot' CT'-Q) - Frot(vrotO' CTO'-QO) + a ’ (vrot - vroto)
Urot (Vrot0,.CTo.20,)
(4.31)
OFvot (CT — CT,) + 0ot 2 -0y
- . — o . -0,
aCcT (Vrot0,CTo.20,) 0

Wroto,.CT0.20,)

where:

Vroto=11.4 [m/s] is the wind speed at the linearization point;

Q0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;

CTo= 0.7214 is the thrust coefficient at the linearization point;

Frot(Vroto, CPo, 20)=Froto= 714925.552 [N] is the rotor thrust at the linearization point;
Vrot [M/s] is the wind speed;

2 [rad/s] is the rotor angular velocity;

CT is the thrust coefficient.

Frot [N] is the rotor thrust.

By replacing the changes in rotor thrust, rotor angular velocity and thrust
coefficient with A, Equation 4.31 becomes [85]:

AR, = Dot Ay, + ot acp + Lot
rot — 5 "AVrot T o ’
ant (vrot0,CT0,Q0.) ocT (Vroto,CTo.00,) 0Q (vVrot0,CTo.0,)

A0 (4.32)

where:

Vroto=11.4 [m/s] is the wind speed at the linearization point;

Q0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CTo= 0.7214 is the thrust coefficient at the linearization point;
Froto=714925.552 [N] is the rotor torque at the linearization point;

AQ is the change in rotor angular velocity;

Avo is the change in wind speed;

ACT is the change in thrust coefficient;

AF,ot is the change in rotor thrust.

By substituting the change in thrust coefficient (Equation 4.21) and the change in
the tip speed ratio AA (Equation 4.23), equation (Equation 4.32) becomes [85]:

dF, OF, dF,
rot .Aert + rot - A0 + rot

OVrot (Vroto20.80) 04 (Yrot0.20,80) op (Wroto.20,B0)

AF.o = "AB (4.33)

where:

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CTp= 0.7214 is the thrust coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

Frot0=714925.552 [N] is the rotor torque at linearization point;

AQ is the change in rotor angular velocity;
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Aviot is the change in wind speed;
ACT is the change in thrust coefficient;
AB is the change in pitch angle;

AFr¢ is the change in rotor thrust.

The change in rotor thrust in respect to wind speed at the rotor is derived from
Equation 4.6 [85]:

aFrot 0- aCT(AOI ﬁo)

o,

1
=rr-p-R-vmt-CTO—E-rr-p-R3- = 2482.653 (4.34)

Jav
7Ot (vy010,420,80)

where:

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CTp= 0.7214 is the thrust coefficient at the linearization point;

Bo= 0 [°]is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point.

The change in rotor thrust in respect to rotor angular velocity is derived from
Equation 4.6 [85]:

aCT(\,,
9CT0.Bo) _ 44244 (4.35)
g

JOF
rot =_'T['p'R3'Vrot'

00 l(vror09080) 2

where:

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the wind speed at the linearization point;

Q0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CTp= 0.7214 is the thrust coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point.

The change in rotor thrust in respect to pitch angle is derived from Equation 4.6

[85]:
OF ot <3CT(%. Bo)
9B

=1 p R (Vigro)? - ) = -101749.811 (4.36)

B (Vroto.©0,80) 2

where:

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the wind speed at the linearization point;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CTo= 0.7214 is the thrust coefficient at the linearization point;

Bo= 0 [°]is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point.
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By notating the sensitivity of the generator thrust with afot, brot, Crrot, in respect
to wind speed at the rotor, rotor speed and pitch angle sensitivity, Equation 4.33 can
be written in the following form [85]:

AFro = Afrot Avpoe + bfrot A0+ Crrot AB (4.37)

where:

arot=2482.653 is the rotor thrust sensitivity in respect to change in wind speed at the
rotor;

brot=-4424.4 is the rotor thrust sensitivity in respect to change in rotor speed;
Crrot=-101749.811 is the rotor thrust sensitivity in respect to change in pitch angle.

4.2.1.3. State-space model

Based on the linearized model, the wind turbine is represented by the following
state-space model [85]:

Av
[AMrot] — [amrot bmrot bmrot] i A;)ot
AFrot afrot bfrot Cfrot Aﬁ (438)
where
oM 1 1 dCP (4,
ammt=—mt =_'7T'P'R2'_'<3'V7%ot'CPO_VEoto'AO'M> (4.39)
Vot (Vroto20,80) 2 2 040
OM,o¢ ( 1 1 R [‘)CP(/lO,ﬁO)>
bruror = n =Cmp-R* Vi (—= P+ — —— 222 g 40
mrot EYe) Wrotor2o.o) 2 p rot0 Qg 0 -QO Vroto 6/10 ( )
aMrot 1 (aCP(AO' ﬁO))
c — =—--p-R%2-p3 P B . ol 4.41
mrot aﬁ @rogosdo.fo) 2 P rot0 -QO 6,30 ( )
dF, 1 dCT (A,
Apror = rot =T['p'R'17rot'CTO——'T['p'R3'.Q'M (4.42)
OVror (Wroto20,80) 2 040
_ aF‘rat _ 3 aCT(AOv,BO)
bfrot =50 Grosollo ) =3 T p-R> Vpor EFR (4.43)
oF 1 ACT (Ao, Bo)
Cfrotz_rOt =_.n.p.R2.(UTOt0)2.<¢ (444)
op (Vroto20.80) 2 9o
where:

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the wind speed at the linearization point;

Q0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CPp= 0.4772 [-] is the power coefficient at the linearization point;

CTp= 0.7214 is the thrust coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point.
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4.2.1.4. Linear vs. Nonlinear model

In Figure 4.8, is presented a comparison between the step responses of the
generator angular velocity nonlinear and linear model:

6 5
i) %10 . ‘ PT—— 75 <10 : . Nonlinear |—
Linear Linear
4.29 [ ?25
T 428 | —_
z e 7
© 4271 8
c S 6.75
2426 g
b2} £ 65
€ 425 o
424 | 848
4.23 . ‘ . 6 ‘ ‘ :
0 0.5 1 1.5 2 0 0.6 1 1.5 2
Time [s] Time [s]

Figure 4.8. Rotor torque and thrust force linear vs nonlinear model

The error between the step responses of the nonlinear and linear model of the
rotor torque is eM;,:=6853 [Nm], and of the thrust force is eF,,+=10237 [N]. The error
occurs due to the error using the Taylor series approximation for linearizing the
nonlinear equations.

4.2.2. Drive train

4.2.2.1. Nonlinear model

In the third order drive train model [89, 89], the rotor torque and angular velocity,
are transferred by the low-speed shaft to the high-speed. The rotor inertia is taken
by the low-speed shaft, while the generator inertia is taken by the high-speed shaft.
The two rotating shafts are connected through a gearbox considering a torsion spring
constant, viscous friction constant, and gear ratio. The drive train is modeled as a
third order model, in order to include the rotor speed, generator speed and shaft
torsion angle.

The change in rotor’s speed is modeled as [88, 89]:

Q=—-: (Mrot - Kshaft -¢- BShaft) (4.45)

rot

where:

Mot [NmM] is the rotor torque;

Iot= 3.544e+7 [kg-m?2] is the rotor moment of inertia

Q [rad/s]is the rotor angular velocity;

O is the shaft torsion angle;

Kshare= 8.676e+8 [N-m/rad] is the shaft stiffness;

Bshart= 6.215e+6 [N-m-s] is the rotor and generator damping;
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Q [rad/s?] is the change in rotor angular velocity;
& [rad/s] is the change in shaft torsion angle.

The change in generator speed is modeled as [88, 89]:

1 .
' <_Mgen + N ((D ' Kshaft +&- BShaft))

where:

Mgen [N-m] is the generator torque;

Igen= 534.116 [kg-m?] is the generators’ moment of inertia

w [rad/s] is the high-speed shaft angular velocity;

O [rad] is the shaft torsion angle;

Ksnart= 8.676e+8 [N-m/rad] is the shaft stiffness;

Bshart= 6.215e+6 [N-m-s] is the rotor and generator damping;
N= 97 [-] is the gear ratio.

w [rad/s?] is the change in high-speed shaft angular velocity;
& [rad/s] is the change in shaft torsion angle.

The change in shaft torsion angle is modeled as [88, 89]:

d=n !
= N w
where:
Q [rad/s] is the rotor angular velocity;
w [rad/s] is the high-speed shaft angular velocity;
N= 97 [-] is the gear ratio;
& [rad/s] is the change in shaft torsion angle.

(4.46)

(4.47)

In the diagram from Figure 4.9., it can be seen the flow chart of the drive train

model developed in Simulink [43]:

Rotor acceleration 1
- 1/wt.rotor.inertia = #@
M_rot [Nm] A - w_rot [rad

Rotor inertia Phi_shaft rotor int
M_shaft [Nm] torsion int Torsion rate
- " 9 (phi-dot) [rad/s]
Torsion (phi 1
wt.rotor.spring [rad](p ) 5

Main shaft
spring constant
K [Nm/rad]

Gear ratio

wt.rotor.damp

Main shaft
viscous friction
M_load [Nm] B [Nms/rad]

Figure 4.9. WECS nonlinear drivetrain Simulink diagram

w_gen [rad
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4.2.2.2, State-space model

The state-space representation of the drive train model is the following:

_ BShaft BShaft _ Kshaft 1

. L Lo N L —
2 BShTOtt Tgi'h t Kshn)tt 2 IrOt MrOt
ol = af - af af w|+ 1 |- Mgen (4.48)

; Igen ' N Igen N2 Igen N | | 0o - 5
@ 1 Igen

1 -— 0 0 0
N
where:

Mot [NmM] is the rotor torque;

Iot= 3.544e+7 [kg-mZ2] is the rotor moment of inertia;

2 [rad/s] is the rotor angular velocity;

w [rad/s] is the high-speed shaft angular velocity;

O [rad] is the shaft torsion angle;

Ksnart= 8.676e+8 [N-m/rad] is the shaft stiffness;

Bshart= 6.215e+6 [N-m-s] is the rotor and generator damping;
1 [rad/s?] is the change in rotor angular velocity;

@ [rad/s?] is the change high speed shaft angular velocity;
& [rad/s] is the change in shaft torsion angle;

Mgen [Nm] is the generator torque;

Igen= 534.116 [kg-m?] is the generator moment of inertia;
N= 97 [-] is the gear ratio.

4.2.3. Generator

As an electrical machine, for converting the rotor power into electrical power, a
doubly fed induction machine (DFIM) or wound rotor induction machine (WRIM) is
used. The DFIM is an alternative to common asynchronous and synchronous machines
and has been used over many decades in various applications, mostly in the power
range of megawatts. It can be advantageous in applications such as wind turbines
and water pumping, which have a limited speed range, allowing a reduction in the
size of the supplying power electronic converter [41].

A typical configuration of the DFIM is shown in Figure 4.10. The stator is connected
to the grid at constant amplitude and frequency, creating the stator magnetic. The
rotor is also connected to the grid with different amplitude and frequency in order to
reach different operating conditions of the machine (speed, torque, etc.). All this is
possible due to the back-to-back three-phase converter, as depicted in Figure 4.10
[41].
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Figure 4.10. DFIM configuration [41]
4.2.3.1. Dynamic model

For developing the dynamic model of the DFIM, considering an ideal and linear
machine, the space vector theory of the basic electric equations of the machines is
applied. In order to develop the space vector-based models of the DFIM, three
different rotating reference frames are used (Figure 4.11.). The stator reference frame
(a-B), is stationary, the rotor reference frame (D-Q) rotates at rotor electrical speed,
and the synchronous reference frame (d-q), rotates at synchronous speed. By using
the direct or inverse rotational transformation, the space vector can be represented
in any of these frames [41].

9

Figure 4.11. DFIM space vector reference frames [41]

Using space vector theory, the three coils can be represented by two stationary
(a-B) coils for the stator and two rotating coils (D-Q) for the rotor obtaining the

following voltage equations [41]:
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—sT

—S
dy dy
—S —S S —T —T T
Vs =Rs 15 + it v, =R, + it

where:
Fs’s [V] is the stator voltage vector reference to the stator;
R [Q] is the stator resistance;

l_s’s [A] is the stator current vector reference to the stator;

T?Zr [V] is the rotor voltage vector reference to the rotor;
R, [Q] is the rotor resistance;

L—T’r [A] is the rotor current vector reference to the rotor;
—S
Ps [Vm] is the stator flux vector reference to the stator;

—T
Y, [Vm] is the rotor flux vector reference to the rotor.

The generator electrical angular velocity represents the generator shaft angular

velocity multiplied by the pole pairs of the machine:

We; = Pwtgenerator * W
where:
w [rad/s] is the high-speed shaft angular velocity;

Pwtgenerator=3 [pairs of poles] is the generator pairs of poles (6 poles);

wer [rad/s] is the generator's electrical speed;

Stationary reference frame (a—B model)

For representing the voltage equations in the stationary reference frame, the rotor

voltage equation must be multiplied by e¥¥™ [41]:

d
dWS Vas = Rs " lgs + Vas
s —s s dt
s =Rg 15 + =>
dt . dlpﬁs
‘Uﬁs = RS ' lﬁs + dt
o ady
s s ws s Var = Ry " lgr + d:T + Wey
Er) =Rr'l_r)+ dt —J W Y => dlpﬁr
Vgr = Rs  lpy +7_wel

where:

Fs’s [V] is the stator voltage vector reference to the stator;
R [Q] is the stator resistance;

l_s’s [A] is the stator current vector reference to the stator;
JS)S [Vm] is the stator flux vector reference to the stator;

Vs [V] is the stator voltage vector a component;

vgs [V] is the stator voltage vector B component;

i4s [A] is the stator current vector o« component;

iﬁs [A] is the stator current vector p component;

Yos [VmM] is the stator flux vector a component;

Yps [Vm] is the stator flux vector § component;

1—7:5 [V] is the rotor voltage vector reference to the stator;

(4.49)

(4.50)

(4.51)

(4.52)
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R, [Q] is the rotor resistance;
ﬁ’s [A] is the rotor current vector reference to the stator;

@:S [Vm] is the rotor flux vector reference to the stator
Vg [V] is the rotor voltage vector o component;

vgy [V] is the rotor voltage vector B component;

iqr [A] is the rotor current vector ¢ component;

i/;r [A] is the rotor current vector B component;

Yo [VmM] is the rotor flux vector o component;

Vg, [Vm] is the rotor flux vector § component;

we [rad/s] is the generator's electrical speed.

Similar to the voltage equations, the flux equations can be represented in the
stationary reference frame [41]:

-5 _ S Yas = Ls " igs + Ly " lgs
Vs =L 15 + L1, => {l/’ﬁs ~ 1, lﬁs + Ly - gs (4.53)
——s WYar =L " lgr + Ly igr
Y, = T+ L => {'l’ﬁr = Ly~ igs + Ly - igy (4.54)

where:
—S
Ps [Vm] is the stator flux vector reference to the stator;

—S
Y, [Vm] is the rotor flux vector reference to the stator;
l_s’s [A] is the stator current vector reference to the stator;

L—T’S [A] is the rotor current vector reference to the stator;
Los [H] is the stator leakage inductance;

Lor [H] is the rotor leakage inductance;

Lm [H] is the mutual inductance;

Ls= Lm+ Los [H] is the stator inductance;

L= Lm+ Lgs [H] is the rotor inductance;

Yus [VM] is the stator flux vector a component;
Ygs [Vm] is the stator flux vector § component;
iqs [A] is the stator current vector o« component;
iﬁs [A] is the stator current vector B component;
Yur [Vm] is the rotor flux vector o component;
Ygr [VmM] is the rotor flux vector § component;
iqr [A] is the rotor current vector ¢ component;
iﬁr [A] is the rotor current vector B component.

In Figure 4.12. it is represented as the equivalent circuit for a and f components,
in which all the voltage, current and flux magnitudes are sinusoidal with a frequency
of synchronous speed wss [41]. The synchronous speed of the DFIM is calculated
according to [87]:

60 - f
wgg = — = 1000 rpm (104.72 rad/s) (4.55)
pwtgenerator
where:
wss=104.72 [rad/s] is the generator stator synchronous speed;
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fs=50 [Hz] is the grid frequency of the balanced three phases;
Dwtgenerator=3 [pairs of poles] is the generator pairs of poles (6 poles).
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Figure 4.12. DFIM model in a«— reference frame [41]

The active power of the rotor and stator, are calculated using the following formula

[41]:
3 . .
Py = g (Uas “lgs T Vps lﬁs) (4.56)
) ) (4.57)
P. = E (var “logr t+ Uy * l/j’r)
where:

Ps [w] is the stator active power;

P [w] is the rotor's active power;

Uy [V] is the stator voltage vector a component;
Vgs [V] is the stator voltage vector B component;
i4s [A] is the stator current vector o« component;
i/gs [A] is the stator current vector B component;
Var [V] is the rotor voltage vector a component;
Vg, [V] is the rotor voltage vector B component;
iqr [A] is the rotor current vector ¢ component;
iﬁr [A] is the rotor current vector B component.

The reactive power of the rotor and stator, are calculated using the following

formula [41]:

3 . .
Qs = E (vﬁs “las — Vas l/j’s) (4.58)
(4.59)

3 . .
Qr = E (vﬁr “logr — Vgr® l/j’r)
where:
Qs [w] is the stator reactive power;
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Qr [w] is the rotor reactive power;

Vus [V] is the stator voltage vector a component;
Vgs [V] is the stator voltage vector B component;
iqs [A] is the stator current vector o« component;
iﬁs [A] is the stator current vector p component;

Vg [V] is the rotor voltage vector o component;

vgy [V] is the rotor voltage vector B component;

iqr [A] is the rotor current vector o component;

iﬁr [A] is the rotor current vector B component.

The electromagnetic torque of the DFIM is calculated using one of the following

formulas [41]:
3 —
Mgen = E " Pwtgenerator * Im{wr "l

3 : :
Mgen = E " Pwtgenerator (lpﬁr “lor — Yar lﬁr)

Mgen = E ' Pwtgenerator * Im{lps 1y
Ly,
Mgen = E " Pwtgenerator L_
s
3 L
Mgen = E " Pwtgenerato L_
3 L
Mgen = E " Pwtgenerator * TSL,«
3 — —>
Mgen = E " Pwtgenerator * Ly, - Im{ls ' lr}
With the leakage coefficient being:

SIm{y - 17 (4.60)
. Im{ﬁ T

. Im{ﬁ . Js)}

(Lm)?

4.61
L-L (4.61)

oc=1-

where:
l_s’s [A] is the stator current vector reference to the stator;
ﬁ’r [A] is the rotor current vector reference to the rotor;

—S
Ps [Vm] is the stator flux vector reference to the stator;

Er [Vm] is the rotor flux vector reference to the rotor.
iqr [A] is the rotor current vector ¢ component;

iﬁr [A] is the rotor current vector B component;

Yur [Vm] is the rotor flux vector o component;

Ygr [VmM] is the rotor flux vector § component;

Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

Pwtgenerator=3 [pairs of poles] is the generator pairs of poles (6 poles).
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Synchronous reference frame (d-q model)

For representing the voltage equations in the synchronously rotating reference
frame, the stator voltage Equation 4.51 is multiplied with e7% and rotor voltage
Equation 4.52 with e7" in order to obtain the voltages in d-q reference frame [41]:

a 7«,05 ——a - R lds j:s ~ s .lpqs
=R, .M+ +jwg P, => 1/)qs (4.62)
s = Rg-igs + da + W Py
—sa . l/)clr
a o dll)r ] _a Var = Ry v igy + T — Wey * wqr
=R, +T—]-wr-tpr => l/qu (4.63)
- R lqr dt + Wey lpdr
where:

a [V] is the stator voltage vector reference to the synchronously rotating frame;
R [Q] is the stator resistance;
lsa [A] is the stator current vector reference to the synchronously rotating frame;

%a [Vm] is the stator flux vector reference to the synchronously rotating frame;
Vg4s [V] is the stator voltage vector d component;

Vgs [V] is the stator voltage vector g component;

i4s [A] is the stator current vector d component;

iqs [A] is the stator current vector g component;

Yas [Vm] is the stator flux vector d component;

Yqs [VmM] is the stator flux vector g component;

vra [V] is the rotor voltage vector reference to the synchronously rotating frame;
R, [Q] is the rotor resistance;

lra [A] is the rotor current vector reference to the synchronously rotating frame;

@:a [Vm] is the rotor flux vector reference to the synchronously rotating frame;
Vgr [V] is the rotor voltage vector d component;
Vgr [V] is the rotor voltage vector g component;
igr [A] is the rotor current vector d component;
iqr [A] is the rotor current vector g component;
Yqar [Vm] is the rotor flux vector d component;
Yqr [Vm] is the rotor flux vector g component.
wss=104.72 [rad/s] is the generator stator synchronous speed;
we [rad/s] is the generator's electrical speed.
Similar to the voltage equations, the flux equations can be represented in the
synchronously rotating reference frame [41]:

—-—a Yas = Ls*igs + L * lgs

=L ?+ L => { . 4.64
s lr Yas = Ls " igs + Ly~ igs ( )
- —a _ Yar = L~ lgr + Lr “lar
Y, =Lyt +L, = {lqur = Ly " igs + Ly igr (4.65)

where:
—a
P [Vm] is the stator flux vector reference to the synchronously rotating frame;

—a
Y, [Vm] is the rotor flux vector reference to the synchronously rotating frame;
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l_s)a [A] is the stator current vector reference to the synchronously rotating frame;
L—r’a [A] is the rotor current vector reference to the synchronously rotating frame;
Los [H] is the stator leakage inductance; Lo [H] is the rotor leakage inductance;
Lm [H] is the mutual inductance; Ls= Lm+ Los [H] is the stator inductance;
Lr= Lm+ Los [H] is the rotor inductance;
Yqas [VmM] is the stator flux vector d component;
Yqs [VmM] is the stator flux vector g component;
igs [A] is the stator current vector d component;
iqs [A] is the stator current vector g component;
Yqar [Vm] is the rotor flux vector d component;
Yqr [Vm] is the rotor flux vector g component;
4 [A] is the rotor current vector d component;
iqr [A] is the rotor current vector g component.
In Figure 4.13. it is represented the equivalent circuit for d and g components, in
which all the voltage, current and flux magnitudes are sinusoidal with a frequency of
synchronous speed wss [41].

U)sl,!/q\. wlyjqr .
ids RS - — 4+ L(‘SS Lcr <+ 4{/? — Rf Lyr
= 5006 o
e e O L O—WW
+ + & +
. DC diyrys dyry, DC .
‘fds T:> ‘Lm T:, ‘dr
dr dt
o = o
Odgs s
iqs RS 4+ 4+ — Lm; Lm - /—\b— + Rl' [L]I
- 000
——— NN O—VWW
+ + * +

o ‘ 0

Figure 4.13. DFIM model in d-q reference frame [41]

The active power of the rotor (Equation 4.56) and stator (Equation 4.57) are
calculated similarly as for the stationary reference frame, for the synchronously
rotating frame:

3 . .
b= E (vds "lgs T Vgs lqs) (4.66)
3 (4.67)

P = E (vdr Clgr Vgr * iqr)
where:

Ps [w] is the stator active power;
P- [w] is the rotor's active power;
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Vg4s [V] is the stator voltage vector d component;
Vgs [V] is the stator voltage vector g component;
igs [A] is the stator current vector d component;
iqs [A] is the stator current vector g component;
Vgr [V] is the rotor voltage vector d component;
Vgr [V] is the rotor voltage vector g component;
i4r [A] is the rotor current vector d component;

iqr [A] is the rotor current vector g component.

The reactive power of the rotor (Equation 4.58) and stator (Equation 4.59) are
calculated similarly as for the stationary reference frame, for the synchronously

rotating frame:

) (qu “lgs — Vas iqs) (4.68)
, , (4.69)
' (vqr “lar — Var® lqr)

N[ WN| W

Qs =
Qr =
where:
Qs [w] is the stator reactive power;
Qr [w] is the rotor reactive power;
Vg4s [V] is the stator voltage vector d component;
Vgs [V] is the stator voltage vector g component;
igs [A] is the stator current vector d component;
iqs [A] is the stator current vector g component;
Vgr [V] is the rotor voltage vector d component;
Vgr [V] is the rotor voltage vector g component;
igr [A] is the rotor current vector d component;
iqr [A] is the rotor current vector g component.
The electromagnetic torque of the DFIM is calculated using one of the following
formulas [41]:

Mgen = E ' Pwtgenerator * Im{lpr s

Mgen = E * Pwtgenerator * (l/)qr “lar — Yar iqr) (4.70)

Ly . .
Mgen = E * Pwtgenerator L_g (lpqs “lgs — Yas - lqs)
where:
@:a [Vm] is the rotor flux vector reference to the synchronously rotating frame;
L—r’a [A] is the rotor current vector reference to the synchronously rotating frame;

Yqar [Vm] is the rotor flux vector d component;
Yqr [Vm] is the rotor flux vector g component;

i4r [A] is the rotor current vector d component;
iqr [A] is the rotor current vector q component.
Pwtgenerator=3 [pairs of poles] is the generator pairs of poles (6 poles).
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In the diagram below it can be seen the DFIM model developed in Simulink [43]:

i LT
£youesg DY SaMg

-l
Zyouelg OTY SaURg
-

aseyd-saiy]

Zuawainseapy |-A

jor B oqep

[wax) usb™o

Luouesg 7Y saues

puswaINsesyy |-A
aseyd-aaiyl

(sBuipuipy omp)
JBWIOjSURI]

siun Is

L abpug |esianun

(e} D Jowoy

(JBA] D J03E35

Ja1 ogep

way

<{um] paads sorox>

2

a

v

Wy

abpug |esianun aseyd-aaiy] BUIYOEY SNouoIyoulsy
2 2 2 . g o
Youesg O[Ty Sauag g 4 q q ww a8 q
¥ v ' B -] v e
* e uab ™|
B (j@na-g) fnd] " <(w, ) a1 anbioj ansubewonaa@= — w
1ojeiBURD) WG !H A

JuBWAINSEa ||
aseyd-aal

0-0-0°

[ped] 212y L

<(pes) weiay sjfue Jol0y>

O Pue d ojels

E N

Figure 4.14. WECS DFIM dynamic model Simulink diagram
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4.2.3.2. State-space model

Vectorial state-space representation of the (a«—B) DFIM model considering the

fluxes as states, is according to [41]:

sy [ __fs RsLin_ s
Y| | oL o-Li- L | |¥s v
—‘)S - RT' . Lm RS —S v—)S
_ 4 v r

oL, T Y U

where:
—S
P [Vm] is the stator flux vector reference to the stator;

—S
Y, [Vm] is the rotor flux vector reference to the stator;
Fs’s [V] is the stator voltage vector reference to the stator;

1—7:5 [V] is the rotor voltage vector reference to the stator;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

we [rad/s] is the generator's electrical speed.

The state-space representation of the (a—p) DFIM model, considering the fluxes

as states, is:

_ Ry 0 Rs Ly 0
g-L o Lg-L
,lp S S T l/}
as 0 — R, 0 R L, as Vs
Vps| oL, oLy L | |¥ps L |ves
= _ v
lpar r Lm 0 — RS —Wg lpar var
W o-Ls- L, oL 1pﬁr Br
Br 0 R, L, o R,
o-L-L, % o-Lg

where:

Yos [VmM] is the stator flux vector a component;
Yps [Vm] is the stator flux vector § component;
Yo [VmM] is the rotor flux vector a component;
Vg, [Vm] is the rotor flux vector § component;
Uy [V] is the stator voltage vector a component;
vgs [V] is the stator voltage vector B component;
Vg [V] is the rotor voltage vector o component;
vgy [V] is the rotor voltage vector B component;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

we [rad/s] is the generator's electrical speed.

(4.71)

(4.72)
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Similar, the vectorial state-space representation of the (a—f) DFIM model
considering the currents as states, is according to [41, 48, 89]:

e . .
ls = (_1 ) —Rg Ly —j e - (Lm)z Ry-Lm—j-we Ly 'Lr]
0 Ly L/ IRs Ly —j we " Lyy- Ly —Ry-Ly+jrwe Ly L
r (4.73)

s

—S —s.
A5 |+ (;) b ). vss]
i_r>s o-Lg-L, L, Ly v—r)s

where:

L—S’S [A] is the current vector reference to the stator;

L—T’S [A] is the current vector reference to the stator;

Fs’s [V] is the stator voltage vector reference to the stator;

1—7:5 [V] is the rotor voltage vector reference to the stator;
Lm [H] is the mutual inductance;
Ls [H] is the stator inductance;
L, [H] is the rotor inductance;
R [Q] is the stator resistance;
R, [Q] is the rotor resistance;
Wel [rad/s] is the generator's electrical speed.
The state-space representation of the (a—B) DFIM model, considering the

currents as states, is calculated similarly to the one where the states are the fluxes:
l({cs —Rs L, wg(Ly)? Rr-Lm wg-Ly-L, las
tps = ( 1 ) ~Wer* (Lm)* —Rg Ly —We "Ly Ly Ry-Lm| |!ps

i(;(r 0Ls L) |Rg Ly —wg *Ls Ly —Rp-Lg —wg Ly Ly idT
i/;T Wep "L Ly Rg Ly e Ly-Lg —Rp-Lg iﬁr (4.74)
L, 0 —Lm 0][Vas
n ( 1 ) 0 L, 0 —Lm||Vss
g-" LS . Lr _Lm 0 Ls 0[Var
0 =L, 0 LglLVpr
where:

ins [A] is the stator current vector a component;
igs [A] is the stator current vector § component;
i.r [A] is the rotor current vector a component;
ig- [A] is the rotor current vector § component;
Vus [V] is the stator voltage vector a component;
vgs [V] is the stator voltage vector B component;
Vqr [V] is the rotor voltage vector o component;
Vg, [V] is the rotor voltage vector B component;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

we [rad/s] is the generator's electrical speed.
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The vectorial state-space representation of the (d—q) DFIM model considering the
fluxes as states, is calculated similarly to the (aa—p) DFIM model (Equation 4.71):

. R, . Rs- L,
J’“ —— =] " W —_— J’“ —_.a

s | _ 0 - Lg oL L, . s Vg 4.75
—a|lT| Rl R, ——al |5 (4.75)
lp 7 1 - +j.wSS l/}T r

r o'Lg- L, o Lg

where:
—a
P [Vm] is the stator flux vector reference to the synchronously rotating frame;

—a
Y, [Vm] is the rotor flux vector reference to the synchronously rotating frame;
Fs’a [V] is the stator voltage vector reference to the synchronously rotating frame;

T?Za [V] is the rotor voltage vector reference to the synchronously rotating frame;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

wss [rad/s] is DFIM synchronous speed.

The state-space representation of the (d—q) DFIM model, considering the fluxes
as states is obtained similarly to the (ac—f) DFIM model:

_ R w Rs " Ly
W oLy % o-Lg-L,
.ds - - Rs 0 Rs L lpds Vds
lpqs _ §s oL 0-Lg- L} lpqs n Vgs (4.76)
) Ry Ly Rs l/) Var '
’l’dr - 0 - —Wss dr v
l/)‘ o-Ls L, o Lg 1/;r qr
| Reln R, 1
a) —
oLy L, % oL

where:

Yqas [VmM] is the stator flux vector d component;
Yqs [VmM] is the stator flux vector g component;
Yar [VmM] is the rotor flux vector d component;
Yqr [Vm] is the rotor flux vector g component;
Vg4s [V] is the stator voltage vector d component;
Vgs [V] is the stator voltage vector g component;
Vg4r [V] is the rotor voltage vector d component;
Vgr [V] is the rotor voltage vector g component;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

wss [rad/s] is DFIM synchronous speed.
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The vectorial state-space representation of the (d—q) DFIM model, considering
the currents as states is calculated similarly to the model where the fluxes are taken

as states [48, 89]:

U L L)
_[_R ] wel (L ) -j- wss o-L, Ro-Lm—j we Ly-Ly . (4,77)
—-j wel Ly =R, Ly+j weg-L, L —jrwss 0 L. Lg
)[ el
a Ly L) 1=Lm  Ls 1 [32®

where:
lsa [A] is the current vector reference to the stator;
lra [A] is the current vector reference to the stator;

a [V] is the stator voltage vector reference to the synchronously rotating frame;
T?Za [V] is the rotor voltage vector reference to the synchronously rotating frame;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

wss [rad/s] is DFIM synchronous speed.

The state-space representation of the (d—q) DFIM model is:

[lds] [ —Rs Ly wer (L Y+ wg 0 Lo Ly RoLm e~ Ly-L, 1 [ias
IlésI:( 1 )l—wel-(Lm) —wg oL, L R Ly —@e LyLy Ry-Lm| |igs
lar 0Ly L.J|Ry+ Ly —wg+Ls+ Ly, —we Ly Ly + wgg 0 L - Lg | |lar
lgr Wy Lg+ Loy, R L, ® L ‘Ly—wg 0L, Ly —R.-L lqr
q el m _Le;n 01 (Vs ss T s T s q (4_78)

+( 1 ) r 0 —Lm“lvqs

og-Lg-L, _m 0 Lg Var

m Lq Var

where:

igs [A] is the stator current vector d component;
igs [A] is the stator current vector g component;
igr [A] is the rotor current vector d component;
iq- [A] is the rotor current vector g component;
Vg4s [V] is the stator voltage vector d component;
Vgs [V] is the stator voltage vector g component;
Vg4r [V] is the rotor voltage vector d component;
Vgr [V] is the rotor voltage vector g component;
Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

R [Q] is the stator resistance;

R, [Q] is the rotor resistance;

wss [rad/s] is DFIM synchronous speed.
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4.2.3.3. State-space model vs. Dynamic model

In Figure 4.15., is presented a comparison between the step responses of the
DFIG state-space model and the dynamic model:
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Figure 4.15. State-space vs dynamic DFIG models
The error between the generator speed responses of the dynamic model and the
state-space model is ewgen=0.0051 [rad/s]. The error of the generator torque is

eMgen=-1090.892 [N]. For the generator stator currents, the error is eIs=100 [A] and
for the rotor currents, the error is el,~30 [A].
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4.2.4. Tower

4.2.4.1. Nonlinear model

The tower is modeled as a mass-spring-damper system, in order to approximate
the tower deflection due to the thrust force created by the wind acting on the rotor

[84, 85, 89]:

My *Z = Frot — Keow * 2 — brow " Z (4.79)
Z.:Frot_ktow_z_btow_z. (4.80)
n Myt My Myt
with:
k
— = (0‘)11tow)2 =Q2-'m- fntow)z =4 -7 (fntow)z (4.81)
Miow
b,
=2 Ctow * Ontow = 4T fatow * Crow (4.82)
Miow

By substituting (Equations 4.81, 4.82 and 4.80) becomes

F,

__Ot_4"7T' (fntow)2'z_4'n'fntow‘(towlz. (4.83)
Myt

where:

Frot [N] is the rotor thrust force;

mw:=588562 [kg] is the WECS mass (including the tower, rotor and nacelle mass);
ktow [N/m] is the spring constant of the tower;

btow [N:s/m] is the damping constant of the tower;
wntow=2.0196 [rad/s] is the tower's first eigenfrequency;
fatow=0.321 [HZz] is the tower's first eigenfrequency;
Z:ow=0.08 [%] is the tower damping ratio;

Htow=87.6 [M] is the tower height;

z [m] is the position of the nacelle;

z[m/s] is the velocity of the nacelle;

7 [m/s2] is the acceleration of the nacelle.

In Figure 4.16., it can be seen the drive train model developed in Simulink [43]:

o x = Ax+ Bu
y=Cx+ Du

FT [Nm]

Tower M_tow [Nm]1

Figure 4.16. WECS nonlinear tower Simulink diagram
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4.2.4.2, State-space model
The tower model has the following state space representation:
1
Z —4-m- fntow “Crow —4-T (fntow)z —_ 7
Z‘ mwt
i 1 0 0 i (4.84)
Mtow 1 0 0 rot

0 —4-m- (fntow)z "My " Hegw 0

where:

Frot [N] is the rotor thrust force;

mw=588562 [kg] is the WECS mass (including the tower, rotor and nacelle mass);
farow=0.321 [Hz] is the tower's first eigenfrequency;

Ctow=0.08 [%] is the tower damping ratio;

H:ow=87.6 [m] is the tower height;

z [m] is the position of the nacelle;

z [m/s] is the velocity of the nacelle;

7 [m/s2] is the acceleration of the nacelle.

4.2.5. Blade

4.2.5.1. Linear model

The blade bending moment created by the thrust force of the wind acting on the
is modeled according to the following equation [84, 85, 89]:

1
Myiaqe = § *2°R - Frot (4.85)

where:

Frot [N] is the rotor thrust force;
R=63 [m] is the rotor radius;

Mpiage [NmM] is the blade bending
moment.

1/3*wt.rotor.radius*2
M_blade [Nm]

1/3*Fb*2*r

In Figure 4.17. it can be seen in ) , . .
the blade bending moment model Figure 4.17. Wind turbine blade bending

developed in Simulink [43]. moment Simulink diagram

4.2.5.2, State-space model

The state space representation of the blade momentum is:
1
Myiage] = |52 R| - [Frod (4.86)

where:

Frot [N] is the rotor thrust force;

R=63 [m] is the rotor radius;

Mpiage [NM] is the blade bending moment.
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4.2.6. Pitch actuator

4.2.6.1. Linear model

The pitch actuator is modeled as a second order system with a hydraulic time

delay and time constant [85, 88, 89]:
B=— (i - ) (4.87)
TB B !

where:
B [°/s] is the change in the pitch angle;
B [°/s?] is the sensitivity of the pitch angle
73=0.05 [s] is the pitch time constant;
up is the input pitch angle to the pitch actuator
AB=0.05 [s] is the input delay from the input pitch angle to the rated pitch angle.

The pitch actuator is controlled by a proportional regulator with constant Kg [85,
88, 891:

ug = KB ' (.Bref - .Bmeas) (4.88)

where:

ug [°] is the input pitch angle to the pitch actuator;
Kg=10 [-] is the proportional regulator constant;
Brer [ °1 is the reference pitch angle;

Bmeas [ ] is the measured pitch angle.

In the diagram from Figure 4.18, it can be seen the flow chart of the pitch actuator
model developed in Simulink [43]:

Pitch Actuator
beta_ref
B N num(s) 1 :
®_ O h v B dcn(s) Es 5 e
k_beta Hydraulic Hydraulic
beta meas delay time time constant
Figure 4.18. WECS pitch actuator Simulink diagram
4.2.6.2. State-space model
The state space representation of the pitch actuator is:
B 0 1 B 0
[l =10 _i ' [ ] + & : [ﬁref - .Bmeas] (4.89)
g g g 8

where:

B is the change in the pitch angle;

B is the sensitivity of the pitch angle

Kp=10 [-] is the proportional regulator constant;

Brer [ °] is the reference pitch angle;

Bmeas [ 1 is the measured pitch angle.

73 =0.05 [s] is the pitch time constant;

A=0.05 [s] is the input delay from the input pitch angle to the rated pitch angle.
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4.2.7.

4.2.7.1.

Finally, all the parts of the nonlinear model (aerodynamics, generator, tower,
blades and pitch actuator) of the WECS are combined in order to be obtained the
nonlinear model. In Figure 4.19, it can be seen the nonlinear model developed in

WECS modelling summary

Nonlinear model

Simulink [43]:
1 )e
beta [deg] L
beta_ref w_rot[rad/s] 1 ot (Nm] M_rot [Nm] w_rot [rad/s] fe—{(_4 )
beta_ref beta p|beta [deg] w_rot [rad/s]
beta_meas v_rot [mis] F_t[N] M_rot [Nm] w_gen [rad/s]  M_load [Nm]
ESECTIEAS Pitch Actuator Aerodynamics Drive Train
—{ vnac imis] w_genraqs] M-toad
v_rot [m/s] FT [Nm] w_gen [rad/s]
(9 D)e—{M_tow Nm] vabe_ref [&——( 4 )
M_tow [Nm] Tovior © M_gen(Nm] Vabc_ref
M_gen [Nm] Vabc_g_ref
M_blade [Nm]F_t [N] P_out [kW] Vabc_g_ref
M_blade [Nm] Blade P_out [kW] A
Theta [rad] :A
Theta [rad] B
B
Q_gen [kVA] = GO
Q_gen [kVA] C

4.2.7.2.

All the linearized nonlinear equations are combined with the already linear
equations from the nonlinear model into a system of equations that represents the

DFI_Generator

Figure 4.19. WECS nonlinear model Simulink diagram

Linear model

linear model [85, 89].

) 1 j
N = I ' (amrot “Vrot + Dmrot "2+ Cror "B — P Kshage = @ BShaft)
rot
. 1 1 )
b =7—" —Mgen + N (@ Ksnage + D Bsnast)
gen
b=n—>
= N
Wgon = = (= oy 0 = Myey)
gem = Tgen (wo)? © en

Pour = Ngen ((‘)0 'Mgen + Mgeno ’ (‘))

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)
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with:

1 aCP(AO,ﬁO)
Amrot =§'7T',0'R2'Q—0'<3'1730t 'CPO_vrzotO'/‘lO'a—Ao (4.95)

1 1 1 R aCP(/lo,,BO)
b =—-m-p-R%2-v3 .| ——"CP, _— . 4,96
mrot 2 Tp VUroto < !2(2) 0+~QO Vroto 6/10 ( )

1 1 [3CP(Ay,By)

Cmrot=E'ﬂ'p'R2'U1§otO'Q_O'<a—’BO (4.97)

where:

Iot= 3.5444067 [kg-m?] is the rotor moment of inertia;

Vot [M/s] is the average wind speed over the rotor;

o [rad] is the shaft torsion angle;

& [rad/s] is the change in shaft torsion angle;

Ksparr= 867639000 [N-m/rad] is the torsion spring constant;
Bshar= 6215000 [N-m-s] is the viscous friction constant;

£ [rad/s] is the rotor angular velocity;

0 [rad/s?] is the change in rotor angular velocity;

B [°]is the pitch angle;

Bo=0 [°] is the pitch angle at the linearization point;

w [rad/s] is the generator's angular velocity;

@ [rad/s?] is the change in generator angular velocity;

N= 97 [-] is the gear ratio;

Igen= 534.116 [kg-m?] is the generators’ moment of inertia

Mgen [Nm]is the generator torque;

Myen [NmM/s] is the change in generator torque;

Tgen=0.1 [s] is the generator time constant.

Pout [W] is the generator output power;

ngen=0.944 [-] is the generator efficiency;

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the rated wind speed;

Q0=1.2671 [rad/s] is the rated rotor angular velocity;

CPp= 0.4816 [-] is the power coefficient at the linearization point;
Ao=7 [-] is the tip speed ratio at the linearization point;

Tgen=0.1 [s] is the generator time constant;

amrot=1948808.73 is the rotor torque sensitivity in respect to change in wind speed at
the rotor;

bmror=-11006550666.638 is the rotor torque sensitivity in respect to change in rotor
speed;

Cmrot=-367632.5798 is the rotor torque sensitivity in respect to change in pitch angle;
Mgeno=43093.551 [Nm] is the rated generator torque;

wp=122.91 [rad/s] is the rated generator angular velocity.
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4.2.7.3. State-space model

The first order linearized model can be represented by the following state-space
model [85]:

brmrot — Bshaft Bshaft _ Kshaft 0 1
Lot Lot " N Lot a —c
[ 0 1 Bghage _ Bghare Kshare 1 [ Zmrot _ Zmrot
| w I Igen *N Igen N2 Igen *N Igen 0 | Ir(;:t Irst
[ & |_ 1 w Vrot
v |= 1 _ 0 0[] @ +| o 0 I[ (4.98)
Mgen N 1 0 0
M,
w 1 0 — gen 0 0
P 0 T . N2 fgen
out fgen ) (wo) 0 0
0 1 0 0
0 Ngen* Mgeno 0 Ngen " Wo J
with:
1 dCP(Ag, Bo)
a =—-n-p-R2-—-<3-v2 ~CPr— V2 .0 A - (4.99)
mrot 2 -QO rot 0 Tot0 0 6/10
1 1 R ACP(lo,Bo)
b =—-mr-p-R%2-1p3 |=-——=-CcP, + —- . ,
mrot 2 mp Vroto ( .Q(Z) 0 -QO Vroto 6/10 (4 100)
1 1 aCP Ay, Bo)
o p R vy 2P 4.101
Cmrot 2 mep 171’0!.‘0 -QO < aﬁo ( )
where:

Iot= 3.5444067 [kg-m?] is the rotor moment of inertia;

Vrot IS the average wind speed over the rotor;

o [rad] is the shaft torsion angle;

¢ [rad/s] is the change in shaft torsion angle;

Ksnat= 867639000 [N-m/rad] is the torsion spring constant;

Bshart= 6215000 [N-m-s] is the viscous friction constant;

2 [rad/s] is the rotor angular velocity;

0 [rad/s?] is the change in rotor angular velocity;

B [°]is the pitch angle and Bo=0 [°] is the pitch angle at linearization point;
w [rad/s] is the generator's angular velocity;

w [rad/s?] is the change in generator angular velocity;

wp=122.91 [rad/s] is the rated generator angular velocity;

Igen= 534.116 [kg-m?] is the generators’ moment of inertia

Mgen [Nm]is the generator torque;

Myen [NmM/s] is the change in generator torque;

Mgeno=43093.551 [Nm] is the rated generator torque;

Tgen=0.1 [s] is the generator time constant.

Pout [W] is the generator output power;

Ngen=0.944 [-] is the generator efficiency;

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius and N= 97 [-] is the gear ratio;

Vroto=11.4 [m/s] is the rated wind speed;

Q0=1.2671 [rad/s] is the rated rotor angular velocity;

CPp= 0.4816 [-] is the power coefficient at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point;

Tgen=0.1 [s] is the generator time constant;

amrot=1948808.73, bmror=-11006550666.638, Cmror=-367632.5798 are the rotor
torque sensitivities in respect to change in wind speed at the rotor, rotor speed and
pitch angle.

BUPT



WECS modelling

157

4.2.7.4.

Linear vs. nonlinear model

In Figure 4.18, is presented a comparison between the dynamic and state-space
step responses of the generator power and angular velocity:
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Figure 4.20. Generator angular velocity response of the nonlinear vs. linear model

The error between the dynamic and state-space models step responses of the
WECS generator power is ePo,u,t=-110 [w], and for the generator’s angular velocity is
ewgen=-1.575 [rad/s].
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4.3. WECS control strategy

The control strategy developed in the current subchapter it has been published in
reference [89], is based on the controller developed in [86], with the following
modifications in order to be further integrated in an application that requires the WECS
to adapt its power production to a required power demand:

1.

2.

The presented controller adapts the wind turbine power production to power
demand.

The controller design is based on the linearized model from the second
subchapter (4.2. WECS modelling), while the controller developed in
reference [86] is based on a first order WECS model.

The maximum power point tracking was determined based on the maximum
value of the CP table, while in the controller developed in reference [86] was
determined by using an external software where the wind turbine had already
implanted a controller.

The gain schedule for the PI controller is determined based on the linearization
of the rotor torque sensitivity to the blade-pitching angle, while in the
reference [86], was determined by performing a linearization analysis of the
aerodynamic power sensitivity in a third-party software where the wind
turbine had already implemented a gain schedule PI controller.

The WECS controller presented in this subchapter can be developed for any
WECS based on the required parameters from Table 4.1.

Considering the NREL 5-MW WECS a conventional variable-speed, variable blade-
pitch-to-feather configuration, the conventional approach for controlling power-
production operation is based on two controllers:

1.

A generator-torque (partial load) controller, based on a lookup-table with
generator speed as input and generator power reference as output. The goal
of the generator-torque controller is to maximize power capture below the
rated operation point, while the blade pitch is kept constant at 0.

The second controller is a full-span rotor-collective blade-pitch (full load)
controller where the reference is the generator demanded power and the rotor
speed is controlled using the blade pitch angle actuator operated by a gain
scheduled PI controller. The goal of the blade-pitch controller is to regulate
generator speed at the rated operation point.

Delimitations:

In the controller that is implemented in the current work, there are no control
actions to regulate the nacelle-yaw angle because its response is slow enough that it
does not generally contribute to large extreme loads or fatigue damages.
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4.3.1. Control-measurement filter

Both, the generator-torque and blade-pitch controllers requires the generator
speed measurement as feedback input. In order to mitigate high-frequency excitation
of the control systems, the generator speed measurement has to be filtered. In the
present work, the generator speed measurement is filtered using a recursive, single-
pole low-pass filter with exponential smoothing [90], due to its effectiveness in the
time domain. According to [86], even though other linear low pass filters (such as
Butterworth, Chebysheyv, Elliptic, and Bessel filters) have implicit advantages relative
to the chosen filter, none of these filters have given a superior performance in the
overall system response.

The discrete-time recursion (difference) equation considered for this filter is:

yinl=>A—-a) uln]+a-yn-1] (4.102)
with
a =e 27T/ (4.103)

where:
y[n] [rad/s] is the filtered generator speed;
y[n-1] [rad/s] is the previous filtered generator speed;
u[n] [rad/s] is the measured generator speed;
n [-] is the discrete-time-step counter;
Ts= 0.0125 [s] is the discrete time step;
F.=0.25 [Hz] is the corner frequency?;
a= 0.980556556146257 is the low-pass filter coefficient.
In the control strategy implemented in Simulink, the single-pole low-pass filter
was implemented as a discrete state-space model:

x[n] = y[n —1] (4.104)
or
x[n+ 1] = y[n] (4.105)

The discrete-time state-space representation of this filter is derived as:
x[n+1]=A4,;-x[n]+B;-u[n] with A;=a and B;=1—a (4.106)
y[n] = C4 - x[n] + Dy - un] with C4j=a and D;=1-«a (4.107)
where:
Aqg=0.980556556146257 is the discrete-time state matrix;
B4=0.019443443853743 is the discrete-time input matrix;
Cy=0.980556556146257 is the discrete-time output state matrix;
D4=0.019443443853743 is the discrete-time input transmission matrix;
In the diagram from Figure 4.21, it can be seen single-pole low-pass filter, is a discrete
state-space model developed in Simulink [43]:

Xnt1 = Axy + Bu,
.—H 1
- Yn = Cxn+ Duy, Filtered generator speed

w_gen_meas [m/s] w_gen_filtered [m/s]
Measurement filter (low pass)

Figure 4.21. WECS generator's speed measurement filter Simulink diagram

2 The corner frequency (the -0.1 dB point in Figure 11) of the low-pass filter to be 0.25 Hz, as
this value represents roughly one-quarter of the blade’s first edgewise natural.
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In order to analyze the frequency response of the filter, from the state-space
model, the transfer function was obtained using the following formula [91].

Y(2)
Hriter(2) = ——==Cq " (z- 1 =Ag)™" - Bq + Dy (4.108)
U(z)

where:
Aqg=0.980556556146257 is the discrete-time state matrix;
B4=0.019443443853743 is the discrete-time input matrix;
Cy=0.980556556146257 is the discrete-time output state matrix;
D4=0.019443443853743 is the discrete-time input transmission matrix;
Hriter(z) is the discrete transfer function of the filter.

By substituting the state, input, output and input transmission discrete-time
matrices with:

Ag=a;, Bg=1-a, Ci=a, and Dgz=1-a (4.109)

The transfer function of the filter becomes:
Heprer(@) =a-(z- 1-a) - (1-a)+ (1 —a) (4.110)

Simplifying the above Equation 4.108, the discrete transfer function of the filter
becomes:
l1-a) z 001944 -z

= 4,111
Z—a z —0.9806 ( )

Hfilter(z) =
where:
a= 0.980556556146257 is the low-pass filter coefficient;
Hrirer(z) is the discrete transfer function of the filter.

In the bode diagram from Figure 4.22., it can be seen the frequency response of
the recursive, single-pole low-pass filter with exponential smoothing:

0 ———

Magnitude (dB)

Phase (deg)
8 ‘

-40 :
1072 107 10
Frequency (rad/s)

Figure 4.22. Frequency response of the WECS generator's speed measurement filter
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4.3.2. Generator-torque controller

The goal of the generator-torque controller is to maximize power capture below
the rated operation point, keeping the blade pitch constant at 0. The generator-torque
controller is developed according to the following 3 main regions and 2 transitional
regions:

2.1.1.1. Region 1

In region 1, the generator desired torque is held constant at zero and no power
is extracted from the wind for wind turbine power generation, the wind is used only
to accelerate the rotor for the start-up. Region 1 starts from 0 rpm (rad/s) until the
cut-in wind speed. According to the wind turbine reference [92], the cut-in wind speed
is 3 m/s and the cut in rotor speed is 6.9 rpm (0.723 rad/s). Assuming no change in
shaft torsion angle (#=0), according to Equation 4.47, at a rotor speed of 6.9 rpm
(0.723 rad/s), with a 97:1 gearbox ratio, in ideal conditions (no losses) the generator
speed is expected to be:

Weutin = N - Qeyrin = 97 - 0.723 = 70.089 - rad/s (669.3 rpm) (4.112)

where:

Qcut.in=0.723 [rad/s] is the rotor angular velocity at cut-in wind speed;

w «t.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
N= 97 [-] is the gear ratio.

Region 1 can be defined by the following equation, where the generator desired torque
is 0 and the speed ranges between 0 rpm (0 rad/s) and generator speed at cut-in
wind speed (669.3 rpm = 70.089 rad/s).

Myenregion1 = 0, 0 < Wregion1 < Weutin OF Vrot > Veutout (4.113)
where:
Vrot [M/S] is the average wind speed over the rotor;
Veurour=25 [m/s] is the cutout wind speed over the rotor;
Mgen.region1=0 [Nm] is the generator torque in region 1;
Qcut.in=0.723 [rad/s] is the rotor angular velocity at cut-in wind speed;
weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
Wregion1 1S the generator angular velocity at in region 1.

2.1.1.2. Region 2

In region 2, the generator torque is proportional to the square of the filtered
generator speed in order to maintain a constant (optimal) tip-speed ratio. Region 2
starts at a filtered generator speed of 30% above region 1, at 870.09 rpm (91.116
rad/s)3.

Woptimal = 130% - wcut.in (4.114)

where:
weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
Woptimai=91.116 [rad/s] is the generator angular velocity at peak tip speed ratio;

3 130% x 669.3 rpm = 870.09 rpm (130% x 70.089 rad/s=91.116 rad/s).
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From the power coefficient look-up table (Figure 4.23.), as it can be seen in the
Figure 4.23., when the rotor-collective blade-pitch angle is 0°, the peak value is
0.4851, occurring at an optimal tip-speed ratio of 7.5.

Power coefficient lookup-table at blade-pitch angle of 0" (B=0°)

0.4851
04r

o
]

-02 1

-04

Power coefficient CP[-]

-0.6 CP 1
= Maximum CP = 0.4851 at A=7.5

_1 1 1 1 ] 1
0 5 7.5 10 15 20 25

Tip speed ratio A []
Figure 4.23. Power coefficient look-up table at blade-pitch angle of 0°

Assuming no change in shaft torsion angle (#=0), according to Equation 4.47, at

a generator speed of 870.09 rpm (91.116 rad/s), in ideal conditions (no losses) the
rotor speed is expected to be:

1
Qoptimal = N @optimal = 0.939 - rad/s (8.97 rpm) (4.115)

where:

N= 97 [-] is the gear ratio.

Qoptimar=0.939 [rad/s] is the rotor angular velocity at peak tip speed ratio;
Woptimai=91.116 [rad/s] is the generator angular velocity at peak tip speed ratio;

From the tip speed ratio Equation 4.2 and the wind speed at the rotor it is:

R-0 R-w
VUrot.optimal = 1 =

= (4.116)
peak Apeak "N

where:

Vrot.optimal 1S the average wind speed over the rotor at peak tip speed ratio;

R=63 [m] is the rotor radius;

N= 97 [-] is the gear ratio;

2 [rad/s] is the rotor angular velocity;

w [rad/s] is the generator's angular velocity;

Apreak=7.5 [-] is the tip speed ratio at power coefficient peak value when pitch
angle=0°.
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The optimal generator torque is equaled to rotor torque, Equation 4.5:

M _l. 3.p-m-R%2-C "
gen.optimal — 2 Urot™ "P' T ppeak w

1 R-w \° 5 1
Mgen.optimal = E l— "prmrRY- Cppeak Tw

peak N
1R () ]
Myen.optimal —;m'ﬂ 7 R” - CPpeak * W

y 1 RS-w? c
gen.optimal = E(—gp "1 LPpeak
Apear) " N3

peak
" (1 R® c ) )
genoptimal = | 5 > 3 . P T UPpeak |" W

2 (Apeak) - N3

The optimal generator torque is proportional to the square of the filtered
generator speed in order to maintain a constant (optimal) tip-speed ratio.

1 RS
Myen.optimar = k - @* with k=s——F——p 1 CPpeax  (4.117)
gen.optima 2 (Apeak) N3
where:

Mgen.optimal [NM] is the optimal generator torque;

k= 2.402242643637481 [s?/rad?] is the optimal constant;

Vrot IS the average wind speed over the rotor;

w [rad/s] is the generator angular velocity at peak tip speed ratio;

p=1.2 [kg/m3] is the air density;

Cppeak=0.4851 is the power coefficient peak value when pitch angle=0°;

Apreak=7.5 [-] is the tip speed ratio at power coefficient peak value when pitch
angle=0°;

R=63 [m] is the rotor radius and N= 97 [-] is the gear ratio.

Desired generator torque in region 2 is defined by the optimal generator torque
equation:

Mgen regionz = k - (wregionz)z' Woptimal < Wregion2 (4.118)
where:

k= 2.402242643637481 s?/rad? is the optimal constant;

Mgen.region2 [NmM] is the generator torque in region 2;

Wregion2 IS the generator angular velocity at in region 2;

Woptimai=91.116 [rad/s] is the generator angular velocity at peak tip speed ratio.
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2.1.1.3. Region 3

Region 3, begins when the rotor reached the rated speed of 12.1 rpm (1.267
rad/s) or the demanded power is less than rated power (Pdem<Pgen.rated). Considering
no change in shaft torsion angle (#=0), according to Equation 4.47, in ideal conditions
the generator rated speed is:

Wrgted = N * Qrgreq = 12291 -rad/s (1173.7 rpm) (4.119)

where:

Qrated=1.267 [rad/s] is the rated rotor angular velocity;
Wrated=122.91 [rad/s] is the rated generator angular velocity and
N= 97 [-] is the gear ratio.

The rated generator torque is calculated using Equation 4.60:

P

.rated .rated

Mgenratea = JRITE = gor s = 43093.552 N 'm (4.120)
Wrated " Ngen N Qrateq Ngen

where:

Qrated=1.267 [rad/s] is the rated rotor angular velocity;
Wratea=122.91 [rad/s] is the rated generator angular velocity;
N= 97 [-] is the gear ratio;

Pgen.ratea= 5 [MW] is the rated generator power;

Ngen=94.4 [%] is the rated generator efficiency;

Mgen.ratea= 43095.552 [Nm] is the rated generator torque.

In region 3, the generator power has to be held constant at its rated value, so the
generator torque is calculated using Equation 4.60:
P
Mgen.region3 = Lated’ Wregion3 = Wrated (4.121)
Wregion3 " Ngen
where:
Mgen.reagion3 [NmM] is the generator torque in region 3;
Pgen.ratea= 5 [MW] is the rated generator power;
Ngen=94.4 [%] is the rated generator efficiency;
Wreagion3 1S the generator angular velocity at in region 3;
Wrated=122.91 [rad/s] is the rated generator angular velocity.

2.1.1.4. Region 11>

Region 12, is the start-up region and is used to place a lower limit on the
generator speed to limit the wind turbine’s operational speed range. In the start-up
region, the filtered generator speed ranges within 30% above region 1, between 669.3
rpm (70.089 rad/s) and 870.09 rpm (91.116 rad/s)*. This region offers a linear
transition between region 1 (last generator speed where the torque is 0) and region
2 (30% above region 1, where the generator starts maintaining a constant optimal
tip-speed ratio). The desired generator torque, in region 12, has the following form:

Mgen.regionl.l/z = a1.1/2 ’ (1)1.1/2 + bregionl.l/z (4.122)
when

4 130% x 669.3 rpm = 870.09 rpm (130% x 70.089 rad/s=91.116 rad/s).
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Weyt.in < wregionl.l/z < woptimal
where:
Mgen.reagion1.172 [NM] is the generator torque in region 1%;
Wreagion1.1/2 1S the generator angular velocity in region 1Y2;
ai.1/2 is the slope for region 1'% linear equation;
bi.1/2is the y-intercept for region 12 linear equation;
weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
Woptimai=91.116 [rad/s] is the generator angular velocity at optimal tip speed ratio.
As region 1'% is an interpolation linear function between regions 1 and 2, the desired
generator torque at cut-in filtered generator speed (Wreagion1.1/2= Weut.in) IS 0, Equation
4.112:

Mgenregioni1/2 = Mgenregiont When  Wregion1.1/2 = Weut.in (4.123)
a11/2 " Wcutin T b1.1/2 =0

where:

Mgen.reagion1=0 [Nm] is the generator torque in region 1;

Mgen.reagion1.1/2 [NM] is the generator torque in region 12;

weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
Wreagion1.1/2 1S the generator angular velocity in region 1Y2;

ai.is2 is the slope for region 12 linear equation;

bi.1/2is the y-intercept for region 1'% linear equation.

Rearranging Equation 4.123, the y-intercept for region 1% linear equation can be
expressed as:

bi1/2 = — A1.1/2 " Ocutin (4.124)

where:

weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
ai.is2 is the slope for region 12 linear equation;

bi.1/2is the y-intercept for region 1'% linear equation.

As region 1%z is an interpolation linear function between regions 1 and 2, the desired
generator torque at optimal filtered generator speed (Wreagion1.1/2= Woptimar) has the
same form as the optimal generator torque, Equation 4.118:

M en.regionl.1/2 M en.region2 w regionl.1/2 optima
. . . hen . w ptimal

2
QA1.1/2 * Woptimal + b1.1/2 =k- (woptimal)

where:

Mgen.reagion1.172 [NM] is the generator torque in region 1%;

Mgen.reagion2 [NmM] is the generator torque in region 2;

Wreagioni.1/2 1S the generator angular velocity at in region 1Y%z;

ai.1/2 is the slope for region 1'% linear equation;

bi.1/2is the y-intercept for region 12 linear equation;

k= 2.402242643637481 [s%/rad?] is the optimal constant;

Woptimai=91.116 [rad/s] is the generator angular velocity at peak tip speed ratio.
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Substituting the y-intercept for region 12 linear equation from Equation 4.124
and optimal generator speed from Equation 4.118, Equation 4.105 becomes:
aj1/2° 1.3 weyein — A1.1/2 " Weutin = k-(1.3- wcut.in)z (4.126)
where:
ai.1/2 is the slope for region 1'% linear equation;
k= 2.402242643637481 s?/rad? is the optimal constant;
weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed.

From Equation 4.126, the slope for region 12 linear equation is calculated as:
k - (1-3 ' (J')culr.in)2

0.3 weyt.in

1172 = = 13.533 - weyrin = 948.488 (4.127)

where:

ai.1/2=948.488 is the slope for region 1% linear equation;

k= 2.402242643637481 s?/rad? is the optimal constant;

weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed.

Substituting the slop for region 1% linear equation from Equation 4.127 in
Equation 4.123, the y-intercept for region 12 linear equation is calculated as:
b1.1/2 = —0a11/2 " Weutin = —66478.5 (4.128)
where:
weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
ai1.1/2=948.488 is the slope for region 1% linear equation;
bi1.1/2=-66478.5is the y-intercept for region 12 linear equation.

2.1.1.5. Region 21>

Region 273, is defined by linear interpolation between region 2 and region 3, and
has a slope corresponding to the slope of an induction machine. The synchronous
speed of the wind turbine generator is calculated according to [80]:

60 -
Wes = _60f 1000 rpm (104.72 rad/s) (4.129)
pwtgenerator
where:
wss=104.72 [rad/s] is the generator stator synchronous speed;
fs=50 [Hz] is the grid frequency of the balanced three phases;
Pwtgenerator=3 [pairs of poles] is the generator pairs of poles (6 poles).

The generator-slip percentage in region 2% is considered 10% according to
reference [86]. The generator mechanical rotational speed at the generator stator
synchronous speed is calculated using the equation [87]:

_ Wss — Wips
Swtgenerator = (4.130)
wSS
where:
wss=104.72 [rad/s] is the generator stator synchronous speed;
wms [rad/s] is the generator rotor mechanical speed at synchronous stator speed;
Swegenerator=-10 [%] is the generator slip in region 2.

Rearranging Equation 4.129, the generator rotor mechanical speed is calculated:
Wms = (1 - Swtgenemmr) “wgs = 1100 rpm (115.192 rad/s) (4.131)
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where:

wss=104.72 [rad/s] is the generator stator synchronous speed;

Swegenerator=-10[%] is the generator slip in region 2-;

wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator
speed.

The desired generator torque, in region 22, has the following form:

Mgen.regionz.l/z = a2.1/2 ' wregionz.l/z + b2.1/2
when (4.132)

Wms < a)regionz.l/z < Wrated
where:
Mgen.region2.172 [NmM] is the generator torque in region 2;
Wregion2.1/2 1S the generator angular velocity in region 2Vz;
az.1/2 is the slope for region 2% linear equation;
b>.1/2is the y-intercept for region 22 linear equation;
Wrated=122.91 [rad/s] is the rated generator angular velocity;
wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator
speed;

As region 2 is an interpolation linear function between regions 2 and 3, the
desired generator torque at synchronous stator speed (Wreagion2.1/2= Wms) has the same
form as the optimal generator torque, Equation 4.118:

Mgen.regionz.l/z = Mgen.regionz when Wregion2.1/2 = Wms

4.133
Ap1/2 " Wms + ba1jz =k (Wps)? ( /

where:

Mgen.region2.172 [NmM] is the generator torque in region 2;

Mgen.region2 [NmM] is the generator torque in region 2;

Wregion2.1/2 1S the generator angular velocity in region 2Yz;

az.1s2 is the slope for region 2% linear equation;

b>.1/2is the y-intercept for region 22 linear equation;

k= 2.402242643637481 s?/rad? is the optimal constant;

wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator

speed;

Rearranging Equation 4.133, the y-intercept for region 22 linear equation can be
expressed as:

by =k- (Wms)? — 172 " Wms (4.134)

where:
az.1s2 is the slope for region 2% linear equation;
b>.1/2is the y-intercept for region 2% linear equation;
k= 2.402242643637481 s?/rad? is the optimal constant;
wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator
speed;

As region 2% is an interpolation linear function between regions 2 and 3, at 99%
rated filtered generator speed (Wreagion2.1/2= 99% Wrated), the desired generator torque
is the rated one, Equation (4.121):

Mgen.regionz.l/z = Mgen.rated when  Wyegion2.1/2 = 99% * Wratea

(4.135)
azi/2° 99% * Wratea + b2.1/2 = Mgen.rated
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where:

Mgen.region2.172 [NmM] is the generator torque in region 2;
Mgen.ratea= 43095.552 [Nm] is the rated generator torque;
Wrated=122.91 [rad/s] is the rated generator angular velocity;
az.is2 is the slope for region 22 linear equation;

bs.1/2is the y-intercept for region 2V linear equation;

Substituting the y-intercept for region 22 linear equation from Equation (4.133),

Equation (4.135) becomes:
azi1/2° 99% - Wratea + k- (wms)z — Q172" Wms = Mgenrated (4.136)

where:
Mgen.ratea= 43095.552 [Nm] is the rated generator torque;
Wratea=122.91 [rad/s] is the rated generator angular velocity;
az.1s2 is the slope for region 2% linear equation;
k= 2.402242643637481 s?/rad? is the optimal constant;
wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator
speed.

From Equation (4.136), the slope for region 22 linear equation is calculated as:
Mgen.rated —k- (wms)2
99% * Wrated — Wms

az1/2 = =1728.818 (4.137)

where:

Mgen.ratea= 43095.552 [Nm] is the rated generator torque;

Wratea=122.91 [rad/s] is the rated generator angular velocity;

a»12=1728.818 [-] is the slope for region 22 linear equation;

k= 2.402242643637481 s?/rad? is the optimal constant;

wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator
speed.

Substituting the slop for region 2% linear equation from Equation 4.133 in
Equation (4.135), the y-intercept for region 2% linear equation is calculated as:
b2.1/2 = —167269.89 (4.138)

Besides smoothing the transitions between the second and the third regions,
region 2% also limits the tip speed (and hence noise emissions) at rated power.

2.1.1.6. Summary of the generator torque controller

Finally, using Equations (4.113, 4.118, 4.121, 4.122,4.127,4.128, 4.132, 4.137,
4.138) the generator-torque controller is summarized as [48, 89]:

0' wf < Weytin OT Vpot > Vcutoutr Pdem = Pgen.rated
a1.1/2 ) wf + b1.1/2 ’ Weyt.in < wf < woptimal' Pdem 2 Pgen.rated
2
M (wf) _ k- (wf) , Woptimal < Wy < Wms, Paem = Pgen.rated
gen.ctr =
| a2.1/2 ) wf + b2.1/2' Wns < wf < Wrated Pdem 2 Pgen.rated (4139)
P
gen.rated
l . ) wf 2 Wrated) Pdem < Pgen.rated
wf ngen
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where:

Vrot [M/S] is the average wind speed over the rotor;

Veurour=25 [m/s] is the cutout wind speed over the rotor;

Mgen.ce- [NmM] is the controller desired generator torque;

wr [rad/s] is the filtered generator speed;

ai.1/2=948.488 is the slope for region 1% linear equation;
bi.1/2=-66478.5 is the y-intercept for region 12 linear equation.

k= 2.402242643637481 s?/rad? is the optimal constant;
a»12=1728.818 [-] is the slope for region 22 linear equation;
b2.1/2=-167269.89 [-] is the y-intercept for region 2 linear equation;
Pgen.rated= 5 [MW] is the rated generator power;

Pgem [MW] is the demanded power;

Ngen=94.4 [%] is the rated generator efficiency;

weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;

Woptimai=91.116 [rad/s] is the generator angular velocity at optimal tip speed ratio.

Wrated=122.91 [rad/s] is the rated generator angular velocity.

wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator

speed.

In graph from Figure 4.24., it can be seen the controller desired generator torque:

«10* Generator-torque controller

(&1

b
tn

IS
T
~

Region 1 /

Region 1 1/2 / /
Region 2 y

~—— Region 2 1/2

/

B
o
T

w
T

-
- (&1 N
T T T

Controller generator desired torque [N*m]
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Figure 4.24. Controller desired generator torque [48, 87]

100 200 300 400 500 669.3 870.09 1000 1100 1173.7 1300

14(

In the present work, because of the high intrinsic structural damping of the drive

train, the generator-torque controller doesn’t have incorporated a control loop for

damping the drivetrain torsional vibration. However, a conditional statement is placed
on the generator-torque controller, so that the torque can be computed as if it was in

Region 3 whenever the previous blade-pitch-angle command was 1° or greater
regardless of the generator speed. This improves the output power quality (fewer
power dips below rated) at the expense of short-term overloading of the generator
and the gearbox. The maximum torque was saturated to 10% above rated torque
(47402.91 Nm) in order to avoid excessive overloading. The generator torque

controller has a torque rate limit of 15,000 Nm/s.
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In the diagram from Figure 4.25, it can be seen the generator torque controller
(Equation 4.139) developed in Simulink [43]:

o
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Figure 4.25. Generator-torque controller Simulink Flowchart
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4.3.3. Blade-pitch controller

The second controller is a full-span rotor-collective blade-pitch controller and
operates only in region 3 of the torque controller (at full load), where the generator
power reference is kept constant while the generator speed is controlled indirectly, by
directly controlling the rotor speed using the blade pitch angle with a gain scheduled
proportional-integral (PI) controller. The blade-pitch controller acts on the speed error
between the filtered and the rated generator speed, in order to regulate the generator
speed at the rated operation point.

Because the purpose of the blade-pitch controller is to regulate the angular
velocity of the generator, the controller is designed considering a SISO (single input,
single output) state-space model part of the MIMO (multiple inputs, multiple outputs)
state-space model established in Equation 4.98 with B, pitch angle, as input and w,
generator angular velocity, as output:

[ bmrot - Bshaft Bshaft _Kshaft
Lot Lot * N Lrot —c
[ _Q '| Bshaft _ Bshaft Kshaft _i 0 [ mrot'l
| (D | Igen "N Igen N2 Igen N Igen w I TOOt I
b |= . 1 . o el o |81 (4140
Mgen N 1 Mgen [ 0 “
w 1 0 - 0
0 —_—— Tgen
Tgen ” (wo)z
. L 0 1 0 0
1Y) r—0.49 0.0018008 —24.48 0 0 0.01024
w 120 —-1.237 16747 —0.001872 ® 0
o |= 1 —0.01031 0 0 | @ 0 -[B] (4.141)
M. 0 —0.000662 0 -10 0
> Lo 1 0 0 1 Moen 0
with:
1 1 1 R ACP(Ay, By)
Bror == p R2 030 (= CPy + — : 4.142
mrot 2 mep rot0 ( Q[z) 0 QO Vroto 6/10 ( )
1 1 [3CP(Ay, Bo)
Cmrot=5'n'p'R2'v7§ot0'Q_0'< aﬁo (4'143)
where:

Iot= 3.5444067 [kg-m?] is the rotor moment of inertia;
Vot [M/s] is the average wind speed over the rotor;

o [rad] is the shaft torsion angle;

& [rad/s] is the change in shaft torsion angle;

Ksnart= 8.676e+8 [N-m/rad] is the torsion spring constant;
Bshart= 6.215e+6 [N-m-s] is the viscous friction constant;
2 [rad/s] is the rotor angular velocity;

0 [rad/s?] is the change in rotor angular velocity;

B [°1lis the pitch angle;

w [rad/s] is the generator's angular velocity;

w [rad/s?] is the change in generator’s angular velocity;
N= 97 [-] is the gear ratio;

Igen= 534.116 [kg-m?] is the generators’ moment of inertia
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Mgen [Nm] is the generator torque;

Myen [NmM/s] is the change in generator torque;

Tgen=0.1 [s] is the generator time constant.

p=1.2 [kg/m3] is the air density;

R=63 [m] is the rotor radius;

Vroto=11.4 [m/s] is the rated wind speed;

0=1.2671 [rad/s] is the rotor angular velocity at the linearization point;
CPp= 0.387 [-] is the power coefficient at the linearization point;

Bo= 0 [°] is the pitch angle at the linearization point;

Ao=7 [-] is the tip speed ratio at the linearization point;

Mgeno=43093.551 [Nm] is the rated generator torque;

wp=122.91 [rad/s] is the rated generator angular velocity;
bmror=-11006550666.638 is the generator torque sensitivity of rotor speed change;
Cmrot=-367632.5798 is the generator torque sensitivity of pitch angle change.
Tgen=0.1 [s] is the generator time constant.

The SISO state space model with pitch angle as input and generator speed as
output, Equation 4.141 is transformed to the following transfer function, using Laplace
transform:

Hwt(Z) =

where:

Hwi(z) [-] is the transfer function;

uwt(z) [°] is the input of the transfer function (B pitch angle);

ywi(z) [rad/s] is the output of the transfer function (w generator angular velocity);
z=0.0125 [s] is the sampling time.

The bode diagram from Figure 4.26, representing the transfer function from
pitch angle to w generator angular velocity, shows that the minimum stability gain
margin is 3.37 dB at 0 [rad/s] and the minimum stability phase margin is -110° at
175 [rad/s]:

Yue(@) 1.229-z% + 183.8- z + 1715

= (4.144)
uye(z) z*+11.73-23 +214.8-22 + 2029z + 543.2

Gm = 3.37 dB (at 0 rad/s) , Prr; =-110 deg (at 175 rad/s)
2 - ———— - ——

Magnitude (dB)

® .
=K
|
i
|
|

-225 — ‘ ] _

270 \ ]
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-360 ' . T
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Frequency (rad/s)
Figure 4.26. Bode diagram of the WECS transfer function from pitch angle to
generator angular velocity
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In the pole-zero map from Figure 4.27., are represented the poles and zeros of
the transfer function (Equation 4.144). From the poles position, all the poles are in
Left Half Plane (LHP), it can be seen that the represented model of the system is
stable.

Pole-Zero Map Pole-Zero Map
15 1 : R .
—— " 05%T
G 0BT 04mT T~
Gig 07T OglsmT
10 //
06 p, 0:3 e
/08T = L 0 [ 028N
/ 0.5 L
04+t / 3 : 0.6 sy
5 / : 0.7 \
. v o /09T : L OB 07T\
é é [ 0.9 ]
> z 17T
0 @b . Th i
g s Oy =
o
o \ f
E E-02}\ : : /
s = \0.9mT o 044/,
041 ) /
% . e /
\0.87/T 02T,
06 8 1/
-10 N
N T ‘ 0371
b “OTal : 03T,
S~ _0.6aT 0.4m/T_—
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Figure 4.27. Pole-zero map of the wind turbine transfer function from pitch angle
to generator angular velocity (a,b)
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-10.0000
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Combining the blade pitch controller with Kp and K;, the proportional gain and
integral time constant in a standard negative feedback loop with the linearized state-
space model at rated operation point, from Equation 4.141, results in the following
closed-loop equation:

Bref = KPratea " Werr + Kiratea - f Werr (4.145)

where:
Brer [ °] is the reference pitch angle;
Kpratea [-]is the pitch controller proportional gain at rated operation point;
Kiratea [-]is the pitch controller integral time constant at rated operation point;
Werr= Wrated- W [rad/s] is the difference between rated and actual generator angular
velocity.

Solving the closed-loop equation at rated operation, Equation 4.145 with the help
of Matlab [43] a negative proportional gain Kp= -1.474 that adds a negative damping,
and an integral time constant K; = -0.026 that adds restoring are identified.

Due to the reason that the aerodynamic power has to be held constant in region
3, by pitching the blade, the sensitivity of aerodynamic torque to rotor-collective blade
pitch varies considerably in this region. Due to this reason, constant PI gains are not
adequate for effective speed control, the reason why a gain correction has to be
implemented in the blade pitching PI controller.
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For the synthesis of the PI regulator used to control the blade-pitch angle, an
improved version is proposed in which the proportional gain (K,) and the integral time
(Ki) are scheduled using the GK(B) function:

KP(B) = KPratea GK(B) (4.146)
Ki(B) = Kirarea - GK(B) (4.147)
where:
B [°]is the pitch angle;
GK(B) [-] is the linear gain correction factor, based on the blade-pitch angle;
Kp(B) [-]is the controller proportional gain at B pitch angle;
Ki(B) [-1is the controller integral time constant at B pitch angle;
Kprated [-]is the base pitch controller proportional gain at rated operation point;
Kiratea [-]is the pitch controller integral time constant at rated operation point.

According to reference [93], the gain correction factor is obtained based on the
current value of the WT blade-pitch angle (f) and the value of the blade-pitch angle
where the WT rotor torque has doubled (Bk):

GK(B) =

B (4.148)

B
where:
GK(B) [-] is the linear gain correction factor, based on the blade-pitch angle;
B [rad] is the current value of the WT blade-pitch angle;
Bk [rad] is the value of the blade-pitch angle where the WT rotor torque has doubled.

1+

To determine the pitch angle that doubles the WT rotor, Equation 4.26 is
considered, in which the wind speed variation is ignored and the angular velocity is
considered to be held constant at the rated point:

op “(Bo — Br) (4.149)
(roto20,80)

where:

M ot0=4268603.528 [Nm] is the rotor torque at the linearization point;

Bo= 0 [rad/s] is the rated pitch angle;

Bk [rad/s] is the value of the blade-pitch angle where the WT rotor torque has doubled;

BIZ—;‘” =-367632.5798 [Nm/°] is the blade-pitch sensitivity Equation 4.29.
(Wroto20,80)

Resulting, that the blade pitch angle that doubles the WT rotor torque is:

B = Bo — Mroto = 0.2065 [rad/s |
aM‘rot

ap

(4.150)

(roto.20,80)

where:

Mrot0=4268603.528 [Nm] is the rotor torque at the linearization point;

Bo= 0 [rad/s] is the rated pitch angle;

Bk=0.2056 [rad/s] is the pitch angle where the pitch sensitivity has doubled;

Mot =-367632.5798 [Nm/°] is the blade-pitch sensitivity.
o (Wroto20,80)
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In the graphs from Figure 4.28., 4.29. and 4.30., the gain correction, proportional
gain and integral time constant are plotted according to the blade-pitch angle
variation:

Blade-Pitch controller gain-scheduling law B1Iade-Pitch controller gain-correction factor GK(B)
Proportional gain Kp(B),[s] 0.9 | Gain correction factor GK(B).[-] |
025 ——— Integral gain Ki(B),[-] -
’ @ 0.8
E- OB g 0.7
N g os
B 075 505
3 b
2 © 0.4
5 ol 5 0.3
] go.
£
125 & 0:2
0.1
-15 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Rotor-collective blade-pitch angle B[] Rotor-caollective blade-pitch angle B[]
Figure 4.28. Wind turbine blade-pitch Figure 4.29. Wind turbine blade-pitch
controller gain-scheduling law [48] controller gain-correction factor [48]
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Figure 4.30. Wind turbine blade-pitch controller gain-scheduling low [48]
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By combining the closed-loop Equation 4.145 with the linear gain correction
Equation 4.150, the final closed-loop equation is obtained [87]:

Br Br .
ﬁref = m "KDratea * Werr + ,Bk+—,8ref ‘Kiratea f Werr (4.151)

where:

Brer [ °] is the reference pitch angle;

Bk=0.2056 [rad/s] is the pitch angle where the pitch sensitivity has doubled;

Kprated [-1is the pitch controller proportional gain at rated operation point;

Kiratea [-]is the pitch controller integral time constant at rated operation point;

Werr= Wrated- W [rad/s] is the difference between rated and actual generator angular
velocity.

In the blade-pitch controller, there is a conditional statement that sets the upper
limit of the blade-pitch angle as reference when the wind speed in front of the rotor
reaches the cutout wind speed. The blade-pitch rate limit is set according to the rate
limit of the conventional 5-MW General Electric (GE) machine to 8°/s in absolute
value. Maximum blade-pitch angle is set to be 90°, representing the fully feathered
blade pitch for neutral torque. limit of conventional 5-MW General Electric (GE)
machine to 8°/s in absolute value. Minimum blade-pitch angle is set to be -90° in
order to be able to derate the power of the wind turbine when the reference power is
below rated power. The integral term of the PI controller it is also limited between
these values in order to ensure a fast response in the transitions between Regions 2
and 3.

In the diagram from Figure 4.31, it can be seen the blade pitch controller
(Equation 4.151) implementation in Simulink [43]:

break to 0 the generator/rotor speed

Prop schedule

> wt.wind.cutoutspeed|

after cut-out?

v_speed

before cut-in wind speed?

. WK Ts
Rated speed Integral gain > f
w_gen_filtered [rad/s]

To degrees

Discrete-Time

1-D T(u) Integer Delay L] Integrator
Prop schedule1
z! Saturation

Gain correction2 Pitch_ref [deg]

Zero-Order Rate Limiter
Hold

Figure 4.31. Generator-torque controller Simulink Flowchart

BUPT



WECS control strategy 177

4.3.4. DFIG rotor side controller

The vector control of the DFIM is performed in a synchronously rotating d-q frame,
in which the d-axis is aligned with
the stator flux space vector, as
shown in Figure 4.32 [41]. q p _
Because the direct rotor current Was = vl
is proportional to the stator
reactive power, and the
quadrature rotor current is ,/—,’ \(DS
proportional to the torque or S d
active stator power, the rotor
voltage can be calculated as a
function of rotor currents and
stator flux by substituting
equations (Equation 4.64 and
Equation 4.65) into voltage
Equation 4.63 (note that y4s=0)

Wes =0

Os a

Figure 4.32. Synchronous rotating dq
reference frame aligned with the stator flux
space vector [41]

[41]:
, dig L d[lps]
Var = Ry lgr + 0 Ly dtr_wr'a'Lr'lqr‘FL_m' dt
s [W] (4.152)
di L. d
vqr=Rr-iqr-i-a-Lr-—er—i-wr-a-Lr-idr+wT-L—m- dtS
S
where:

Js) [Vm] is the stator flux vector;

Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;

L, [H] is the rotor inductance;

Ygas [Vm] is the stator flux vector d component;
Yqs [VmM] is the stator flux vector g component;

R, [Q] is the rotor resistance;

Vgr [V] is the rotor voltage vector d component;
Vgr [V] is the rotor voltage vector g component;
i4r [A] is the rotor current vector d component;
iqr [A] is the rotor current vector g component;

Yar [VmM] is the rotor flux vector d component;
Yqr [Vm] is the rotor flux vector g component.

From equation (4.51), by assuming the voltage drop in the stator resistance is
very small because the stator is connected directly to the grid at constant AC voltage,
the stator flux becomes constant, canceling the derivative term (d|y s|/dt=0). By
canceling the derivative term in Equation (4.152), the dq rotor currents control is
performed by using a regulator for each current component, as shown in Figure 4.34.
The rotor voltage and currents are transformed into dq coordinates as the control
must be performed in those coordinates. For the stator voltage grid synchronization
is used a phase-locked loop (PLL) [41].
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The gains for the proportional-integral (PI) regulators for the current loops are
calculated in Equation 4.153 according to the second-order system with two poles and
a zero developed in reference [41]. As seen in Figure 4.33, the PI regulators employ
a compensation of the cross terms and neglect the effect of the voltage source
converter and the possible delays in computation or measurements [48, 89].
2-100- 02 (L,.)?
p Rr
1000003+ (L,)3

: (R,)?
where:
L, [H] is the rotor inductance;
R, [Q] is the rotor resistance;

R,
(4.153)

ok — e .

i % ) i o+ k :

dr + f{p+k‘ +n Yar + .1 Lgr tdr _ sky+ ki i
’ 5 ¥ ols+ R, oLls™+ (k+ R)s + k;

— e Llye

oLy + o, 5

m |
7
';drx+ 5 & _% Vgr +(§( 1 -’Iq| 'Eqrg= Skp+ f\'l l'qr
P ols+R, >

oLs® + Ukt Rps + k;

o

B
@ | i)

5

Figure 4.33. Equivalent second-order system of closed-loop current control with PI
regulators [41]

By combining the pi regulators with the current control loops and the flux angle
calculation, the complete control system is obtained. The electromechanical torque
expression in the dq frame can be simplified using reference [41], as the d-axis of the
reference frame is aligned with the stator flux space vector:

L . .
Mgen = E " Pwtgenerator L_ (lpqs “lar — Yas ldr) =>
3 LS (4.154)
m |5 . ,
Mgen = _E * Pwtgenerator L_ |1/Js| Clgr => Mgen =Kr- lgr
s
with:
3 Ly, —
Kr=—=- Pwtgenerator " 7 ° |7~ps| (4.155)
2 L
where:

@) [Vm] is the stator flux vector reference to the stator;
4 [A] is the rotor current vector d component;

iqr [A] is the rotor current vector g component;

Yqas [VmM] is the stator flux vector d component;

Yqs [VmM] is the stator flux vector g component;

Lm [H] is the mutual inductance;

Ls [H] is the stator inductance;
L, [H] is the rotor inductance;
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Pwtgenerator=3 [pairs of poles] is the generator pairs of poles (6 poles).

Figure 4.34, illustrates the complete vector control of the DFIM, where the DFIM
simply imposes an electromagnetic torque Mgen*, while the speed of the shaft is
controlled by other elements.

-
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= - Vabes
Bm /2

Figure 4.34. DFIM rotor vector control

As can be seen in Figure 4.34, the g rotor current component is proportional to
the torque, and because of the igr, it is possible to control the torque. The ig4- current
is responsible for reactive power control, Qs, as it can be seen in reference [41] in
the current work the reference reactive power is set to 0.

In Figure 4.35, it can be seen the DFIM rotor vector control implementation in
Simulink [43]:

@—P ref
id P id
Mgen_ref ,-
- Tem e £lid 1S ThetaD/Q
K- P ref Cancelation of cc
iq d/q-->DQ
—»| meas
Pli g
@ 9 DQ-->abc e
8
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2 » abc i pa »(idr
Confiz= (@] |
3 m oa theta qr b=
abc--> £
DQ-->d/q 3rd harmonic injection -
3
@—bthetaﬁm =
Theta theta_r -
G <]
i Angle Vabc_ref

Figure 4.35. DFIM rotor vector control Simulink flow chart
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4.3.5. DFIG grid side controller

The grid side converter controls part of the power flow of the DFIM. Part of the
power generated by the wind turbine is delivered through the rotor of the DFIM. This
power flow that goes through the rotor flows also through the DC link and finally is
transmitted by the grid side converter to the grid [87]. In Figure. 4.36, is presented
a simplified block diagram of the grid side system including a schematic of its control
block diagram [87]:
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Figure 4.36. Grid side controller schematic [87]

Because the DC link is mainly formed by a capacitor, it is necessary to control the
DC bus voltage (Vbus) The active power flow through the rotor crosses the DC link
and then it is transmitted to the grid. Therefore, by only controlling the Vbus variable
to a constant value, this active power flow through the converters is ensured, together
with a guarantee that both grid and rotor side converters have available the required
DC voltage to work properly [87].
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In figure 4.37, is presented the grid voltage oriented vector control (GVOVC) block
diagram. From the Vbus (DC bus voltage) and Qg (grid reactive power) references, it
creates pulses for the controlled switches Say, Sby, and Scy, from the abc voltage
references for the grid side converter: va*, vir*, and v*. The abc voltage references
are created in dq coordinates (var*, var®), and then transformed to af3 coordinates
(var®, vor*), and finally the abc voltage references are obtained. The dq voltage
references (var*, Var*) are independently created by the dq current (igg*, igg*)
controllers [87]. Meaning, that by modifying var, isg is mainly modified, while by
modifying vgr, igg is mainly modified. For better performance in the dynamic responses,
in each equation, there is one coupling term considered in the control as a feed-
forward term eqr, and egr from the following equations [87]:

Car = ~®ss Ly *log (4.156)
€qf = ~Wss * L lag
where:
L¢ [H] is the grid side inductive filter;

idg [A] is the grid current vector d component;
iqg [A] is the grid current vector g component;
wss=104.72 [rad/s] is the generator stator synchronous speed.

Note that under ideal conditions, vdg is constant and equal to the grid voltage
amplitude.

Because of the alignment between the grid voltage pace vector and the d axis of
the rotating reference frame, the current references (iqg*, iqg*) are totally decoupled
from the active and reactive powers. The reason why ig* control implies Pg control,
and igg* control implies Qg control. The constant terms Pg and Qg, are calculated
according to the reference [87]:

K 1
)2) _E'Vcl g _§.|U—’a|.id i E'vd
g > g g~ 5 g g 2 9
iy = 2[4 1 (4.157)
Qg = =75 Vag lgg =—35" Vg | lgg Kog =—3
~ 5 Vag

where:

idg [A] is the grid current vector d component;
iqg [Al is the grid current vector q component;
Vag [V]is the grid voltage vector d component;
Vg [V] is the grid voltage;

Py [-] is the grid power;

Qg [-] is the grid reactive power;

Kpg [-] is the grid power control constant term;
Kog [-] is the grid reactive power control constant term;

The power Pg reference is created by the Vbus regulator. Indirectly, by this loop,
the back-to-back converter ensures the active power flow.
For the voltage and the current coordinate transformations, the angle of the grid
voltage is needed 6y. This angle is estimated by a phase locked loop (PLL) as in
reference [40][87] (Figure 4.38).

BUPT



182

WIND ENERGY CONVERSION SYSTEM (WECS)

Vag
= abc
Vbg
Yo
—— aff

"'ag o Vdg __j'l.‘g
it
£ '
; 1 :
1;‘:‘},’ _ ! g8 J " --_‘I-'(H_j
| T L
1 error for
[2 the PI g
i )
Pl - — -

Mg

Figure 4.37. Classic PLL structure block diagram [40]

The gains for the proportional-integral (PI) regulators for the current loops are
calculated according to the closed-loop current expressions, from reference [40, 48,

89].

with

s2(Lp)+s-(Rr+kp)+ki=s+2-& w5+ (wy)?

where:
Lf [H] is the grid side filter inductance;
Ry [Q] is the grid side filter resistance;
wy, [Hz] system first natural frequency.

|
dg
—p

qg 4+

kig = Lp + (wy,)?

w,=2-60"1

Lllr "-Uf.(ja

(4.158)
(4.159)
k |V [ |

SO I T
-k Vaf 1 i
A.f' § .L_I,.r+.ﬁ"r *

Figure 4.38. Current loops simplified structure for the L filter [40]
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Finally, the presented VOVGC presented is designed to control the dc bus voltage
and Reactive grid power (Vbus, Qg), providing also good dynamic response
performance due to its vector control structure [87].
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Figure 4.39. Grid voltage-oriented vector control block diagram [87]

In Figure 4.40., it can be seen the grid voltage oriented vector control (GVOVQC),
implementation in Simulink [43]:

P id
d/q —p»diq
» i alpha/beta
P tita l
Cancelation of ct
d/q-->alpha/beta 2
_
alpha/beta-->abc fz
H
e
Gl
abc alpha/beta P alpha/beta | @
d/q H
[¢] » tita 1_‘_’.@ .1 out1 in1
abc-->alpha/beta Vabc ref
alpha/beta-->d/q —
3rd harmonic injection
Vs tita_gr—e
Vs
Angle

Figure 4.40. Grid voltage-oriented vector control (GVOVC) Simulink flow chart
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4.3.6. WECS controller summary

Finally, by combining the generator torque controller, Equation 4.139 and the
blade-pitch controller, Equation 4.151 together, is obtained the wind turbine control
strategy (control level II) [48, 89]:

0' wf < Weytin O Vot > Vcutout
a “wr+b , o Weyrin < Wr < Wopei
Mgenctr(wf) _ 1.1/2 'f B 1.1/2 cut.in 'f optimal Pdem > Pgen.rated
' k- (o), Woptimal < Wy S Wpng AND

M (w ) Az1/2 " Wr + b2.1/2‘ Wips < Wp < Wrgrea W5 < Wrarea

ct
ger}gcr ) _ ﬁref:()" (4.160)
ref P "
_ Tgenrate
Mgen-ctr(“’f) = ) Paem < Pgenratea
wf ngen OR
ﬂref = by “Kpratea * Werr + B "Kivarea f Werr, ©f Z Wrated
Bic + Bres Br + Bres

where:

Vot [M/s] is the average wind speed over the rotor;

Veurour=25 [m/s] is the cutout wind speed over the rotor;

Mgen.ce- [NmM] is the controller desired generator torque;

wr [rad/s] is the filtered generator speed;

ai1.1/2=948.488 [-] is the slope for region 12 linear equation;

bi1.1/2=-66478.5[-] is the y-intercept for region 1% linear equation.

k= 2.402242643637481 [s%/rad?] is the optimal constant;

az.1/2=1728.818 [-] is the slope for region 22 linear equation;

b2.1/2=-167269.89 [-] is the y-intercept for region 2 linear equation;

Pgen.rated= 5 [MW] is the rated generator power;

Pdem [MW] is the demanded power;

Ngen=94.4 [%] is the rated generator efficiency;

weut.in=70.089 [rad/s] is the generator angular velocity at cut-in wind speed;
Woptimai=91.116 [rad/s] is the generator angular velocity at optimal tip speed ratio.
Wratea=122.91 [rad/s] is the rated generator angular velocity.

Brer [ °] is the reference pitch angle;

Bx=0.2056 [rad] is the pitch angle where the pitch sensitivity has doubled;

Kprated [-]is the pitch controller proportional gain at rated operation point;

Kiratea [-]is the pitch controller integral time constant at rated operation point;
wms=115.192 [rad/s] is the generator rotor mechanical speed at synchronous stator
speed;

Werr= Wrated-Wr [rad/s] is the difference between rated and actual generator angular
velocity.
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Figure 4.41. WECS controller scheme [87]
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In Figure 4.42., it can be seen the full controller, rotor and gride side controller
(control level I) and the wind turbine control strategy (control level II) developed in

Simulink [43]:
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Figure 4.42. WECS controller flow chart in Simulink
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In Table 4.2, it can be seen the main parameters of the proposed control strategy,

calculated for the 5 MW NREL WECS:

Table 4.2. 5 MW NREL WECS controller main parameters

The corner frequency of the generator angular velocity filter 0.25 Hz
Peak power coefficient 0.4851
Tip-speed ratio at peak power coefficient 7.5
Blade-pitch angle at peak power coefficient 0°
Generator-torgue optimal constant 2.402 s2/rad2
Rated generator power 5 MW

Rated generator torque

43095.552 Nm

Cut in generator angular velocity

70.089 rad/s

Optimal generator angular velocity

91.116 rad/s

Generator rotor mechanical speed at synchronous stator speed

115.192 rad/s

rated generator angular velocity.

122.91 rad/s

Generator slip at synchronous stator speed 10%
Minimum Blade-pitch angle for region 3 1°
Maximum generator torque 47402.91 Nm
Maximum generator torque rate 15000 Nm/s
Blade-pitch angle where the pitch sensitivity has doubled 0.2056 rad/s
Proportional gain at 0° blade-pitch angle -1.474 s
Integral time constant at 0° blade-pitch angle -0.026
Lower blade-pitch angle limit 0°
Upper blade-pitch angle limit 90°
Maximum blade-pitch angle rate 8°/s
Generator torgue reference coefficient K -0.1306
Rotor vector control id currents proportional (P) gain 0.2786
Rotor vector control id currents integral (I) gain 84.5216
Rotor vector control ig currents proportional (P) gain 0.2786
Rotor vector control ig currents integral (I) gain 84.5216
GVOVC DC bus voltage reference coefficient 0.0012
GVOVC reactive power reference coefficient -0.0012
GVOVC id currents proportional (P) gain 0.3016
GVOVC id currents integral (I) gain 56.8489
GVOVC iqg currents proportional (P) gain 0.3016
GVOVC ig currents integral (I) gain 56.8489
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4.4. WECS simulations

Combining the WECS controller presented in the third subchapter (4.3.
Controlling a WECS), with the nonlinear model of the NREL 5 MW wind turbine
presented in the second subchapter (4.2. WECS modelling), a simulator was
developed in Simulink [43].

[twind Vr] Sensor Sampling J
5e6| Power Demand v_rot [m/s] wind [m/s] beta_meas [deg]
- v_rot [m/s] beta [deg] beta [deg] wind_meas [m/s]

=l

w_gen [rad/s] —®{ w_gen [rad/s] w_gen_meas [rad/s] #’\W_gen
P
i

P beta_meas

Power demand [W] Theta [rad] Theta [rad]  theta_meas [rad/s]1
Pitch_ref [deg] P beta_ref

P Wind speed [m/s] w_rot [rad/s] w_rot [rad/s] w_rot_meas [rad/s] 4,.

Vabc_ref P Vabc_ref M_rot [Nm] —<_M_rot |
P w_gen_meas [rad/s]
| Theta [rad] Vabc_g_ref P Vabc_g_ref MEgeniim
Controller A P (LR
Q_gen [kVA]
b B M_tow [Nm]
” c M_blade [Nm] —><@_blade
Monitor
Grid Transformer Wind Turbine

Figure 4.43. WECS simulator flow chart in Simulink

Using the developed WECS simulator, four simulations were executed in order to
analyze and evaluate the response of the controller developed in the third subchapter
(4.3. Controlling a WECS) to different scenarios: the response of the rated and
derated WECS to a wind speed data covering all the operating range (from 0 to 30
m/s), and to a real turbulent wind speed time series covering the operation at full
load (11 to 20 m/s) in one simulation, and covering the operation at partial load
(region 1, 1 2, 2, 2 '2) in another simulation.

4.4.1. Response of rated WECS

In the first simulation, is presented the response of the WECS to a wind speed
ramp from 0 to 30 m/s in 3 minutes (180 seconds). This simulation was executed in
order to see the response of the WECS at each wind speed of its operating range when
the requested power is the rated power.

Wind speed ramp [m/s]
30 T T T T

25 - .,

[\
o
T
I

Wind speed [m/s]
o
T
1

e
o
T
I

= Wind speed [m/s]
———=\\lind speed in front of the rotor [m/s]

[4)]
T
1

1 | 1 1 | 1 1
20 40 60 80 100 120 140 160 180
Time [s]

o
o

Figure 4.44. Wind time series covering all the operating range
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Figure 4.45. Power curve during operating range of rated 5 MW NREL

In Figure 4.45, it can be seen that in region 1, until the cut-in wind speed of 5
m/s (3 m/s in front of the rotor), the wind turbine does not produce any power and
all the energy extracted from the wind is used just for rotating the rotor. Region 1 2,
starts at cut-in wind speed of 5 m/s (3 m/s in front of the rotor) and represents the
startup region when the WECS starts to produce electric power. Region 2 starts when
region 1 %2 ends and is the region where the WECS extracts the maximum power from
the power available in the wind (maximum power point tracking). Region 2 %2 is a
linear transition between region 2 and region 3. Region 3 starts at a wind speed of
11.4 m/s in front of the rotor and represents the rated power region because in this
region the WECS starts adjusting the blade-pitch angle in order to maintain constant
the produced power to the rated one. At 25 m/s starts the cut-off region, where the
WECS stops producing power by pitching its blades to maximum and braking the rotor
angular velocity.
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Figure 4.46. Blade-pitch angle curve during operating range of rated 5 MW NREL
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In Figure 4.46, it can be seen that the blade-pitch angle is held constant at 0° (in
regions 1, 1 2, 2 and 2 ) until the WECS reaches the rated power (region 3 starts
at 11.4 m/s wind speed in front of the rotor). In region 3 the WECS starts pitching its
blade in order to extract from the wind, only the rated power. At 25 m/s wind speed,
the WECS cuts off by starting pitching its blades to maximum (tendency to pitch the
blades to 90°) in order to reduce to the minimum the power extraction from the wind.
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Figure 4.47. Rotor angular velocity curve during operating range of 5 MW NREL

In Figure 4.47, it can be seen that in region 1, until region 1 %2 (3 m/s wind speed
in front of the rotor), all the extracted power from the wind is used just for starting
to rotate the rotor. In the startup region (1 '2), it can be seen that the slope of the
rotor angular velocity is reduced, because the WECS couples the drive train, and part
of the power extracted from the wind it is converted into torque by the generator. In
region 3, the rotor angular velocity reaches the rated velocity and the WECS controller
tries to keep it constant to its rated value. At cut-off, the rotor angular velocity is
quickly braked to almost 0, when the blades pitch angle reaches 90°, the moment
when the braking system starts acting.
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Figure 4.48. Generator angular velocity curve during operating range of 5 MW NREL
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In Figure 4.48, it can be seen that region 1 stands until the cut-in wind speed
when the generator speed reaches 669.3 rpm (70.089 rad/s). The startup region (1
2) stands for 30% region above region 1, from 669.3 rpm (70.089 rad/s) to 870.09
rpm (91.116 rad/s). Region 2 is the region between the startup region and the
generator machine's synchronous speed (1100 rpm -115.1917 rad/s). Region 3 starts
at 99% (1173.7 rpm -122.9096 rad/s) of the generator rated angular velocity. At cut-
off wind speed (25 m/s) the generator angular velocity is reduced to almost 0 and
then held there by the braking system, the same as the rotor angular velocity. By
comparing the figure above with Figure 4.48, it can be observed that the generator
angular velocity follows the rotor angular velocity multiplying it with the drive train
gear ratio (1:97).
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Figure 4.49. Rotor torque curve during operating range of rated 5 MW NREL

In the diagram from Figure 4.49, it can be seen the rotor torque. At the beginning
of region 3, it can be seen the fluctuations created in rotor torque showing how
sensitive is the rotor torque to the blade-pitching angle. At cut-off (25 m/s wind
speed) it can be observed a huge increase in torque magnitude, given by the sum of
the torque created by the rotor braking with the torque of the generator which tries
to keep its direction.

5 X 104 NREL 5 MW generator torque [Nm]
T T T T T T T
Regien g 1/2

4k i
E
2 3r / Region 3 7
@
=
g 25 B
2 Region 2
% tr ) Generator torque [Nm) After cut-out
s Region 1 Load torque [Nm]
S 0 e
o Region 1 1/2|

=

2 I 1 1 1 I 1 1 1

20 40 60 80 100 120 140 160 180

Time [s]

Figure 4.50. Generator torque curve during operating range of rated 5 MW NREL
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In diagram (Figure 4.50), it can be seen that in region 1 the generator torque is
0 Nm, and the generator torque starts to couple to the drive train in startup region.
In region 3 the generator reaches rated torque and tries to maintain constant torque
during the entire region 3. At cut-out, the generator torque is reduced to 0 Nm.
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Figure 4.51. Shaft torsion curve during operating range of rated 5 MW NREL

In Figure 4.51, is presented the torsion momentum. In region 1 the torsion
created by the rotor torque on the shaft is 0 rad/s. In region 3 because the rotor and
generator torque are almost constant, the shaft torsion is also almost constant. At
cut-off, the change in direction of the shaft torsion is due to the difference in rotor
and generator torque direction during the time until the generator torque is
disconnected. When the generator torque gets disconnected, the shaft torsion
becomes 0.
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Figure 4.52. Tower momentum curve during operating range of rated 5 MW NREL

BUPT



192 WIND ENERGY CONVERSION SYSTEM (WECS)

In diagram-Figure 4.52, it is presented the tower momentum during the WECS
operation. In this diagram, it can be seen the correlation between the tower
momentum variation and the blade-pitch angle variation. At a blade-pitch angle of 0°
(in regions 1, 1 2, 2 and 2 2) the tower momentum increases direct proportional
with the rotor torque, but in region 3, when the pitch actuator increases the blade
pitch angle, the tower momentum starts decreasing. At WECS cut-off a significant
increase in tower momentum occurs due to the braking torque of the rotor. After the
cut-off, it can be seen that all the power created by the wind on the rotor, nacelle and
tower is transmitted to the foundation by the tower.
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Figure 4.53. Blade momentum curve during operating range of rated 5 MW NREL
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In Figure 4.53, it can be seen the blade momentum which until cut off variates
proportional to the proportion of the power extracted from the wind power by the
WECS. At cut-out wind speed, an increase in blade momentum occurs due to the
inertia of the rotor.
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Figure 4.54. Generator efficiency curve during operating range of rated 5 MW NREL
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In Figure 4.55, it can be seen the variation of the 3 phases of the generator stator
voltage during each region.
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Figure 4.55. Generator stator voltage during operating range of rated 5 MW NREL

In Figure 4.56, it can be seen the variation of the 3 phases of the generator stator
voltage during each region.
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Figure 4.56. Generator rotor voltage during operating range of rated 5 MW NREL
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In Figure 4.57, it can be seen the variation of the 3 phases of the generator stator
currents during each region.
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Figure 4.57. Grid currents curve during operating range of rated 5 MW NREL
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In Figure 4.58, it can be seen the variation of the 3 phases of the generator rotor
currents during each region. Between the time interval of 54 s and 57 s, it can be
seen the response of the rotor currents at synchronous speed.
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Figure 4.58. Generator rotor currents during operating range of rated 5 MW NREL
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In Figure 4.59, it can be seen the variation of the grid currents in amplitude during
each region.
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Figure 4.59. Grid currents curve during operating range of rated 5 MW NREL
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Figure 4.60. DC bus voltage during operating range of rated 5 MW NREL
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In Figure 4.60, it can be seen the response of the grid voltage-oriented vector
control (GVOVC) controlling the DC bus voltage (Vbus) during each region.
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Figure 4.61. WECS efficiency during operating range of rated 5 MW NREL

In Figure 4.61, it can be seen the WECS efficiency during the entire operation
range.

4.4.2. Response of derated WECS

In the second simulation, is presented the response of the derated WECS to a
wind speed data covering all the operating range (from 0 to 30 m/s) (Figure 4.44).
This simulation was executed in order to see the comparison between the response
of the WECS at each wind speed of its operating range when the requested power is
below rated power.

Figure 4.62 it can be seen that the WECS maintains its rated power curve (Figure
4.45) until it reaches the requested power, where it saturates. At cut-out wind speed
(25 m/s) it can be observed that as lower is the requested power, as quicker is the
cut-out.
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Figure 4.62. Power curve during operating range of derated 5 MW NREL
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In the diagram from Figure 4.63, it can be seen that the blade pitch controller
starts pitching depending on the demanded power. The lower the demanded power,
the faster the blade starts being pitched.
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Figure 4.63. Blade-pitch angle curve during operating range of derated 5 MW NREL
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Figure 4.64. Rotor angular velocity during operating range of derated 5 MW NREL

In diagram-Figure 4.64, it can be seen that the rotor reaches its rated angular
velocity depending on the demanded power. The lower the demanded power, the
faster the rotor reaches the rated angular velocity. Once the rated angular velocity its
reached, the WECS controller tries to maintain the rotor angular velocity constant,
independent of the demanded power.
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Figure 4.65. Generator angular velocity during operating range of derated 5 MW
NREL

In Figure 4.65, it can be seen that, similar to the rotor, the generator reaches its
rated angular velocity depending on the demanded power. The lower the demanded
power, the faster the generator reaches its rated angular velocity. Once the rated
angular velocity is reached, the WECS controller tries to maintain the generator
angular velocity constant, independent of the demanded power.

In Figure 4.66, it can be seen that as higher the demanded power, as higher the
rotor torque during operation because the power extracted from the wind is higher.
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Figure 4.66. Rotor torque curve during operating range of derated 5 MW NREL
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Figure 4.67. Generator load curve during operating range of derated 5 MW NREL

In Figure 4.67, similar to rotor torque, the higher the demanded power, the higher
the generator load torque is during operation.

In Figure 4.68, similar to rotor torque, the higher the demanded power, the higher
the electromechanical generator torque is during operation. At cut-out wind speed
(25 m/s) it can be observed that the lower the demanded power, the quicker the cut-

out.
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Figure 4.68. Generator torque curve during operating range of derated 5 MW NREL
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In Figure 4.69, similar to rotor and generator torque, the higher the demanded
power, the higher the shaft moment is during operation. At cut-out wind speed (25
m/s) it can be observed that the lower the demanded power, the quicker the cut-out.
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Figure 4.69. Shaft momentum curve during operating range of derated 5 MW NREL

In Figure 4.70, it can be seen the generator efficiency during the operating range.
As lower the requested power, as higher the generator efficiency.
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Figure 4.70. Generated efficiency during operating range of derated 5 MW NREL

BUPT



202 WIND ENERGY CONVERSION SYSTEM (WECS)

In Figure 4.71, it can be seen that the voltage is maintained constant
independently of the requested power from the WECS.
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Figure 4.71. Generated stator voltage during operating range of derated 5 MW NREL

In Figure 4.72, it can be seen that the voltage is maintained constant
independently of the requested power from the WECS.
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Figure 4.72. Generated rotor voltage during operating range of derated 5 MW NREL
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In Figure 4.73, it can be seen how the generator stator currents decrease

proportionally with the power produced by the WECS during the operation range.
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Figure 4.73. Generator stator currents during operating range of derated 5 MW

NREL
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In Figure 4.74, it can be seen how the generator rotor currents decrease
proportionally with the power produced by the WECS during the operation range.
Between the time interval of 52 s and 56 s, it can be seen the response of the rotor

currents at synchronous speed.

Figure 4.74. Generator rotor currents during operating range of derated 5 MW NREL
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In Figure 4.75, it can be seen how the grid currents decrease proportional with
the power produced by the WECS during the operation range.
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Figure 4.75. Grid currents during operating range of derated 5 MW NREL
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Figure 4.76. Shaft torsion during operating range of derated 5 MW NREL
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In Figure 4.76, it can be seen the variation of the shaft torsion during the
operation range when the requested power is lower than the rated power.

In Figure 4.77, it can be seen the response of the grid voltage-oriented vector
control (GVOVC) controlling the DC bus voltage (Vbus) during each region.
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Figure 4.77. DC Bus voltage during operating range of derated 5 MW NREL

In Figure 4.78, it can be seen the variation of the WECS efficiency during the
operation range when the requested power is lower than the rated power.
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Figure 4.78. WECS efficiency during operating range of derated 5 MW NREL
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4.4.3. Response of the WECS at full load

The current simulation represents the response of the WECS to a very turbulent
wind speed time series, with wind speed variating between 12 and 20 m/s, during 2
minutes (Figure 4.79). This simulation was executed in order to see the response of
the WECS operating at full load (with torque controller and blade-pitch controller)
when the requested power is the rated power:
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Figure 4.79. Wind speed time series corresponding to operation at full load

In the diagram (Figure 4.80), it can be seen the response of the WECS when the
demanded power is equal or below the rated one. From the graph it can be seen the
effectiveness of the gain schedule PI controller in adjusting the blade-pitch angle in
order to maintain constant the demanded power, with minimum fluctuations in
turbulent wind and without any power losses.
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Figure 4.80. Power variation during operation at full load of derated 5 MW NREL
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Figure 4.81. Blade pitch angle during operation at full load of derated 5 MW NREL
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Figure 4.82. Rotor speed during operation at full load of derated 5 MW NREL
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Figure 4.83. Rotor torque during operation at full load of derated 5 MW NREL
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Figure 4.84. Generator speed during operation at full load of derated 5 MW NREL
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Figure 4.85. Generator torque during operation at full load of derated 5 MW NREL
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Figure 4.86. DC Bus voltage during operation at full load of derated 5 MW NREL
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Figure 4.87. Generator efficiency during operation at full load of derated 5 MW NREL
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Figure 4.88. WECS efficiency during operation at full load of derated 5 MW NREL
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4.4.4. Response of the WECS at partial load

In the current simulation, is presented the response of the WECS to a very
turbulent wind speed time series, with wind speed variating between 4 and 12 m/s,
during 2 minutes (Figure 4.89). This simulation was executed in order to see the
response of the WECS operating at partial load when the demanded power is the rated
power.
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Figure 4.89. Wind speed time series corresponding to operation at partial load

In the diagram (Figure 4.90), similar as in the simulation with the response of the
WECS at full load (the blade-pitch controller adjusts the blade pitch angle in order to
maintain constant the power demand), at partial load, the controller also saturates
the power production of the WECS to demanded power by enabling the blade pitch
controller when the produced power reaches demanded power.
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Figure 4.90. Power variation during operation at partial load of derated 5 MW NREL
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Figure 4.91. Pitch angle during operation at partial load of derated 5 MW NREL
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Figure 4.92. Rotor speed during operation at partial load of derated 5 MW NREL

g X 108 NREL 5 MW rotor torque [Nm]
T T T T T T

w
|

~
|

a8]

Rotor torque [Nm]
w
|

-
|

0 | | | | | | | | | |
10 20 30 40 50 60 70 80 90 100 110 12C

Time [s]

Figure 4.93. Rotor torque during operation at partial load of derated 5 MW NREL
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Figure 4.94. Generator speed during operation at partial load of derated 5 MW NREL
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Figure 4.95. Generator torque during operation at partial load of derated 5 MW
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Figure 4.96. DC Bus voltage during operation at partial load of derated 5 MW NREL
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Figure 4.97. Generator efficiency variation during operation at partial load of

derated 5 MW NREL

4.4.5. Comparison between baseline and proposed

control strategy

In the following simulations, a comparison between the response of the baseline
(from reference [86]) and proposed control strategies [89] to a wind speed data
covering all the operating range (from 0 to 30 m/s), is presented. The difference
between the 2 controllers consists in:

1.
2.

3.

The proposed control strategy can be derated.

In the presented controller, decuples the rotor of the WECS when the cut-off
wind speed is reached.

The controller design is based on the linearized model from the second
subchapter (4.2. WECS modelling), while the controller developed in
reference [86] is based on a first order WECS model.

The maximum power point tracking was determined based on the maximum
value of the CP table, while in the controller developed in reference [86] was
determined by using an external software where the WECS had already
implanted a controller.

The gain schedule for the PI controller is determined based on the linearization
of the rotor torque sensitivity to the blade-pitching angle, while in the
reference [86], was determined by performing a linearization analysis of the
aerodynamic power sensitivity in a third-party software where the WECS had
already implemented a gain schedule PI controller.

Table 4.3. Controller parameter differences with 5 MW NREL baseline controller [85]

Controller parameter Baseline | Proposed
Proportional gain at 0° blade-pitch angle -0.0188 s -1.474 s
Integral time constant at 0° blade-pitch angle -0.008 -0.026
Blade-pitch angle where the pitch sensitivity has doubled 6.3¢ 11.78 ©
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2.1.1.7. During the entire operation range

In the following simulation, a comparison between the response of the WECS with
baseline and proposed control strategies to a wind speed data covering all the
operating range (from 0 to 30 m/s).
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Figure 4.98. Power curve during operating range Baseline vs. Proposed control
strategy

In the graph (Figure 4.98), it can be seen that the proposed control strategy at
rated demanded power responds as the baseline controller. At cut-off (25 m/s) wind
speed, it can be seen that the proposed control strategies stop the power production,
while the baseline controller keeps holding the power production at rated output
power of the WECS.
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Figure 4.99. Blade-pitch angle during operating range Baseline vs. Proposed control
strategy

In diagram-Figure 4.99, it seems that the response of the blade-pitch angle of the
proposed control strategy is a little bit underdamped, while the one of the baseline
controller seems to have a critical (even a little bit overdamped) response. The
proposed blade-pitch angle controller was designed for a quick rise time response in
turbulent wind. At cut-off (25 m/s) wind speed, it can be seen that the proposed
control strategy pitches the blades to the upper limit (90°) in order to reduce to
maximum, the aerodynamic power acting on the rotor, while the baseline controller
keeps pitching the blades for rated power production.
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2.1.1.8. During operation at full load

In this simulation is presented a comparison between the responses of baseline
and proposed control strategies at partial load. The simulated response at partial load
consists in the response of the WECS to the turbulent wind speed time series from
the diagram (Figure 4.79).
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Figure 4.100. Power variation during operation at full load Baseline vs. Proposed
control strategy

From Figure 4.100, it can be seen that the purposed controller has a smaller error
band with fewer power losses compared to the baseline controller. The reason for this
difference in the power response of the controllers is explained in Figure 4.101 Where
it can be seen that the proposed blade-pitch controller, responds faster to a turbulent
wind speed variation compared to the baseline controller.

The influence of the faster response to a turbulent wind speed variation of the
proposed blade-pitch controller, compared to the baseline controller can be seen also
in Figure 4.101 In this diagram, the proposed control strategy operates with a smaller

error band compare to the baseline controller due to faster response in blades
pitching.
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Figure 4.101. Blade-pitch angle variation during operation at full load Baseline vs.
Proposed control strategy
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Figure 4.102. Generator angular velocity variation during operation at full load
Baseline vs. Proposed control strategy

Because the proposed control strategy operates with a smaller error band in
generator angular velocity control compared to the baseline controller, the applied
generator torque by the purposed controller presents also a smaller error band
compared to the baseline controller.
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Figure 4.103. Generator torque variation during operation at full load Baseline vs.
Proposed control strategy
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2.1.1.9. During operation at partial load

In this simulation is presented a comparison between the responses of baseline
and proposed control strategies at partial load. The wind speed time series used in
this simulation is presented in Figure 4.89.
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Figure 4.104. Power variation during operation at partial load Baseline vs. Proposed
control strategy

From the comparison of the responses of the baseline and proposed control
strategies at partial load from Figure 4.104, it can be seen that both controllers
respond the same in the first 100 seconds. After the first 100 seconds, the proposed
control strategy presents a time response delay compared to the baseline controller.
This time delay occurs at the time that the blades start being pitched (Figure 4.105),
and can be explained by the fact that by pitching more and faster the blades, larger
and faster displacements of the rotor in the wind speed direction are created
influencing the wind speed in front of the rotor.
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Figure 4.105. Blade-pitch angle variation during operation at partial load Baseline
vs. Proposed control strategy
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In order to confirm that the time delay between the proposed and baseline
controllers doesn’t occur when the blades are not pitched. A new simulation is
executed for comparing the responses of the proposed control strategy to the baseline
controller, where the blade pitch actuator is not enabled. By ensuring that the blade
pitch actuator is disabled, the simulation was executed with a real wind speed time
series, where the wind speed variates between 2 and 10 m/s, during 9 minutes (Figure
4.106).
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Figure 4.106. Wind speed time series corresponding to operation at partial load
ensuring blade pitch actuator to be disable

In the diagram from Figure 4.107, it can be seen that without pitching the blade
there is no time delay between the proposed and baseline controllers.
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Figure 4.107. Generator angular velocity variation during operation at partial load
Baseline vs. Proposed control strategy ensuring blade pitch actuator to be disable
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4.4.6. Summary of the WECS simulations

After analyzing the simulations, it can be concluded, that according to the
executed simulations, the presented controller responds as expected in calm or
extreme wind conditions. Until the cut-in wind speed in front of the rotor, the WECS
controller uses the power extracted from to wind only for starting and speeding the
rotor. In the startup region (the region from the cut-in wind speed until the generator
angular velocity reaches 669.3 rpm), the controller connects the generator load and
starts the power production. In region 2, the controller tracks the optimal power
production by extracting the maximum power (allowed by its rotor aerodynamics)
from the wind. Between partial and full load regions, there is a linear transition given
by region 2 2 in the torque controller design, that allows switching smoothly between
the torque and blade-pitch controllers. The blade-pitch controller takes over every
time the produced power reaches the demanded power. Finally, by comparing the
proposed control strategy to the baseline controller, the power production of the
purposed controller settles faster, closer and with a smaller error band compare to
the baseline controller, due to faster response in blade pitching angle. The faster
response in blade pitching angle produces less power production fluctuations and
losses during operation at full load in high turbulent wind. The proposed control
strategy decouples the rotor of the WECS at cut-off (25 m/s) wind speed and reduces
to 0 the power production.
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4.5. WECS chapter conclusion

Finally, from chapter 4. WECS, it can be concluded, that by combining the
nonlinear model of the WECS resulted from the combination of the nonlinear models
of the WECS components from reference [84] (aerodynamics, tower and blade) and
[88] (Drive train, generator and blade pitch actuator), a nonlinear model (subchapter
4.2. WECS modelling) capable to simulate a WECS, including the cut-off, was
developed.

In 4.3 WECS control strategy, it is developed a control system that combines
a first control level (DFIG rotor and grid side controllers, [87]) with a second control
level (generator-torque and blade-pitch controllers [88]). The first control level (called
the DFIG controller) controls two pulse modulation bandwidths (the DFIG rotor and
grid side) that regulate the convertors switch pulses. The second control level, called
the wind turbine (WT) controller, consists of two controllers (the generator-torque
controller and the blade-pitch controller) that regulate the rotor and generator torque
and speed. A torque controller has been developed, based on the one from [86], which
has been improved through its ability to adapt power production to power demand
(derating the WECS power when the power demand is lower than the rated power).
Through the proposed solution, the generator torque is reduced when the wind
reaches the cut-off speed or when the generated power reaches demanded power.
Simultaneously, the blade pitching actuator is enabled.

According to the personal methodology for developing the proposed gain
scheduled PI controller for controlling the blade-pitch angle, an improvement
compares to the baseline blade-pitch angle controller from reference [86], was
obtained. The improvement was obtained by scheduling the proportionality constant
(Kp) and integration time (K;) of the PI blade-pitch controller; the scheduled K, and K;
values were obtained based on the linearization of the WECS model, by using the
Taylor series approximation and by determining a mathematical equation that allows
the calculation of the gains scheduling according to the current value of the WT blade-
pitch angle (B) and the value of the WT blade-pitch angle for which the WT rotor
torque has doubled (Bk).

The improvements in the blade-pitch controller are confirmed by the analysis of
the simulations results from subchapter 4.4. WECS simulations, where it can be
clearly seen that the power production of the purposed controller settles faster, closer
and with a smaller error band and produces less power production fluctuations and
losses during operation at full load in high turbulent wind, due to faster response in
blade pitching angle.

As personal contribution to the controller presented in reference [86], it can be
considered also the methodology for developing the WECS controller, a mathematical
methodology that does not require the help of any external instrument for control
development or parameters identification and can be developed for any WECS that
presents the required parameters from Table 4.1.
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5. PUMPING SYSTEMS POWERED BY A
PHOTOVOLTAIC ENERGY CONVERSION
SYSTEM (PSPPECS)

The current chapter presents the modelling and simulation of a pumping system
powered by a photovoltaic energy conversion system (PSPPECS). The first subchapter
(5.1. PSPPECS description) presents a short description of a general PSPPECS and
its components. The second subchapter (5.2. PSPPECS modelling) consists of a
nonlinear mathematical model of the described PSPPECS, and the third subchapter
(5.3. PSPPECS control strategy) presents the proposed control strategy. The fourth
subchapter (5.4. Monitoring system) presents the development and
implementation of a proposed non-intrusive monitoring system for determining the
performance of an existing isolated high-power photovoltaic pumping system. In the
fifth subchapter (5.5. PSPPECS simulations), the performance of the proposed
control strategy is determined by analyzing several performance indicators during
four simulations. A simulation for each type o day: a clear sky day, one day with one
big cloud, one day with many small and quick clouds and one fully cloudy day. Finally,
in the last subchapter (5.6. Conclusions) are presented the chapter conclusions.

5.1. PSPPECS description

In the last decade, more and more irrigation systems have been upgraded with
sprinklers, or drip irrigation systems, for increasing water usage efficiency. Due to
this reason, the energy consumption by the irrigation systems increased drastically
leading to such a cost of the energy consumption, that nowadays, represents the
highest cost in operating an irrigation system. Currently, the PSs, especially the ones
used in agricultural irrigation, are powered by the national power grid or by diesel or
gasoline generators, where the national power grid is missing (remote areas).
Because most of these systems are used during the summer, with maximum demand
on the hottest and sunniest days of the year, the solution for powering an irrigation
PS with PVGs (Photovoltaic generators) leads to an excellent integration of the PVGs
into such systems.

The continuing rise of the electricity, together with a favorable legislation and a
reasonable stable low price the photovoltaic panels, is making the industrial and
agricultural sector consider installing pumping systems powered by photovoltaic
generators. However, despite the economic profitability and the independence from
the fluctuations of the electricity prices, offered by photovoltaic power pumping
systems and the fact that their market demand is constantly growing, those systems
still need technological maturation in order to become robust, durable, reliable and
efficient.

Given the above, the current chapter proposes a control strategy that through
proper tuning, ensures higher efficiency, robustness, durability, and reliability. In this
chapter, it is also presented a non-intrusive methodology for monitoring, the
performance of an isolated high-power photovoltaic pumping system through sensor
measurements.
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Figure 5.1. Existing PSPPECS in Aragon, Spain

The existing isolated high-power photovoltaic pumping system, considered in this
work and used in model and control strategy validation, is located in the Aragon region
in Spain [54, 94], and it is used for direct irrigation of tree fruit orchards. In Figure
5.1, it can be seen the photo of the real system and in Figure 5.2 its layout and the
main components: PECS, submersible pump, induction motor, hydraulic (irrigation)
network, variable frequency drive (VFD) and the system controller.
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Figure 5.2. PSPPECS layout [54]
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51.1. PECS

The PECS considered in this chapter, is the same as the one described in chapter
3. The 56.95 kW PECS powering the pumping system, consists of 170 photovoltaic
panels of 335 W [58] (its technical specifications can be seen in Table 3.1) combined
in 10 strings of 17 photovoltaic panels in series (series of 5.695 kW). Another
photovoltaic panel of 335 W [58] is used for powering the control unit. The 171
photovoltaic panels are distributed on 3 decentralized self-operated horizontal single-
axis trackers (HSAT) [61] (57 on each tracker). The trackers have N-S (north-south)
orientation and a 110° range of motion around their axis. The trackers' technical
specifications can be seen in Table 3.2.

5.1.2. Submersible pump

The same submersible pump [44], as the one described in chapter 2, is considered
also in this chapter for water collection from a well and distributing it into an irrigation
hydraulic network. The submersible pump's technical specifications can be seen in
Table 2.3. Even though the pump is installed at a depth of 40 m (PUMP_DEPTH= 40
m below the ground level in Figure 5.2), the water is extracted from a depth of 30.5
m (HG_WATER_SOURCE= 30.5 m dynamic level in Figure 5.2). The maximum
extractable flow from the well is 91.85 m3/h.

5.1.3. Hydraulic network

The same hydraulic network described in chapter 2, is considered also in the
current chapter. The considered pumping system irrigates 5 sectors. In Table 2.5 are
presented the nominal values of the key parameters for each sector (operating
points), obtained by analyzing the collected data collected with the monitoring
system.

5.1.4. Induction motor

The pump is powered by a 50 Hz, 3 phase (400V) induction motor [44] of 30 kW.
The induction motor has 2 poles leading to an angular velocity of 2870 rpms. The
current consumption by the motor is 101 A considering a 0.85 power factor, and an
efficiency of 84%. In Table 5.1 it can be seen the technical specifications of the
induction motor.

Table 5.1. Induction motor technical specifications

Properties Value Symbol | Unit
Induction motor nominal power 30 Pim kw
Induction motor efficiency 84 nim %
Induction motor rated frequency 50 fim Hz
Induction motor rated voltage 400 Vim \Y;
Induction motor rated current 101 im A
Induction motor number of poles 2 Pmotor -
Induction motor nominal speed 2870 Wps rpm
Induction power factor (cos @) 0.85 pfim -
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5.1.5. Variable frequency drive

The AC induction motor is powered driven by a 45 kW variable frequency drive
[37] working at a voltage of 400 V with a maximum continuous current of 94 A. The
variable frequency drive has 2 analog inputs, 2 analog outputs, 3 digital inputs, 3
configurable digital outputs; 2 relay outputs, one safe torque off input, 2 Modbus
RS485 communication ports and an on-board PLC (Programmable Logic Controller).
The onboard PLC includes besides the programming functions, two PID controllers
with anti-windup and user scaling to provide flow-specific functionality, a water
hammer control with S-ramp decelerations and low load condition monitoring and
hysteresis for dry pump detection [37]. In Table 5.2 it can be seen the technical
specifications of the variable frequency drive.

Table 5.2. Variable frequency drive technical specifications

Properties Value Symbol Unit
\Variable frequency drive rated power 45 Pvrd kW
\Variable frequency drive rated voltage 400 Vvrd Vac
\Variable frequency drive maximum continuous current 94 Ivra A

Analog inputs

Analog outputs

Digital outputs

Relay outputs

2
2
Digital inputs 2 -
2
2
1

Safe torque inputs

Communication protocols 2 x Modbus RS485

5.1.6. Programmable logic controller (PLC)

Even though the variable frequency drive has already integrated an on-board PLC
(Programmable logic controller), the partial load controller (MPPT controller) and the
full load controller (pressure controller) are programmed into a separate PLC [95] that
communicates with the variable frequency drive through Modbus RS485
communication. The PLC has integrated a Multi-touch HMI (Human Machine
Interface), used by the user for operating the entire system [95]. In Table 5.3 it can
be seen the technical specifications of the PLC.

Table 5.3. PLC technical specifications

Properties Parameter value or description

Touch sensor Multi-touch panel

Touch technology Projective Capacitive Touch (PCT)

Processor ARM Cortex-A9 800 MHz

Memory DRAM: 512 MB RAM, Flash: 1GB SLC, NVRAM: 128kB Retain
Removable memory SD-card type: SDSC, SDHC

Cooling Fanless CPU and system cooling, natural convection-based

passive cooling

2 x Ethernet 10/100 Mbps; 1 x USB host 2.0, 1 x USB device

Interfaces 1 x RS232, 1 x RS485, 1 x CAN
Operating system Windows Embedded Compact 7 Pro
Degree of protection IP65 at the front, IP20 at the rear
Operating temperature 0 °C - +50 °C
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5.2. PSPPECS modelling

The typology of the considered PSPPECS is presented in Figure 5.3, and contains
a submersible centrifugal pump powered by a PECS, and delivers water from a well
directly into a hydraulic distribution network at different operating points.
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The PSPPECS nonlinear model is developed by combining the pumping system
model developed in section 2.2. Pumping system modelling with the PECS model
developed in section 3.2. PECS modelling. The current produced at a certain voltage
by the dynamic PECS model (Equation 3.36), powers the VFD (induction motor driver)
model (Equation 2.3). The VFD drives the induction motor, which makes the pump
discharge water into the hydraulic network.

5.3. PSPPECS control strategy

The PSPPECS proposed control strategy is made of 3 control structures in cascade,
as presented in Figure 5.3. To the variable speed pump controller (developed in
section 2.3. Pumping system control strategy), a PSPPECS controller has been
added, to which the PECS Controller (developed in section 3.3. PECS controller) has
been added.

The variable speed pump controller is necessary to drive the pump induction
motor through a VFD at different reference speeds. It contains two PI regulators, one
for the speed and one for the flux connected in cascade with two equally tuned PI
current regulators, one to control the “d”-axis (real components) currents and one for
the “g”-axis (imaginary components) currents. The electrical frequency error
Af=(fm*-fm) (the difference between the reference and current pump frequency) is
provided by the PSPPECS controller (Equation 5.1) to the PI speed controller from the
variable speed pump controller:

( ~Pmotor * Wpss
2. PPECS < Ppsmin
Pmotor " fM" H<H*
Af =< = ’ (PPECS - Ppump) Ppges = Ppsmin (5.1)

61 - (Bpump)
Pmotor fm*
\ 4-m-H*

AH H=>H"

where:

Ppsmin represents the power required by the pump motor to start its proper operation
(the power required for pumping the flow necessary for the motor cooling);

Peecs is the power generated by the PECS, Ppump is the current power of the pump;
fm and fm* are the induction motor current and reference electrical frequencies;
Pmotor iS the induction motor’s pairs of poles;

Wpss is the current speed of the pump;

and AH=(H*-H) the head (pressure) error (the difference between the reference and
current pump head).

The PSPPECS controller ensures the control in 3 specific cases:

1. when the pumping head is higher than its reference (H=H*), the PSPPECS
controller executes a pumping head control;

2. when the pumping head is lower than its reference (H<H*), and the power
produced by the PECS it is lower than the minimum power required to operate the
pump (Pepecs<Ppsmin), the PSPPECS controller decelerates the PS;

3. when the pumping head is lower than its reference (H<H*), and the power
produced by the PECS it is higher than the minimum power required for the pump
operation (Ppecs=Ppsmin), the PSPPECS controller drives the PS so that its absorbed
power tracks the PECS produced power;

The PECS controller is necessary for operating the PECS at its maximum power
point (MPP) and passing it as a reference to the PSPPEC controller.
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5.4. Monitoring system

A monitoring system has been developed and implemented to determine the
performance of the photovoltaic pumping system, a system more precise than the
current ones (using the methodology proposed by IEC 62253 [96]), due to its ability
to evaluate transitory regimes and detect electric and hydraulic shocks. The proposed
monitoring system uses a non-intrusive monitoring data logging and acquisition
(whose layout is presented in Figure 5.4) that measures and stores the transducers
values each second. The transducers used by the monitoring system are: a calibrated
photovoltaic cell [97] for measuring the irradiance and cell temperature, a DC voltage
transducer [98], a pressure transducer [99], a volume flow transducer [100] and a
temperature sensor [101] for measuring the water temperature.

54.1. Calibrated photovoltaic cell
The calibrated photovoltaic cell [97], is used for measuring the solar radiation,
the photovoltaic cell’s temperature and the ambient temperature. The measured data
is sent through Modbus Rs485 communication to the data logger [102]. In Table 5.4
it can be seen the technical specifications of the calibrated photovoltaic cell.
Table 5.4. Calibrated photovoltaic cell technical specifications

Properties Value Unit
Nominal supply voltage 12

Supply voltage range 6 to 28 Vbc
Maximum consumption 90 mW

Operating temperature range -20 to + 50 oC

Degree of protection IP54

Communications protocol, Mode Modbus RTU Rs485 Slave

Transmission speed 9600 / 38400 bps

Maximum distance 500 m

5.4.2. DC Voltage transducer
A DC voltage transducer [98], is used as a configurable and universal galvanic
isolator (DC) that measures the DC voltage of the photovoltaic generator. The
measured data (0-1000 V DC) is sent as analog signal (0-10 V DC) to the data logger.
In Table 5.5 it can be seen the technical specifications of the voltage transducer.
Table 5.5. Voltage transducer technical specifications

Properties Value Unit
Nominal supply voltage 24 Vbc
Supply voltage range 20 to 30 Vbc
\Voltage Input 0 to 1000 Vbc
Isolation Input/Output 1500 V
Isolation Input/ Supply 1500 V
Output 1 0/20 or 4/20 or 0/5 mA
Output 2 0/10 or 0/5 or 0/£10 \Y;
Maximum global error 0.05 %
Linear error 0.03 %
Operating temperature -25to 70 oC
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Monitoring system
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Figure 5.4. The monitoring system proposed for determining the PSPPECS
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5.4.3. Pressure transducer
The pressure transducer [99], is used for measuring the relative pressure within
a range of -1 to 10 bars. The measured pressure data is sent as an analog signal (4-
20 mA) to the data logger [102]. In Table 5.6 it can be seen the technical
specifications of the pressure transducer.
Table 5.6. Pressure transducer technical specifications

Properties Value Unit
Pressure Measuring range -1to 10 bar
Pressure resistance 25 bar
Bursting pressure 300 bar
Operating voltage -20to + 50 oC
Medium temperature -40 to 90 °C
Ambient temperature -40 to 90 °C
Storage temperature -40 to 100 °C
Pressure cycles (min.) across lifetime | 60 million times for 1.2 x nominal pressure
Shock resistance 50 g (DIN EN 60068-2-27, 11 ms)
Vibration resistance 20 g (DIN EN 60068-2-6, 10...2000 Hz)

5.4.4. Volume flow transducer
The volume flow transducer [100], is used for measuring the pumped volume
flow. The measured flow data is sent as frequency signal through impulses to the data
logger [102] (each impulse represents 100 |). In Table 5.7 it can be seen the technical
specifications of the volume flow transducer.
Table 5.7. Volume flow transducer technical specifications

Properties Value Unit
Nominal flow 60 m3/h
Nominal Diameter 100 mm
Maximum flow (short duration) 250 m3/h
Maximum flow (permanent duration) 125 m3/h
Minimum flow 1.5 m3/h
Pressure loss at maximum permanent flow 0.2 bar
Maximum operating temperature 50 °C

Maximum admissible pressure 16 bar

54.5. Temperature sensor

The temperature sensor PT100 [101], is a temperature dependent component
and its resistance rises linearly with the temperature (within a precision of £0.5°C),
and in the current work is used for measuring the water temperature from the well.
The measured temperature data is sent as an analog signal (4-20 mA) to the data
logger [102]. In Table 5.8 it can be seen the technical specifications of the
temperature sensor.

Table 5.8. Temperature sensor technical specifications

Properties Value Unit
Temperature measuring range -50 to +230 °C
Temperature measuring resolution +0.5 °C
Measuring current max. 1mA (no self-heating)
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5.4.6. Data logger

The data logger [102], is used for storing the collected data each second. The
stored data is collected from the analog sensors measurements (temperature sensor,
voltage and pressure transducer), frequency sensor measurements (flow transducer),
measured data from the photovoltaic calibrated cell (solar irradiation and photovoltaic
cell’s temperature) and from the Variable frequency drive (Induction motor frequency,
angular velocity, voltage, power and current consumption) trough Modbus RTU RS
485 communication. In Table 5.9 it can be seen the technical specifications of the
data logger.

Table 5.9. Data logger technical specifications

Properties Value Unit

Supply voltage range 5to 30V DC Vbc

Frequency channels (pulse counters) Up to 16 (10 physical plus 6 extra)

)Analog channels (voltage) Up to 23 (15 physical plus 8 extra)

5V outputs 10 (1 for every physical frequency channel)
Modbus RS485 (Data Logger as Master) 3 -
Modbus RS485 (Data Logger as Slave) 1 -
Modbus TCP (Data Logger as Slave) 1 -
Ethernet port 1 -

1 second data storage

Collected data Averaging each 1, 5 and 10 minutes

Connectivity Global remote access - 2G/3G/4G Modem

5.4.7. Monitoring system collected data
The monitored isolated high-power photovoltaic pumping system irrigates 5
sectors whose pressure reference was preset. In Table 5.10 are presented the nominal
values of the key parameters for each sector (operating points), obtained by analyzing
of the collected data during the monitoring campaign.
Table 5.10. Monitoring system collected data

Htotal Pressure Pressure V bus o~ |POWeEr| Freq.
Sector (mca) (m??/h) (bar) Re;g;er;lce DC (V) Isc (A)|Voc (°C) (kW) (Hzc;
1 68 54 3.4812354(3.5 681.520(8.005 [38.647 [12.029 [33.0518
2 76 84 4.18822404.2 644.28 |8.44 |34.961 |22.319|39.0077
3 76 91.5 4.42083784.4 624.02318.049 |32.532 |25.301 40.3471
4 76 90 4.168346 4.2 653.076|7.783 |37.744 |24.676 |40.0732
5 72 85.5 3.79069193.8 652.832|7.576 |38.416 |21.890 |38.6260

From the entire measurement campaign, 4 types of representative days were

selected, based on which the further discussions in this paper will be held:

a) A clear sky day, without any clouds;
b) A day where a large and dense cloud passed slowly over the PV generator;
c) A day with many small clouds that passed quickly and sequentially over

the PV generator;
d) A fully cloudy day.
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5.5. PSPPECS simulations

Combining the PSPPECS control strategy presented in the third subchapter (5.3.
PSPPECS control strategy), with the dynamic model of the PSPPECS presented in the
second subchapter (5.2. PSPPECS modelling), a simulator was developed in Simulink
[43].

Three-Phase
V-l Measurement PECS

Ap—aA ap——H8ga
PS_Vabc_ref - Vabe_ref
Bp—d@B bp—ab

Y A R
order_motor - Order_motor|
Shaft Speed —| w_motor

Discrete
1.25e-05 s.

Controller Pump

Induction_Motor
Figure 5.5. PSPPECS flow chart in Simulink

Using the developed PSPPECS simulator, four simulations were executed in order
to analyze, evaluate and compare the PSPPECS simulation response with the PSPPECS
real response (from the monitoring campaign) during a clear sky day, a day with a
big cloud, a day with many small clouds and a fully cloudy day.

It has to be mentioned that due to the reason that the monitoring campaign was
executed before developing the PSPPECS simulator, the PI controller in the real
system was tuned by trial-and-error tuning method, and the proportional and integral
gains are not the same as the ones utilized in the simulator.

5.5.1. Clear sky day

In the first simulation, the PSPPECS simulator performance is compared with the
real PSPPECS performance, during a clear sky day. The simulator inputs, the global
irradiance reaching the PV generator plane and the PV cell temperature, can be seen
in Figure 3.14 and Figure 3.15.

In Figure 5.6, it can be seen a comparison between the power responses of the
PSPPECS simulator and real installation. At the beginning of the day, the real system
starts its operation with several failed attempts and an overshoot. This can be
explained by the reason that the PI gains are not the same for the simulator and real
installation, as they were identified differently, for the simulator they were identified
considering an equivalent 2™ order system, and for the real installation they were
identified using trial and error method. During the transitions through different
operating points, the simulator's dynamical response matches the real system
response. At the end of the day, when the power produced by the PECS decreases,
the simulator tracks perfectly the PECS produced power, while the real system
presents huge oscilations, due to the poor capabilities of the controller or improper
tuning method.
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Figure 5.6. PSPPECS power response during a clear sky day
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Figure 5.7. PSPPECS induction motor angular velocity response during a clear sky
day
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In Figure 5.7, it can be seen a comparison between the induction motor’s angular
velocity of the PSPPECS simulator and real installation. Same as in Figure 5.6, at the
beginning of the day, the real system starts its operation with several failed attempts
and an overshoot and at the end of the day, the speed controller of the real system
presents many huge oscillations, due to the poor capabilities of the controller or
improper tuning method. Overall, Figure 5.7 shows that the real system operates a
bit over 9 hours during a clear sky day, while the simulator claimed a 10 hours of
operation considering the same conditions.

In Figure 5.8 is depicted the comparison between the induction motor torque of
the considered PSPPECS during the monitored and simulated clear sky day. In Figure
5.8 the same dynamic response behavior as in Figure 5.7 and Figure 5.6 can be seen:
an overshoot when the real system starts its operation and many huge oscillations
when the pumping system should track PECS MPP.

140 T T T T T T T T T T T T T

130 1 T
120 ¢
50
40

6 7 8 9 10 11 12 13 14 15 16 17 18 19
Day time [h]

110
30 Actual electrical motor torque [Nm)] .
Figure 5.8. PSPPECS induction motor torque response during a clear sky
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Figure 5.9 depicts the comparison between the actual (real system) and simulated
pump head variation during the considered clear sky day. Due to the limited range (-
1 bar to 10 bar) of the pressure transducer [100] and its conversion to head (m), it
cannot be confirmed, but it is suspected that cavitation (recorded pressure can be
below atmospheric pressure) occurred when the real system started its operation after
the failed attempts, and that water hammer (occurred due to overpressure) occurred
at the end of the operation when the pumping system stopped. While changing the
sectors (transitioning to different pressure points) the simulated response matches
the real one.

In Figure 5.10, is presented a comparison between the simulated and real pump’s
discharged flow. A 7% difference can be seen between the total real (708.0538 m3)
and simulated flow 758.5974 m?3 of the considered pump during a clear sky day.
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Figure 5.9. PSPPECS pump head response during a clear sky
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Figure 5.10. PSPPECS pump discharge response during a clear sky
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5.5.2. Big cloud day

In the second simulation, the PSPPECS simulator performance is compared with
the real PSPPECS performance, during a day with one big cloud. The simulator inputs,
the global irradiance reaching the PV generator plane and the PV cell temperature,
can be seen in Figure 3.14 and Figure 3.15.

In Figure 5.11, it can be seen a comparison between the power responses of the
PSPPECS simulator and real installation. At the beginning of the day, the simulated
system starts one hour earlier than the real system, and this fact can be explained by
the higher threshold of the required power to start the pumping system in the real
system compared to the simulator (where the power threshold to start the system it
is exactly calculated). During the transitions through different operating points, the
simulator's dynamic response matches quite well with the real system response. In
Figure 5.11, it can be seen the control strategy of the real system, has implemented
a safety measure that is missing in the Simulink simulator, that after two unsuccessful
attempts to start the pumping system executes a delay of 10 minutes until the next
attempt. At the end of the day, only the simulator stops the operation of the pumping
system by tracking the last usable produced power by the PECS, while the real system
stops its operation by powerlessness.

x10*
5 T Estimated PV generator Power [w]
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Figure 5.11. PSPPECS power response during a day with a big cloud

In Figure 5.12, it can be seen a comparison between the induction motor’s angular
velocity of the PSPPECS simulator and real installation. Same as in Figure 5.11, the
simulated system starts one hour earlier than the real system, as a result of the
different starting power thresholds. The real system safety measure that is missing in
the Simulink simulator, where after two unsuccessful attempts to start the pumping
system, the controller executes a delay of 10 minutes until the next attempt it is
confirmed also by angular velocity variation from Figure 5.12. At the end of the day,
only the simulator stops the operation of the pumping system by deceleration, while
the real system stops its operation by falling. Overall, Figure 5.12 shows that the real
system operates for around 6 and a half hours, while the simulator claims almost 9
hours of operation during the considered day with a big cloud.
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Figure 5.12. PSPPECS induction motor angular velocity response during a day with a
big cloud
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Figure 5.13. PSPPECS induction motor torque response during a day with a big cloud
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In Figure 5.13 is depicted the comparison between the induction motor torque of
the considered PSPPECS during the monitored and simulated day with a big cloud,
where it can be seen that during the torque transitions the simulated dynamic
response matches the real one. Regarding the starting and stopping of the pumping
system operation, the same behavior can be seen as in Figure 5.11 and Figure 5.12.

Figure 5.14 depicts the comparison between the actual (real system) and
simulated pump head variation during the considered day with a big cloud. From the
logged data of the real system, it can be seen, that the control strategy of the real
system increases the pump’s head in small steps until it reaches the reference head,
while the proposed control strategy in the developed simulator, tries to reach the head
reference in one big step. This strategy confirms the poor capabilities of the controller
or improper tuning method, being unable to make the pump reach its referenced head
in one go.
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Figure 5.14. PSPPECS pump head response during a day with a big cloud

In Figure 5.15, is presented a comparison between the simulated and real pump’s
discharged flow. The real pump’s discharged flow it has been recorded as a frequency
of flow meter impulse given at every 100 liters discharged by the pump. A 30%
difference can be seen between the total real (582.7366 m?3)and simulated flow
762.2874 m3 of the considered pump during a clear sky day.
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Figure 5.15. PSPPECS pump discharge response during a day with a big cloud

5.5.3.  Many small clouds day

In the third simulation, the PSPPECS simulator performance is compared with the
real PSPPECS performance, during a day with many small clouds. The simulator
inputs, the global irradiance reaching the PV generator plane and the PV cell
temperature, can be seen in Figure 3.14 and Figure 3.15.

In Figure 5.16, it can be seen a comparison between the power responses of the
PSPPECS simulator and real installation. In the beginning of the day, the real system
starts almost one hour later with a significant overshoot, and this fact can be
explained by the higher threshold of the required power to start the pumping system
in the real system compared to the simulator, and the overshoot can be happening to
the low accuracy of the trial and tuning method (as the tunning occurred during one
day with a specific global irradiation and a different PV generator average cell
temperature). During the transitions through different operating points, the
simulator's dynamic response matches quite well with the real system response.
Figure 5.16, confirms the safety measure implemented in the control strategy of the
real system (missing in the proposed control strategy), that after two unsuccessful
attempts to start the pumping system executes a delay of 10 minutes until the next
attempt.
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Figure 5.16. PSPPECS power response during a day with many small clouds
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Figure 5.17. PSPPECS induction motor angular velocity response during a day with
many small clouds
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In Figure 5.17, it can be seen a comparison between the induction motor’s angular
velocity of the PSPPECS simulator and real installation. Same as in Figure 5.16, the
real system starts almost one hour later and with a significant overshoot. The real
system safety measure that is missing in the Simulink simulator, where after two
unsuccessful attempts to start the pumping system, the controller executes a delay
of 10 minutes until the next attempt it is confirmed also by the angular velocity
variation from Figure 5.17. Overall, Figure 5.17 shows that the real system operates
around 6 hours and 20 minutes, while the simulator claims 9 hours and 15 minutes
of operation during the considered day with a big cloud.

In Figure 5.18 is depicted the comparison between the induction motor torque of
the considered PSPPECS during the monitored and simulated day with many small
clouds, where it can be seen that during the torque transitions the simulated dynamic
response matches the real one.
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Figure 5.18. PSPPECS induction motor torque response during a day with many
small clouds

Figure 5.19 depicts the comparison between the actual (real system) and
simulated pump head variation during the considered day with many small clouds.
Similar to Figure 5.14, Figure 5.19 confirms that the control strategy of the real
system increases the pump’s head in small steps until it reaches the reference head,
while the proposed control strategy in the developed simulator makes the pump to
reach the head reference in one big step.

In Figure 5.20, is presented a comparison between the simulated and real pump’s
discharged flow. The discharged flow pumped by the PSPPECS simulator during the
day with many small clouds reached 758.7423 m3, while the real PSPPECS system
discharged only 571.0960 m3 (almost 33% higher).

Torque [Nm]
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Figure 5.19. PSPPECS pump head response during a day with many small clouds
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Figure 5.20. PSPPECS pump discharge response during a day with many small

clouds
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5.5.4. Fully cloudy day

In the last simulation, the PSPPECS simulator performance is compared with the
real PSPPECS performance, during a fully cloudy day. The simulator inputs, the global
irradiance reaching the PV generator plane and the PV cell temperature, can be seen
in Figure 3.14 and Figure 3.15.

Figure 5.21 presents a comparison between the power responses of the PSPPECS
simulator and real installation during a fully cloudy day. Both control strategies, the
simulated proposed one and the one implemented in the real system started and
stopped the pumping system continuously all day. The control strategy implemented
in the real PSPPECS, consists in the safety measure that is missing in the Simulink
simulator, after two unsuccessful attempts to start the pumping system executes a
delay of 10 minutes until the next attempt.
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Figure 5.21. PSPPECS power response during a fully cloudy day

Figure 5.22 presents a comparison between the induction motor’s angular velocity
of the PSPPECS simulator and real installation. Overall, Figure 5.22 shows that the
real system operates for almost 50 minutes, while the simulator claims 2 hours and
20 minutes of operation during the considered day with a big cloud, but with more
starting attempts, leading to shortcircuiting the induction motor of the pump.
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Figure 5.22. PSPPECS induction motor angular velocity response during a fully
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Figure 5.23. PSPPECS induction motor torque response during a fully cloudy day
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In Figure 5.23 is depicted a comparison between the real and simulated induction
motor torque response of the considered PSPPECS during a fully cloudy day.
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Figure 5.24. PSPPECS pump head response during a fully cloudy day
Figure 5.24 depicts the comparison between the actual (real system) and
simulated pump head variation during the considered fully cloudy day. This diagram
confirms that the control strategy of the real system increases the pump’s head in
small steps until it reaches the reference head, while the proposed control strategy is
trying to reach the head reference in one big step.
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Figure 5.25. PSPPECS pump discharge response during a fully cloudy day

In Figure 5.25, is presented a comparison between the simulated and real pump’s
discharged flow. The discharged flow pumped by the PSPPECS simulator during the
day with many small clouds reached 192.5603 m3, while the real PSPPECS system
discharged only half, 89.9913 m3.
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5.6. PSPPECS chapter conclusions

According to chapter 5. PSPPECS, it can be concluded, that the advanced model
of the PSPPECS in subchapter 5.2 PSPPECS modelling can be used for both
dimensioning and simulating nominal and transitory regimes. The personal
contribution to pumping system modelling consists in developing a model capable of
simulating also transitory regimes through all the subsystems (centrifugal pump,
induction motor, motor drive and PECS) involved in the entire PSPPECS, not only
nominal regimes as the ones presented in the specialized literature [103-113].

In subchapter 5.3 PSPPECS control strategy it is developed a strategy for
controlling a PSPPECS made out of 3 controllers in cascade. To the variable speed
pump controller, it has been added in cascade a PSPPEC controller, to which it has
been added in cascade a PECS Controller. The PSPPECS controller was addressed for
3 distinct cases: when the control system executes a pressure control (the case when
the pumping head is higher than its reference), when the control system decelerates
the operation of the PS (the case when the pumping head is lower than its reference
and the power produced by the PECS is lower than the minimum power required for
operating the pump) and when the control system drives the PS so that its absorbed
power tracks the PECS produced power (the case when the pumping head is lower
than its reference and the power produced by the PECS is higher than the minimum
power required for operating the pump).

In the fourth subchapter (5.4. Monitoring system) a monitoring system was
developed and implemented for determining the performance of an existing isolated
high-power photovoltaic pumping system. The major contribution of this subchapter
consists in performing a monitoring campaign much deeper and more precise than
the one proposed by IEC 62253 [96]. The proposed monitoring system uses a non-
intrusive monitoring data logging and acquisition) that measures and stores the
transducers values each second. The transducers used by the monitoring system are:
a calibrated photovoltaic cell (used for measuring the irradiance temperature), a direct
current (DC) voltage transducer ( necessary for measuring the DC bus voltage,
capable of detecting electric shocks), a pressure transducer (for measuring the
hydraulic network pressure, capable of detecting hydraulic shocks), a volume flow
transducer (for measuring the discharged flow rate by the pump into the hydraulic
network), and a temperature transducer (for measuring the pumping liquid
temperature).

Finally, in the fifth subchapter (5.5. PSPPECS simulations), the accuracy of the
PSPPECS model and the performance of the proposed control strategy are validated
by a comparison between the simulated results in Matlab/Simulink (PECS produced
power, power absorbed by the VFD, induction motor and pump, the speed and torque
of the induction motor and pump, and the pumping head and flow) with those
obtained using the proposed monitoring system, on the existing PSPPECS in Aragon,
Spain for five representative days (a clear sky day, a day with a big cloud covering
the sky during a period of the day, a day with many small clouds and a fully cloudy

day).
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6. PUMPING SYSTEMS POWERED BY A WIND
ENERGY CONVERSION SYSTEM

The current chapter presents the modelling and simulation of a pumping system
powered by a wind energy conversion system (PSPWECS). The first subchapter (6.1.
PSPWECS description) presents a short description of a general pumping system
and its components. The second subchapter (6.2. PSPWECS modelling) consists of
a nonlinear mathematical model of the described system, and the third subchapter
(6.3. PSPWECS control strategy) presents the proposed control strategy. In the
fourth subchapter (6.4. PSPWECS simulations), the performance of the proposed
control strategy is determined by analyzing several performance indicators of the
system's simulated response to a wind speed ramp. Finally, in the last subchapter
(6.5. Conclusions) are presented the chapter conclusions.

6.1. PSPWECS description

The pumping systems (PS), especially the ones used in irrigation installations,
have evolved significantly in recent decades in order to reach a greater efficiency of
water exploitation and usage. This has been achieved by integrating various modern
solutions that have replaced the traditional ones, for example, gravity irrigation has
been replaced by sprinkler or drip irrigation systems. The payback of those methods
represents the drastic increase in energy consumption. Due to this reason, currently,
the energy consumption of a pumping unit represents the highest cost in operating a
PS (water supply systems or irrigation systems). Currently, the PSs, are powered by
the national power grid or by diesel or gasoline generators, where the national power
grid is missing (remote areas). Few PS are powered by renewable energy sources
(RES), most of which are powered by PECS [114] as there is an excellent integration
of the PECS into such systems, because they are used during the summer, with
maximum demand on the hottest and sunniest days of the year [5]. Another solution
for powering the PSs represents the wind energy conversion systems (WECS) for
windy periods and areas. This solution, depending on the characteristics of the wind,
can ensure, at the pumping site, the availability of energy also during the night and
on cloudy days, when the efficiency of the PVG is very low.

Due to the current favorable legislation, coupled with the continuing decline in
wind energy prices, the agricultural sector is considering the installation of PS
powered by a WECS. Despite the economic profitability offered by wind-powered
pumping installations and the fact that their market demand is constantly increasing
[114, 115], there is still no industrial/ commercial solution designed for irrigation
purposes (pumping water at constant pressure). Most of the PS powered by a WECS
[45, 116, 117] are designed only for energy storage (pumping water at variable flow
and pressure in a water storage).
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In consequence to the above, the current chapter proposes a reliable and robust
solution for modelling and controlling a high-power PSPWECS. Most of the WECS
manufacturers are not open to changing/adjusting their current control strategies, for
a full integration within an irrigation PS, because of the high-cost of such a
change/adjustment which the manufacturers believe that the potential market cannot
pay it. Due to this reason, the current work has more industrial applicability compared
to other related work [118-122], because it consists of integrating a commercial
WECS, without altering its hardware or controller, into an existing PS.

6.2. PSPWECS modelling

The PSPWECS modelling consists in the pumping system (PS) model, developed
in section 2.2 Pumping system modelling, combined together with the wind energy
conversion system (WECS) model developed in section 4.2. WECS modelling. The
PS model contains the variable frequency drive, the induction motor (IM), the
centrifugal pump and the water distribution together with the irrigation systems. The
WECS model contains an aeroelastic model of a three-blade horizontal axis wind
turbine based on lookup tables for the aerodynamics (power and thrust coefficients,
CP and CT) [84]; a 3rd-order drive train model; an alpha-beta (a-B) representation of
the doubly-fed induction generator (DFIG) together with the back-to-back converter;
a 1st-order pitch actuator; and a 2nd order tower model). The dynamics of the other
systems were either ignored or in-directly transferred to the already modeled
systems. The current produced at a certain voltage by the dynamic WECS model
(Equation 4.73), powers the VFD (induction motor driver) model (Equation 2.3). In
Figure 6.1 it can be seen the layout of the PSPWECS.

6.3. PSPWECS control strategy

The PSPWECS control strategy (Figure 6.1) contains three levels of controllers:
three first-level controllers (two necessary for the power converters of the WECS
generator stator and rotor, and one for the pump motor), three second-level
controllers (two necessary for the WECS and the one for the PS) and one third-level
controller (necessary for the control of the entire PSPWECS system).

The first-level controllers regulate the voltage and current wave forms produced
by the WECS (the DFIG stator and rotor controllers proposed in sections 4.3.4. DFIG
rotor side controller and 4.3.5. DFIG grid side controller), respectively, the ones
absorbed by the induction motor of the pump (the controller proposed in section
2.3.1. Fixed speed pump controller).

The second-level controllers contain two controllers that regulate both the torque
and speed of the WT rotor and WECS generator (the generator-torque controller and
the blade-pitch controller, from sections 4.3.2. Generator-torque controller and
4.3.3. Blade-pitch controller), respectively, the speed controller of the pump’s
induction motor (the flux and variable speed pump controller, from section 2.3.2.
Variable speed pump controller).
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Figure 6.1. Structure of the PSPWECS control system [48]
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The third level contains the PSPWECS controller (Figure 6.1), which generates the
reference of the WECS power (Pwecssem*) according to the pumping pressure reference
(expressed in the pump head H) and its reference, as in Equation 6.1 [48]:

Ppso * Mo H < H*

wecsdem (_2 : 1320 - AH + Ppso) ‘ns H=H" (6-1)
and calculates frequency error Af=(fm*-fm) (the difference between the reference
and current frequency of the motor) of the variable speed pump controller according

to power produced by the WECS (Pwecs) as in Equation (6.2) [48]:

“Pmotor * Wpss
2'm
Af = Pmotor * M’ (62)
- NF (Pwecs - Ppump) Pwecs = Ppsmin
61 (Pyump)

where Ppsmin represents the minimum power required by the pump motor (to ensure
the pumping of the minimum flow required for the pump motor cooling).
The PSPWECS controller ensures the control in 4 specific cases:

1. when the power produced by the WECS is lower than the minimum power
required to operate the pump (Pwecs<Ppsmin), the PSPWECS controller
decelerates the PS;

2. when the power produced by the WECS is greater than the minimum power
required for operating the pump (Pwecs=Ppsmin), the PSPWECS controller drives
the PS, so that its absorbed power tracks the PECS produced power;

3. when the pumping head is lower than its reference (H<H*), the PSPWECS
controller demands the WECS to produce only the necessary power for the
nominal operation of the PS;

4. when the pumping head is higher than its reference (H=H*), the PSPWECS
controller regulates the power produced by the WECS according to the PS
power demand so that the pressure it is equal to its reference.

Pwecs < Ppsmin

6.4. PSPWECS simulations

Combining the PSPWECS control strategy presented in the third subchapter (6.3.
PSPWECS control strategy), with the dynamic model of the PSWPECS presented in
the second subchapter (6.2. PSPWECS modelling), a simulator was developed in
Simulink [43].

Three-Phase
V-l Measurement WECS

PS_Vabc_ref |- Vabc_ref

chp
order_motor (- Order_motor

Shaft Speed Discrete

1.25e-05 s.
Pum
Controller Induction_Motor P

Figure 6.2. PSPWECS flow chart in Simulink
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The performance of the proposed PSPWECS control strategy is determined by the
analysis of several performance indicators (WECS power production, efficiency and
components loading and PS power consumption, efficiency, discharge and pumping
head) during a simulation to a wind speed ramp from 4 to 26 m/s. The considered
WECS operates under normal conditions in a wind speed ranging from 5 to 25 m/s
and when the demanded power equals the rated power. The input parameters
necessary for modelling, defining the controller, and running the simulation are the
same as the ones considered in section 2.4. Pumping system simulations, and in
section 4.4 WECS simulations. The scenario depicted in this subchapter illustrates
how the PS responds with an available power produced by a WECS during
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Figure 6.3. Pitch angle variation during the wind speed ramp [48]

Figure 6.3 shows the blade-pitching angle operation of the WECS, when the
demanded power equals the WECS rated power, and when the demanded power
equals the actual power necessary for operating the pumping system at its rated).
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Figure 6.4. WECS power production and PS power consumption [48]
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(red

Figure 6.4 present the WECS produced power (blue), the pump, and motor power
and yellow). In this figure, it can be seen that the power consumption of the PS

motor tracks the WECS produced power at partial-load (time from 20 to 40 s), and

how

the WECS demanded power is regulated by the PI controller according to the

pumping pressure reference at full-load (time from 40 to 115 s);

Figure 6.5 shows the efficiencies of each subsystem integrated into the PSPWECS

(blue—wind turbine, red—WECS generator, yellow—pump motor efficiency, purple—
pump efficiency, green—the entire system efficiency).

Efficiency [%]
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Figure 6.5. Efficiency of each subsystem in the PSPWECS [48]
In Figure 6.6, is presented the flow pumped by the pump into the irrigation

network utilizing the power produced by the WECS.

the

Flow [m>/h]

100 | | | | | | | | | | |

90 - A
80 - A
70 - A
60 |- A
50 - A
40 A
30 A
20 A
10 A

D | | | | | | 1 1 1 1 1
0 10 20 30 40 50 60 70 80 80 100 110 120

Time [s]
Figure 6.6. Water discharged by the PS into the irrigation network [48]

Figure 6.7 is illustrated the head variation of the centrifugal pump together with
irrigation network pressure reference expressed in the pump head.

BUPT



PSPWECS simulations 253

Pump pressure reference
Pump pressure

1 | 1 1 | | | | | | 1
10 20 30 40 50 60 70 80 90 100 110 120
Time [sl
Figure 6.7. PS head variation [48]
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Figures 6.8 depicts a comparison between the power produced by the same WECS
(more details can be found in reference [92]), with—+ed-when it's demanded power is
requested by the PS controller for the rated operation of the PS (possible only when
the rated power of the pump is below the rated power of the WECS) and with-blae
when the WECS demanded power is equal to it’s ratend (the case when the WECS
operats with the purpose of injecting all the energy, for example in a wind farm that
exports all the energy to the grid or).

In the diagrams form Figures 6.8-6.13, the WECS response is ilustrated with blune
when the WECS rated power is demanded, and with red when the rated power of the
PS is demanded.
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Figure 6.8. Rated vs actual power production of the WECS [48]
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Figure 6.9 shows the WECS generator angular velocity during the operation when
the demanded power is equal to the rated power (blue) and when the demanded
power is the power required by the pump for its rated operation (red).
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0 10 20 30 40 50 60 70 80 90 100 110 120
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m
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Actual operation WECS

Generator angular velocity [rp

Figure 6.9. Rated vs actual generator angular velocity of the WECS [48]

Figure 6.10, presents how the WECS power is derated mainly by derating the WT
and generator torque in order to reduce the loads taken by the drive train (WT and
WECS generator torques are adapted to the requested power by the PS). The same
case can be seen also in Figure 6.11, where it can be seen that the torsion of the drive
shaft is reduced proportionally to the derated power.

700 T T T T T T T T T T T

Rated WECS
Actual operation WECS

D ! 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 110 120

Time [sl]
Figure 6.10. Rated vs actual generator torque of the WECS [48]

Figure 6.11 ilustrates how the proposed control strategy for the PSPWECS reduces

the tower bending moment proportionally to the WECS power derated to the
necessary power required by the PS for its rated operation.
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Figure 6.11. Rated vs actual drive train torsion of the WECS [48]
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Figure 6.12. Rated vs actual tower momentum of the WECS [48]
Similar to Figure 6.12, Figure 6.13 illustrates how the proposed control strategy
for the PSPWECS reduces the blades bending moment proportionally to the WECS
power derated to the necessary power required by the PS for its rated operation.
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Figure 6.13. Rated vs actual blade momentum of the WECS [48]
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6.5. PSPWECS chapter conclusions

This chapter shows the application of leading-edge technology within the area of
PSPWECS. The PSPWECS adequate dynamic model developed in section 6.2
PSPWECS modelling, consists in integrating the WECS model from 4.2. WECS
modelling into the PS from 2.2. Pumping system modelling.

The proposed control strategy (6.3. PSPWECS control strategy) is based on a
PSPWECS controller that was addressed for 4 distinct cases: (i) the control system
decelerates the PS (when the power produced by the WECS is lower than the minimum
power required for operating the pump); (ii) the control system drives the PS so that
its absorbed power tracks the WECS produced power (when the power produced by
the WECS is higher than the minimum power required for operating the pump); (iii)
the control system demands the WECS to produce only the necessary power for the
nominal operation of the PS (when the pumping head is lower than its reference); (iv)
the control system regulates the power produced by the WECS according to the PS
power demand so that the pressure it is equal to its reference (when the pumping
head is higher than its reference).

The simulation results depicted in section 6.4 PSPWECS simulations cover the
transition through the entire operation range considered representative for the
PWPWECS. The simulation results validate the correctness, performance and
effectiveness of the proposed control strategy.

The performance indicators from Figures 6.4 to 6.13 confirm the contribution of
the current work in controlling a PSPWECS, that controls the pump speed so that the
PS consumption power tracks the WECS produced power at partial load, and the
controls of the WECS power production according to the necessary power of the PS to
reach the pumping head reference at full load. The performance indicators from
Figures 6.8 to 6.13 show that, at full load operation, the WECS produces only the
power necessary for the rated operation of the PS, in order to avoid unnecessary
loading [123] of the WECS components.

Finally, the main contribution of the work presented in the current chapter
compared to other related work [118-122] consists of integrating a commercial
WECS, without altering its hardware or controller, into an existing pumping system.
The main reason why most of the WECS manufacturers are not open to
changing/adjusting their current control strategies, for a full integration within an
irrigation PS, is because of the high cost of such a change/adjustment which the
manufacturers believe that the potential market cannot pay it. Nevertheless, the
unintrusive proposed control strategy system and the promising simulations results
indicate the possibility for the application of the proposed scheme to be set up for
implementation without additional cost.
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7. GENERAL CONCLUSIONS, PERSONAL
CONTRIBUTIONS AND FUTURE RESEARCH

7.1 General conclusions

In the present work, a great relevance field is addressed, that of pumping systems
powered by renewable energy sources, with a special focus on the modelling and
control strategies development for PS powered by RES such as PECS or WECS.

The work is designed as a progressive development of solutions to the main
problems related to the considered pumping systems that are continuously
supplemented, the end of each chapter highlights the particularities,
recommendations and conclusions usable in the following chapters.

The major objectives achieved in the Phd thesis are: the development and
validation of models that describe precisely the operation of a high-power PS, of a
PECS or WECS; as well as the use of the developed models for the synthesis,
implementation and validation of control strategies of an isolated high-power PS
powered by a fluctuating and intermittent energy source (photovoltaic or wind energy
source). These objectives lines up with the European Union 2030 target in terms of
reduction of greenhouse gas emissions, increasing the share of renewable energy
consumption and increasing the energy efficiency.

Solving the problems raised in the PhD thesis, the following main conclusions can
be drawn.

The analysis through simulation of a PS operating in various specific regimes
(fixed speed, variable speed, variable flow, variable pressure and variable available
power) requires the development of MM for the main components (subsystems) of
these types of system: the motor driver, the induction motor, the centrifugal pump
and the hydraulic network. The developed and proposed dynamic MM of the PS has
been implemented and validated both using Matlab/Simulink simulation software and
experimentally on an existing PS. The proposed MM can be used for dimensioning and
simulation or in the synthesis and development of various PS control strategies.

The PS control strategy has been addressed for two types of induction motor
drivers of high-power pumps (commercially available): the soft starter for driving the
induction motor at a fixed speed and the VFD with at least one PI controller integrated
for driving the induction motor at variable speed, variable flow, variable pressure or
variable available power.

The case studies carried out through simulation and experimentally on an
industrial high-power PS led to the conclusion that by using the MM developed for the
PS components, the proposed control strategies ensure good performance, being
recommended for PS configurations with induction motors driven by soft starters or
by VFD with at least one integrated Pl controller.

A static model was developed for the dimensioning and simulation of the nominal
operation of the SCEF, and a single-diode dynamic model was considered for
simulating transitory regimes and the synthesis and development of control
strategies.
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To control the PECS, a control structure was developed for the MPPT of a PECS
based on the P&O algorithm and adapted for its further integration into the control
strategy of a PS.

The case studies, performed by simulation and experiment, on an existing PECS,
confirm that by using the developed MM of the conversion system subsystems, the
control strategy provides good performance, and it is recommended for PECS
configurations powering high-power PS.

In the current work, a nonlinear dynamic MM was developed, used in the
simulation of the transient regimes of a WECS and its linearized version, used in the
synthesis of the control strategy.

The variable pitch and speed WECS control strategy was developed on two control
levels: the controllers of the DFIG rotor and stator converters on the first level, and
the controller of the generator-torque and blade-pitch angle on the second level. To
adapt the produced power to a variable reference power by enabling the WT blade-
pitch actuator and to decouple the WT rotor when the wind reaches the cut-off speed,
changes in the generator-torque controller were required. In addition, significant
improvements were made by scheduling the proportionality constant (Kp) and
integration time (Ki) of the Pl blade-pitch controller; the scheduled Kp and Ki values
were obtained based on the linearization of the WECS model, by using the Taylor
series approximation and by determining a mathematical equation that allows the
calculation of the gains scheduling according to the current value of the WT blade-
pitch angle (B) and the value of the WT blade-pitch angle for which the WT rotor
torque has doubled (Bk).

The case studies, carried out by simulation in Matlab/Simulink, confirm that, using
the WECS nonlinear dynamic model, the developed and proposed control strategy
provides good performance, being recommended for WECS configurations powering
high-power PS.

The PSPPECS dynamic MM developed and proposed in the current work has been
implemented and validated both in Matlab/Simulink software and experimentally and
it can be used for dimensioning, simulation and in the synthesis and development of
various control strategies.

The PSPPECS control strategy was addressed for 3 distinct cases: when the control
system executes a pressure control (the case when the pumping head is higher than
its reference), when the control system decelerates the operation of the PS (the case
when the pumping head is lower than its reference and the power produced by the
PECS is lower than the minimum power required for operating the pump) and when
the control system drives the PS so that its absorbed power tracks the PECS produced
power (the case when the pumping head is lower than its reference and the power
produced by the PECS is higher than the minimum power required for operating the
pump).

The case studies, carried out by simulation in Matlab/Simulink and experimentally
on the existing PSPPECS, confirm that the MM developed for the PSPPECS
components, as well as the proposed control strategy ensures good performance and
an increase in robustness and reliability (by reducing the number of electric and
hydraulic shocks in a PSPPECS).

The PSPWECS controller was addressed for 4 distinct cases: (i) the control system
decelerates the PS (when the power produced by the WECS is lower than the minimum
power required for operating the pump); (ii) the control system drives the PS so that
its absorbed power tracks the WECS produced power (when the power produced by
the WECS is higher than the minimum power required for operating the pump); (iii)
the control system demands the WECS to produce only the necessary power for the
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nominal operation of the PS (when the pumping head is lower than its reference); (iv)
the control system regulates the power produced by the WECS according to the PS
power demand so that the pressure it is equal to its reference (when the pumping
head is higher than its reference).

The case studies, carried out by simulation, confirm that by using the MM
developed for the PSPWECS components, the proposed control strategy ensures good
performance and reduces the load on the mechanical components of the SCEE, as
well as the number of hydraulic and electrical shocks in a PSPWECS.

To elaborate the presented PhD thesis, it has been undertaken a bibliography
containing 123 references from specialized literature, most of them very recent.
Furthermore, the bibliography includes 13 references whose main author or coauthor
is the author of the thesis: 1 scientific article published in a journal indexed 1S1 Web
of Science (WoS) with Q1 quartile and an impact factor (IF) equal to 2.592; 1
scientific article published in a journal indexed 1SI WoS with Q3 quartile and an IF
equal to 3.252; 2 scientific articles published in journals indexed 1S1 WoS with Q4
quartile, one with an IF equal to 0.782, and one without an impact factor; 6 scientific
papers published in international conference volumes indexed 1SI WoS; 2 published
in specialized journals indexed in international data bases (BDI) and 1 book as
coauthor.

In conclusion, it can be stated that the new solutions proposed in the current
work, are novel, efficient and adequate for operating a pumping system powered by
renewable energy sources.

7.2 Personal contributions

The present thesis includes, from the author’s point of view, the following

significant contributions:

e development and experimental validation (on an existing PSPPECS from
Aragon, Spain section 3.5. PECS chapter conclusion, 5.1. PSPPECS
description and 5.5. PSPPECS simulations) of a PS mathematical model
that can be used for both dimensioning and simulation of a pumping systems
(section 2.2. Pumping system modelling);

e development of the mathematical equations expressing: the electrical
frequency error (the deviation of the current value from its reference)
according to pump discharge (flow) error (Equation 2.70), the pumping head
(pressure) error (Equation 2.72), respectively, the error of the power
absorbed by the induction motor of the pump (Equation 2.74) The relations
have been further used to develop the control strategy of the centrifugal pump
via a VFD at the reference flow/pressure or to track the power produced by a
fluctuating and intermittent power source (section 2.3.2. Variable speed
pump controller);

¢ design and implementation of control strategies for operating a PS (based on
the vector control of an induction machine, whose references for the current
regulation are provided by two Pl regulators in cascade, one for speed and
one for flux) at: variable speed, variable flow rate, variable pressure or
variable absorbed power (section 2.3. Pumping system control
strategy);

e carrying out a scenario consisting of five simulations in Matlab/Simulink that
served to determine the performance of the dynamic MM proposed for the PS,
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respectively, the performance of the control strategies developed for fixed
speed, variable speed, variable flow rate, variable pressure and variable
available power (section 2.4. Pumping system simulations);
the development of a static model, respectively, a dynamic model usable for
the simulation of the permanent regime and the transitory regimes in a PECS
(section 3.2. PECS modelling);
development of a control structure for the MPPT of a PECS based on the P&O
algorithm that has been adapted for its further integration into a PS control
strategy (section 3.3. PECS controller);
implementing the proposed PECS model and control strategy, and validating
them experimentally during four different scenarios: a day with a clear sky, a
day with a single large and dense cloud covering the sky during a specific
period of the day, a day with many small and fast clouds and a completely
cloudy day (section 3.4. PECS simulations);
development of a nonlinear dynamic model used in the simulation of the
transient regimes of a WECS, and a linearized version, used in the synthesis
of the control strategy (section 4.2. WECS modelling);
analysis, synthesis and implementation of a WECS generator-torque controller
capable of adapting the power production to a variable reference power by
enabling the WT blade-pitch actuator and decupling the rotor when the wind
reaches the cut-off speed (section 4.3. WECS control strategy);
analysis and synthesis of a gain scheduling Pl controller. The values of the
gains scheduling (Kp and Kj) were obtained based on the linearization of the
WECS nonlinear model using Tylor series approximation, and by developing
the mathematical equations for calculating the gains scheduling based on the
current value of the blade pitch angle (8) and the value of the blade pitch
angle for which the WT rotor torque has doubled (8k) (Equations 4.149 and
4.150);
implementing the nonlinear MM and the control strategy of a WECS and
validating them by simulating four different scenarios: the operation at
nominal and partial regime (the reference power being s, Y2 and % of the
nominal power) to a wind speed covering the entire operating range (a ramp
variation from O to 30 m/s) and to a time series of a very turbulent wind
speed (section 4.4. WECS simulations);
development and validation of a PSPPECS model capable of simulating
transitory regimes through all the subsystems (centrifugal pump, induction
motor, motor drive and PECS) in section 5.2. PSPPECS modelling;
development, implementation and validation of a PSPPECS control strategy
capable of ensuring the control in 3 distinct cases (section 5.3. PSPPECS
control strategy):
1. when the pumping head is higher than the reference, the control strategy
regulates the pumping head;
2. when the pumping head is lower than the reference and the power
produced by the PECS is lower than the minimum power required for the
PS operation, the control strategy decelerates the PS;
3. when the pumping head is lower than the reference and the power
produced by the PECS is higher than the minimum power required by the
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PS operation, the control strategy operates the PS so that the power
absorbed by it tracks the power produced by the PECS.

developing and implementing a more accurate monitoring system than the

existing ones (which uses the methodology proposed by IEC 62253 [96]), by

using a non-intrusive data acquisition and logging system that measures and
records the values of the transducers each second (section 5.4. Monitoring
system);

implementation, simulation and experimental validation of the proposed

PSPPECS model and control strategy (section 5.5. PSPPECS simulations);

development of a PSPWECS model capable of simulating transitory regimes

through all the subsystems (centrifugal pump, induction motor, motor drive
and WECS) in section 6.2. PSPWECS modelling;

analysis, synthesis and implementation of a PSPWECS control strategy

capable of ensuring the control in 4 distinct cases (section 6.3. PSPWECS

control strategy):

1. when the power produced by a WECS is lower than the minimum power
required by the PS operation, the control strategy decelerates the PS;

2. when the power produced by a WECS is higher than the minimum power
required by the PS operation, the control strategy operates the PS so that
its power absorbed tracks the power produced by the WECS;

3. when the pumping head is lower than the reference, the control strategy
demands the WECS, through a reference, to produce the power required
for the PS nominal operation;

4. when the pumping head is higher than the reference, the control strategy
regulates the power produced by the WECS according to the PS power
demand so that the pressure it is equal to its reference.

implementing the PSPWECS model and control strategy in Matlab/Simulink

and validating them by simulating the operation of the entire system at a wind

speed covering the entire operating range (a ramp variation from 0 to 30 m/s)

in section 6.4. PSPWECS simulations.

The presented issues, as well as the obtained results and solutions, shows the
industrial applicability of the current work, opening new perspectives for future
research on PS powered by RES.

7.3 Future research

As research directions that can continue the results obtained in this thesis, and
that can be addressed in the future, are:

development, implementation, simulation and experimental validation of a
Pumping Systems Powered by a Wind-Photovoltaic Hybrid Energy Conversion
System;

analysis, synthesis and implementation of advanced control strategies such
as robust control, model predictive control, fuzzy logic control or neural
network-based control, etc.
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