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ABSTRACT

Specific networks developed solely to harvest wind energy (HNet) are becoming a
common scheme. Moreover, it is foreseen that in the near future, they will be the solution
adopted for large integration of wind, commanding greater transmission system impact
potential. However, despite the huge literature available related to wind farms and their
integration, few works focus on these networks, a gap covered in depth by this thesis.
These potentials are highly dependent on the HNet characteristics; hence its classification
is essential. This is done by analyzing the influence of OLTC transformers based on three
relevant indices: PQ chart, power losses, and voltage margins deriving three different
HNets types (A, B and C). For each one, the most suitable control strategy is proposed
considering simple control schemes which can nowadays be implemented without
additional investments. Consequently their steady-state performance and temporal
evolution analysis are required. In that sense a wide variety of techniques are used
throughout the thesis: data-mining techniques (regressions, clustering, decision trees ...),
metaheuristic algorithms (genetic algorithms and multiple particle swarm optimization),
quadratic programming or multi-period OPF.

Specifically, for type A, power loss minimization strategy based on control rules is
suggested allowing the understanding of power flows performance within the grid and
identifying those wind farms with negligible impact. For that purpose a novel variable,
active power losses from wind farm i to the transmission network bus (Pjossi), was
defined. In addition, to avoid online computations, the total HNet active power has been
considered as an explanatory variable resembling the power factor concept (with respect
a global magnitude instead of the individual wind farm active power). In that manner,
simple regression rules are used to estimate wind farm reactive power, and a
classification tree for each transformer is used to estimate their taps.

For type B, aminimum HNet impact on the transmission network strategy is suggested
analyzing different possible control schemes: reference control, power factor control,
local voltage control (representative of the current regulation direction) and remote
voltage control. For each control scheme static fit-and-forget settings are obtained thanks
to the AC-multi-period OPF and therefore autonomous control schemes are obtained.
Comparing these control schemes it has been observed that the best option is a voltage
control where wind farms control the voltage at a remote bus. Otherwise, of the localized
control schemes that do not require telemetry, power factor control scheme has a better
performance contrary to the widespread idea of local voltage control adequacy as many
regulation proposals suggest.

Finally for type C, a pro-active voltage control (i.e., the whole HNet resembles a
conventional power plant) is suggested demanding adaptive static parameters contrarily
to what was proposed for the previous HNet types. Hence, a central controller distributes
set-point depending on the operational and external conditions. This central controller
has been developed following the guidelines of well-known TNet hierarchical voltage
control and more specifically in its secondary loop performing and optimization by
means of quadratic programming every 10 seconds. Nonetheless, several modifications



Abstract

have been made in accordance with HNet characteristics and the nature of distributed
generation such as its variability as are explained throughout the thesis.

In addition, any control scheme design should also consider the dynamic coordination
of wind farms and cascade OLTC transformers to ensure that such set points redispatche
can be harmoniously achieved. In that sense this thesis proposes tuning offline relevant
dynamic settings (i.e., settings that affect the control scheme temporal time evolution) to
be applied to Type B and C HNets. These settings are wind farms’ controller time
constants and for OLTC transformers the time delay and dead band. This last setting is
not commonly used with coordination purpose although there is no barrier that impedes
its use, as this thesis proposes. For that purpose two well-known metaheuristics
algorithms (Genetic algorithm and MOPSQ) have been used. On one hand the former
provides the settings tendency whereas the latter one provides the whole Pareto frontier;
allowing the settings categorization depending on the agents preferences (tap changes
minimization, voltage breaches minimization and voltage deviation minimization).
Concerning type B, this analysis reinforces the idea of inadequacy of local voltage
control scheme owing to the necessity of slow controller action for avoiding oscillations.
Finally, a demanding voltage control such as the remote one significantly increases the
number of tap changes. Concerning type C, the same method has been employed focusing
this time only on the MOPSO algorithm. The results obtained have been expanded
clustering the Pareto front obtaining different dynamic settings patterns.
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Q
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Active power (MW)
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POWER LOSSES

Symbol Description
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Ploss we Active power losses from wind farm WF to the transmission network bus (MW, p.u.)
TQIosses Total wind energy HNet reactive power losses (MVAR, p.u.)
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VOLTAGE CONTROLS SCHEMES
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Vet Measured voltage at Pcc for period t (kV/p.u.)
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Symbol Description
ymin ymax Minimum and maximum value of the voltage of the controlled buses
e Maximum pilot bus reference

min yymax
vmin, v

4

Minimum and maximum value of the voltage of the critical buses

Coefficient between zero and one that considers the dynamic performance. The time
constant of the control fulfill the following formulas as demonstrated [Pagola 1993].
Hence, it can be elucidated that if « = 1 a dead beat control is obtained. This means
that the control action is achieved in just a sample time At (considering perfect

modelling of the system and a lineal response) T, = ln(_lA—ta)
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Input of the controllers

Acc(k)

Qc (k)

Spe(k)

Ssc(f)

Ve (k)
Vo (k)

ref
4

Vs (k)
A" (k)

Sensitivity matrix of the reactive power generated with respect to the voltage at the
controlled buses both correspond to the generator buses % in sample k (MVAR/kV)
c

Reactive power vector of the controlled buses in sample k (MVAR, p.u.)
Sensitivity matrix of the pilot buses voltages with respect to the controlled voltages

% in sample k. In the specific case that is addressed in the thesis a single pilot bus is
c

considered. Hence, a vector instead of a matrix is evaluated. To outline this
distinction a different notation is used VS, (k)

Sensitivity matrix of the critical buses voltages with respect to the controlled voltages
vy .

a—v’s’ in sample k

Voltage vector of the control buses in sample k (kV, p.u.)
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Qe (ke +1)
v/ e+ 1)
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Vector of area reactive power level (%)

Active power losses component (MW)

Reactive power margins components
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CHAPTER 1

INTRODUCTION

Before explaining the thesis itself, this chapter presents the problem stament and the
derived specific objectives. Specifically, it is structured as follows. The motivation and
scope of the thesis is outlined in section 1.1. As the title states, the thesis focuses on wind
energy harvesting networks possessing the characteristics and peculiaritites presented in
section 1.2. Subsequently, the current situation of wind generation, from technical and
regulatory perspectives is presented in section 1.3. Then, the objectives, which are the
main questions that are answered in this thesis, are defined in section 1.4. Finally, the
structure of the whole document is given in section 1.5.

1.1. MOTIVATION AND SCOPE

Recent years have seen a global significant growth in the use of wind power. For
instance, Spain (which is used as a case example throughout the thesis) has the fourth
highest installed capacity of wind power, with 22,959 MW at the end of year 2013
[Global Wind Energy Council 2013]. The level of penetration® can now exceed 60% on
certain windy days; for example, on the 24" of September 2012 it was 64.2% at 03:00.
In addition, the Spanish Ministry of Industry, Tourism and Trade regards as a probable
scenario 34,318 MW of installed on-shore wind power capacity and 750 MW of off-

! Energy provided by wind generation with respect to the total energy supplied
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shore wind power capacity by 2020 [Spanish government, 2011]. This wind penetration
level could be reached in addition to other factors, because the wind generation is already
contributing to the voltage control in a restricted way. As will be seen later, the Spanish
operator currently requires a tight power factor range. Within that range, most wind farms
are operated at a lagging power factor. The associate reactive consumption is essential
during off-peak hours when the voltage raise is very significant due to the reactive
generation of unloaded lines. Moreover, it should not be forgotten that is precisely during
those hours when typically there is more wind available. In order to avoid this situation
several reactors are connected. However, it has been seen that these elements sometimes
are not enough and between 70 and 80 lines have been already disconnected from the
grid in order to solve this situation.

Given these trends, increasing the controllability of these energy resources is
becoming a necessity. In fact, the Spanish transmission system operator has already
proposed a new grid code which demands voltage control functionality from wind farms,
such that the reactive power delivered by the wind farm depends on the voltage deviation
at its connection point [REE 2011]. It is clear that better harnessing of the reactive power
from distributed generators has much to offer for the broader power system, both from
the steady-state and dynamic perspectives. However, the various benefits that could be
obtained with different control schemes should be analyzed in detail in order to
understand the relative strength of each approach.

This thesis deals with this issue focusing on wind energy harvesting networks (HNets).
These networks, which are explained in section 1.2, were developed solely to harvest
energy and thus, no demand customers are accommodated. In such networks the internal
voltage profile is principally established by the bulk supply tap-changing transformers
that connect the HNet to the transmission system. Therefore, some questions arise: could
the introduction of wind farm voltage control cause unwanted interactions with current
transformer voltage control? How might both controller types be coordinated to avoid
unnecessary tap changes and possible instabilities?

It should be noted that voltage control provision in the transmission network (TNet)
by decentralized elements such as generators and OLTC transformers is not a new
concept and, although the wind generation peculiarities should be undertaken, the
philosophy behind the HNet control is equivalent to the existing one. In the TNet several
hierarchical voltage controls are currently being operated or have been evaluated (e.qg.,
France [Lefebvre, et al. 2000], Italy [Corsi et al. 2004a, Corsi et al. 2004b], Spain [de la
Fuente 1997, Alonso 2001], South Africa [Corsi, et al. 2010]). In all these hierarchical
schemes different control loops can be identified: primary, plant (not always), secondary
and finally tertiary, having the settling times 1s-2s, 5s-10s, 1minute and 15 minutes
respectively. Although these loops are explained in more detail in Chapter 2, a brief
summary of the motivation for the implementation of these schemes follows. These loops
allow the complex voltage control issue to be simplified by spatial and temporal
decomposition. The fastest action corresponds to the primary loop in which the AVR of
the synchronous generators compensate for local voltage deviations. Then, the plant
control is in charge of coordinating the action of all generators allocated in the same plant
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for maintaining a desired voltage set-point and reactive power balance between
generators. Those voltage set-points are calculated by the secondary control in order to
compensate the voltage deviation of selected pilot buses (controlled buses). Finally, the
tertiary loop determines the voltage set-point of the pilot buses as well as the action of
the discrete elements such as OLTC transformers, shunts and reactors. In this last loop is
where traditionally the optimal operation (minimizing power losses, maximizing reactive
margins) is carried out. If wind farms are to be integrated in the existing hierarchical
voltage control of a TNet, the whole HNet should behave as closely as possible to a
conventional plant.

However, as depicted in Figure 1-1, the equivalent plant control of a HNet in order to
avoid interactions involves more loops than the traditional one. Indeed, the HNet itself
can be seen as a TNet in miniature. Firstly, wind farms internal control which is
equivalent to the TNet plant control of synchronous machines. Nevertheless, two more
loops should be taken into account: the HNet wind farms coordination and finally the
OLTC transformers and optimization control. Thus, a question arises at this point: Do
the benefits obtained thanks to incorporating wind power HNets into the TNet
hierarchical voltage control justify the increase of control complexity?

%’ Tertiary Secondary Primary

5 HNetwind N\ Windfarms

74| OLTC transformers farms ~r internal Wind turbines
coordination ; control /

Figure 1-1 Current Voltage hierarchical voltage control on the TNet and the HNet integration

The answer to this question depends on the characteristics of the HNet which affect
the impact that the HNet could have in the TNet. Thus, the features of the HNet must be
known before any control is proposed. In this dissertation, these properties are evaluated
in accordance with the maximum reactive power that can be consumed from or generated
into the TNet, the maximum voltage increase or decrease that the reactive limits imposed
and finally the power losses originated within the HNet. Thanks to that preliminary
analysis it is possible to identify which HNets can play an important role in the TNet
control. For others HNets different strategies are investigated and proposed in the context
of this thesis.

1.2. WIND ENERGY HARVESTING NETWORKS

When the first wind farms were installed in various power systems, the usual scheme
was that their power was harvested through existing distribution networks. However,
those networks were not designed with that purpose. With the increment of distributed
generation the power flows sometimes became bidirectional, increasing the complexity
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of network operation. This fact motivated several research efforts, for example in
[Borghetti 2012] the best radial configuration in order to minimize power loss is
evaluated, or, in [Gao et al. 2011] how line drop compensation of the transformers should
be configured depending on the direction of the power flow.

Nowadays, due to the significant increase of wind power, another scheme is that wind
farms harvest their power through a dedicated network in which there are no demands.
For instance, in Spain this scheme was incentivized by the previous regulations already
abrogated RD 436/2004 [Spanish government 2004] and RD 661/2007 [Spanish
government, 2007]. In these regulations it was indicated that in order to get the premium
the maximum power of wind farms should be 50 MW. This fact fostered the creation of
a network in which several small wind farms (less than 50 MW) were located instead of
developing a large one. Moreover, a common scenario is that there are not distribution
networks in the areas with good wind resources and hence, a dedicated network needs to
be built. As a result, in Spain approximately 85% of wind generation is allocated in
harvesting networks, representing a total capacity of 19,376 MW. In addition it is also
becoming an important option in Ireland [Smith, et al. 2010, Cuffe et al. 2012a].
Nevertheless, this option is far from being the most common in other countries. Owing
to this fact, there is little research literature that tackles wind energy harvesting networks.

Thanks to the existence of a dedicated harvesting network the performance of the
whole network resembles a conventional plant, being this fact the principal reason of why
this thesis focuses on harvesting networks. In Ireland, as a case example, the grid code
imposes different requirements to wind farms located in the distribution networks that to
the ones directly connected to the transmission network. In the latter ones, wind farms
are required to provide a similar voltage control as the conventional plants do. However,
it must be noted that the philosophy behind the voltage control design is independent of
the existence of demands, a fact that is discussed throughout the thesis.

Next, in Figure 1-2 a simplified diagram of an invented HNet which compromises
four different wind farms is presented depicting also the internal wind farms grid. It must
be noted that wind farms grid typically is radial and could be formed of a single or several
feeders being all wind turbines connected to the grid through a transformer (30-
20kV/0.69 kV). Those transformers have not been depicted because they are not allowed
to change their taps on load. In contrast, the harvesting network could be meshed. In
addition, within the harvesting network several OLTC transformers are located
controlling the low voltage side as is represented in the figure with a red dot. Within these
transformers two different types can be identified. On one hand, the transmission
transformer, (400kV/220kV-132kV). On the other hand, the transformers that connect
wind farms to the HNet (220kV-132kV/30-20kV). Hence, it can be noted that in those
networks there are already control elements which should be coordinated with the control
provided by wind farms as had been said. In this simplified diagram the transmission
network has been represented with the Thevenin equivalent in accordance with its short-
circuit power and transmission network voltage. This simplification is used throughout
the thesis.
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Another important aspect is that usually different wind farm owners create a joint
venture for building a harvesting network. Hence, the wind farm grid could belong to
different wind farm owners, e.g., companies A, B and C. Nevertheless, who is responsible
for managing the harvesting network itself? The answer is none of the aforementioned
wind farm owners owing to the transmission system operator forces the existence of a
single distribution operator. Hence, TSO, DSO and wind farm owners should cooperate
in order to maximize the advantages (for all parties involved) of reactive power
capabilities.

As will be seen in subsection 1.3.2 in Spain, wind farms’ voltage set-points are sent
to the meter point which varies in location: At the low voltage side if different wind farm
owners share the transformers or at the high voltage side if all wind farms belong to the
same owner. Hence, as can be seen in Figure 1-2 in accordance with the current grid code
proposal several devices will control the same bus.

Transmission network

TSO

RThev +j XThev
Pcc Point of Common Coupling

DSO

Controlled bus

! \
________ Wind energy | i i
/ W Y harvesting network ] !
i t '\ Windfarmowner
H I ! B ittt
i j mCa

J—— “ --------- ~ Meter point

e e
N e e e

mmm——————t e —
p [ SR ——
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Figure 1-2 Wind Energy harvesting network diagram

Finally, it should be highlighted that this thesis focuses on onshore HNet. Offshore
HNets will be commonly connected to the transmission network through a high voltage
direct current (HVDC) link [Bresesti et al. 2007] and hence, appropiate analysis should
be carried out. Nonetheless the philosophy of all control schemes proposed and their
methodologies are totally applicable to these grids.

1.3. CURRENT SCENARIO OF WIND VOLTAGE CONTROL

Within this subsection the current technological development and regulatory
framework are discussed in subsection 1.3.1 and 1.3.2 respectively.
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1.3.1. TECHNOLOGICAL DEVELOPMENT

The HNets compromises two different control devices: wind turbines and
transformers. The characteristics of these devices are as follows:

e Wind turbines: At the beginning of the development of wind energy
technology, the wind turbines were of fixed speed. That means that the rotor
wind turbine speed is determined by the supply grid frequency, the gear ratio
and also the design of the machine. Consequently the rotor speed is
independent on the wind speed [Ackermann 2005]. Normally, those wind
turbines were equipped with an induction generator that was directly
connected to the grid, and typically, a capacitor bank was added in order to
reduce the reactive power consumption. Although this turbine has clear
advantages such as its simplicity and robustness, it has important drawbacks.
On one hand, it requires additional elements (capacitor banks) for providing
reactive power. On the other hand, those machines are designed to achieve
maximum efficiency at a certain wind speed.

Thus, in order to enhance its controllability the variable speed turbines were
introduced. In fact, in Spain at the end of year 2009 the variable speed turbines
represented 74.07% of the total installed turbines and, more importantly, the
new ones are of variable speed. As can be derived from its name, variable
speed, the main characteristic of these turbines is that they are designed to
achieve maximum efficiency over a wide speed range. This fact is achieved
adapting the rotor speed to the wind speed, thanks to the incorporation of a
power converter. Within the variable speed turbines there are different types
[Ackermann 2005]. The most relevants are the full converter and the doubly
fed induction machine (DFIG). Currently, DFIG is the most common one. In
this type of turbine the stator is directly connected to the grid whereas the rotor
is connected to the grid through a converter allowing the provision of
frequency? and voltage control. [Ackermann 2005, Engelhardt et al. 2011,
Martinez et al. 2011, Singh, et al. 2010, Xiangyu Zhang, et al. 2010,
Konopinski et al. 2009, Ozturk, et al. 2009]. From the voltage control
perspective (control under study in this thesis), this turbine is able to provide
reactive power without adding any element. The side of the converter
connected to the stator compensates the reactive power generated by the
machine and consumes or generates the reactive power in accordance with the
grid codes requirements. Hence, the reactive generation/consumption is
limited by the power converter. Normally, owing to economic reasons, it is

2 The rotor speed is principally determined by the supply grid frequency. In the event of an induction
machine the rotor frequency (f») is related to the supply grid frequency (f;) through the following
equation f, = (1- wy) - f1 being wy the machine speed. Since the system frequency is fixed (50 Hz), the
machine speed depends on f5.
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sized at around 25-35% of the generator rating. This fact also means that the
speed range is between + 25-35% [AEMO 2013].

In a full converter machine, the power converter has the same rating (or
greater) as the generator, which is not directly connected to the grid. As a
result, the generator can be operated at any speed from zero to maximum, and
provides an improved reactive power capability range (PQ chart) compared to
the DFIG as can be seen in Figure 1-3. In this figure a generic full converter
(considering the limitation factors: converter current limitation, converter
voltage limitation and active power limitation [Valverde, et al. 2014]) is
depicted jointly with the common GAMESA wind turbine G87 [Gamesa 2013].
The characteristics of GAMESA wind turbine have been employed throughout
the whole thesis. In addition, the extended PQV charts of both machines are
compared with the synchronous machine in [Valverde, et al. 2014]

Full converter machine G87 - DFIG

2000 KW
Cosp =0.95| P (KW)

200 kW \ /

Consumption Production  Q (KVvar) -650kVvar 650kvar Q (kVar)

Figure 1-3 Reactive power capabilities

Finally, it must be outlined that new developments related to improving wind
turbines and also wind farm controllability are being carried out. For example,
GENERAL ELECTRIC in its 2.5 MW turbine specification [GE 2010] already
offers the optimization of the wind power plant performance, which includes
services such as, WindCONTROL* (Voltage and power regulation like a
conventional plant) or WindFREE* (Provides reactive power even with no
wind).

e Transformers: Thanks to a variable transformer ratio, i.e., the relation
between the primary and the secondary, the voltage can be controlled. As an
example, a 400/220 kV transformer commonly has 21 tap positions (central
tap = 10), changing the voltage + 1% with each tap modification.

In that sense, the tap position can be changed offline or online. This thesis
focuses on the latter scheme, commonly known as OLTC transformer. In those
cases a voltage set-point must be fixed. If the voltage measure differs from that
set-point then the tap position is modified. That modification is not
instantaneous; there is an intrinsic mechanical time delay which depends on
two actions, the switching time and the motor drive. The former is around 50
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ms for oil breaking transformers and 100 ms for vacuum transformers whereas
the latter can be as high as 5 seconds. Nonetheless, some manufactures are
trying to reduce this time as was seen at CIGRE bienal session [CIGRE. 2014]
reaching mechanical time delays below 1 second. In addition, any OLTC
transformer is defined by two additional settings, dead band and intentional
time delay, which are used for coordination purposes. In this thesis as a
relevant contribution those values are tuned for avoiding undesirable
performance.

1.3.2. REGULATION FRAMEWORK OF THE WIND ENERGY VOLTAGE
CONTROL PROVISION?

Since the technical viability of providing reactive control has been proven, several
countries have recently developed new grid codes, where some of them take into account
the actual wind farms’ reactive power capabilities. The rise of wind farm requirements
show a clear tendency: wind farm performance should be as similar as possible to the
performance of a conventional power plant.

The grid codes of the European countries most representative from the wind share of
total electricity perspective. Those countries are: Denmark, Spain, Portugal, Ireland and
Germany [EWEA 2012] with 25.9%, 15.9%, 15.6%, 12% and 10.6%, penetration level
respectively, being the mean value of the whole Europe 6.3%. Table 1-1 gathers the
information indicating the TSO, the control mode specified, where the set-point is
specified, the specifications, the time in which the set-point should be fulfilled, the
voltage ranges and finally the corresponding reference. As can be seen in most countries,
three different control modes are distinguished: reactive power, power factor, and voltage
control. Currently the control mode that typically is used is the power factor. In fact, in
countries like Spain or Portugal wind farms are operated at a unity power factor in order
to reduce their impact on the TNet. Other countries such as Denmark or Ireland consider
wider reactive ranges. Indeed, ENTSO-E wider range opens the doors of an enhanced
utilization of the actual wind farm capabilities

System operators increasingly demand voltage control in the connection bus of the
wind farm to the grid as is the case of Denmark, Ireland, Spain and also as has been
proposed by ENTSO-E. In the event of considering this control model the system
operator should define the droop (Voltage deviation / Reactive power increment). This
concept, which is equivalent to the speed droop parameter R, is very well established in
the primary control of active power (frequency control).

% The regulation is subject to continuous changes. The regulation that is summarized in this document
corresponds to the existing one when the thesis was written.
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Table 1-1. Reactive power technical requirements

Set points Set point
Country TSO Control specified s eci';ied at Specifications changes Voltage margins Reference
P completed
0,1lag-0,1lead Power
30 0.9 -1.06
output range 11 kW -25 kW s
Reactive power 0,228 lag - 0,228 lead Power
30 0.9 -1.06
control output range 25kW -25 MW s
0,33 lag - 0,33 lead Power 30s 0.9-1.06
output range >25 MW (step1 0.9 -1.1)
i Grid connection | 0.995 lag - 0.995 lead Power 400 kV: 0,8 - 1,15 .
D k El t . 30 o > E t, 2010
enmar nergine point (**) output range 11 kW -25 kW s 220kV: -— 1,12 [Energine ]
Power factor control 0.975 lag - 0.975 lead Power 30s 150 kV:0,9 - 1,13
output range 25kW -25 MW 63kV:0,9-1,12
0.95 lag - 0,95 lead Power 30 0.69kV: 0,9~ 1,10
output range >25 MW Typically +/- 10%
Voltage control Required for wind plants higher 10s 0.9-1.06
(>25MW) than 25 MW (step1 0.9-1.1)
Reacti
caciue Pl 03 lag - 0,3 lead 095-1.05
control (*) [REE, 1998],
0.979 lag - 0.979 lead . .
i i - e . Contingencies N-1 [REE, 2010],
Spain REE Power factor control Meter point (mandatory) 1 min 400 KV- 0.95 — 1.09 [REE, 2011]
(Current scheme) 0.995 lag - 0.995 lead ® o1 1 ’ [Spanish
(incentivized) government, 2010]
Voltage control (*) 0-25 0.95-1.05
0.980 lag - 0.958 lead peak Contingencies N-1 [Ministério da
i comection hours (depends on the 400kV:0,93— 1,05 |  economia,da
Portugal REN Power factor control oint localization of the wind farms) 220kV:0,93 - 1,11 inovacéo e do
P 150kV: 0,93~ 1,10 | desenvolviento,
1 valley hours 63kV: 0,95 1,05 2010]
Reactive power 0,33 lag - 0,33 lead 20s
control ’ g-0 Contingencies N-1
Ireland EIRGRID, Grid connection 400 kV: 0,88 — 1,05 | [EirGrid, 2011],
SONI Power factor control point 0,95 lag - 0,95 lead 20s 220kV: 0,91 - 1,11 [EirGrid, 2014]
110kV:0,90 - 1,12
Voltage control 1%-10% 20s
Reactive power 0,228 lag - 0,48 lead
control. The TSO 0,33 lag - 0,41 lead
shall select one of the 0,41 lag - 0,33 lead
EE](;UV ) Grid connection e 380kv:0.92 - 1.16
Germany Vattenfz;ll Power factor control. it 0,975 lag -0,887 lead 1min | 220kV: 0.88—1.15 [eon, 2006]
e | The TSO shall select P 0,95 lag - 0,925 lead 110KV: 087 115
one of the variants 0,925 lag - 0,95 lead
Voltage control -
Reactive power . . 0.5 lag - 0,65 lead Inner envelope
Eurone ENTSO-E control Grid connection 0.9-1.075 [ENTSO-E 2012]
P Power factor control point 0,894 lag - 0,838 lead Fixed outer envelope | [ENTSO-E 2013]
Voltage control 2% -7% 0.875-1.1

(*) Draft grid codes P.O. 12.2 & P.O. 7.5
(**) The electricity undertaking choose the location of the voltage reference point. Normally at the high voltage side of the plant transformer.

As can be seen in Figure 1-4 a 4% droop means that a 4% frequency deviation is
caused by a 100% change in the output power. In the event of voltage control, some
countries use the equivalent of this definition, i.e., a droop of 4% means that a 4% of
voltage deviation is caused by a 100% change in reactive power (Q lagging + Q leading).
In the case of Spain, the droop is defined slightly differently: K= (AV/Vrate) / (Q/Prate)
where K goes from 0 to 25 corresponding to a droop of 4%. In all countries the system
operator is the one in charge of fixing this value which is analyzed in this thesis from an
optimal perspective.
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Figure 1-4 Droop controls

For each control mode a different settling time may be defined, for example Denmark
demands a faster settling time in the event of voltage control mode. The result is that a
significant variability exists among countries (from 10 s to 1 minute). All set-points are
commonly given at the grid connection point which typically corresponds to the high
voltage side of the transformer. Nonetheless, in Denmark is chosen by the electricity
supply undertaking company. In this case this point could be the grid connection bus, the
common coupling bus bus (commonly selected if there is a tap changer) or one in
between.

In Spain the set-point is specified at the meter point which can vary in location. In the
event that all wind farms sharing the transformer belong to the same owner, the meter is
at the high voltage side whereas if wind farms belong to different owners the meter point
is located at the low voltage side. Moreover, in order to implement wind voltage control,
it is necessary to coordinate the droop controls of wind farms and the current OLTC
transformers control. This fact is outlined by Eirgrid and SONI (lreland Transmission
system operators). In order to define guidelines for adequate coordination different
demonstrations are being carried out within the project “Delivering a Secure Sustainable
Electricity System (DS3)”, [Eirgrid et al. 2012, Eirgrid et al. 2013].

In all cases analyzed, this service (reactive power/voltage control) is mandatory not
contemplating any remuneration scheme. Nonetheless, some grid codes continue under
review as the Spanish one. In this country, one of the main concerns of the Spanish wind
association (AEE), is this issue.

1.4. OBJECTIVES

This thesis aims to design a voltage control scheme which takes the maximum
advantage of wind farm reactive power capabilities. TSOs seek that the whole HNet
resembles a conventional plant which could be integrated in a hierarchical voltage control
scheme. This strategy, as will be discussed in this thesis, benefits both TSO and wind
farm owners. Nonetheless, the HNets infrastructure could differ significantly. Hence, the
control limits, i.e., the maximum reactive power that can be injected or absorbed could
change sifnificantly varying also the voltage margins. These limits will be used for
determining whether the HNet is suitable for providing this service or not. In the case
that it is not suitable, other strategies should be considered. In addition, how the strategy
should be implemented must be considered. In this thesis a special emphasis is placed on
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simple control schemes which most of them do not require communication. In addition,
in all cases additional investments are not necessary and hence, these strategies can
directly be implemented.

In any case, the voltage control design does not end with its steady-state analysis
requiring temporal evolution assessments (referred to in this thesis as dynamic analysis).
Taking into account this temporal evolution the control performance can be optimized
by paying special attention to OLTC transformers and the possible interactions among
controllers that may appear. Consequently, two types of analysis are going to be carried
out: steady-state and dynamic.

Once the global picture is clear, the concrete objectives are presented in the
subsequent subsections.

1.4.1. STEADY-STATE ASSESMENT AND HNETS CLASSIFICATION

As has been mentioned, the first step is the evaluation of the HNet limits and
potentials. On one hand, the limits are imposed by the maximum reactive power that the
whole HNet is able to absorb from or inject to the transmission network. This maximum
reactive power determines the maximum voltage variation that can be obtained. This
variation highly depends on the strength of the bus, i.e., on its short circuit power. Hence
both magnitudes: reactive power and voltage variation should be evaluated in detail. In
that sense the well-known OPF will be used, being the reactive power at the HNet
common coupling (- and +) maximization the objective function. This contrast with the
common employment of the OPF for determining generator operational points in
accordance with well-know objectives such as power losses or cost minimization. On
the other hand, the potential that wind farms’ reactive power capabilities represent for
both TSO and the HNet itself are also evaluated. In that sense, in addition to the reactive
power and the voltage variation of power losses are also included. Those potentials will
be compared with the ones obtained by common control schemes evaluating the
improvements required for taking maximal advantage of wind farm capabilities. For
carrying this analysis a bespoke tool which evaluates any HNet considering any objective
function and imposing a certain control scheme will be developed.

Subsequently, the HNets should be characterized in accordance with their limits and
potentials. Anticipating the results, three different types of HNets will be identified
proposing for each one a different control strategy:

o Power losses minimization
o HNet minimum impact on TNet
o Pro-active voltage control

Moreover a different way of implementing each strategy will be discussed trying to
minimize communication requirements and even avoid them.

11
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1.4.2. OPTIMAL STATIC SETTINGS DESIGN

For each control strategy the optimal static settings (i.e., settings that impose the
steady-state) should be determined. It is clear that in all cases those setting can be
optimally evaluated each period. This approach will be followed in the event of a pro-
active voltage control. In this case the optimal wind farms and OLTC transformers set-
points are calculated each period by means of quadratic programming as will be detailed
explained in Chapter 6. Nonetheless, this approach demands communication which not
always is justified. In that sense others approaches more suitable for the other control
strategies are discussed: data mining techniques for the power losses minimization and
fit-and-forget static setting for the HNet minimum impact on TNet strategy. The former
contributes with simple control rules of easy interpretability and which in some
circumstances and for some devices can be used in a decentralized manner, totally
avoiding communication. The latter contributes evaluating the optimal fixed settings for
all set of scenarios. In that sense, it is guarantee that the settings are feasible under all
circumstance and hence communication can also be avoided.

1.4.3. TIME VARIANT AND OFFLINE TUNING OF DYNAMIC SETTINGS

In addition to the static settings each control scheme is defined by some relevant
dynamic settings (i.e., settings that affect the temporal evolution as time delays, time
constants or dead band). Those settings will be tuned offline guarantying an optimal
control performance and not requiring online updating. In that sense a control scheme
simulator (developed in this thesis) will be used jointly with different metaheuristic
algorithms minimizing relevant objectives such as:

Tap changes minimization

Voltage breaches minimization

Transformers voltage set-point deviation minimization
Oscillations minimization

o O O O

This contrast with other techniques proposed in the literature and which have been
explained in the subsequent chapter such as model predictive control or multi-agents.
Techniques used for an online application which could demand two-way communication
not available yet in the HNet.

1.5. STRUCTURE OF THE DOCUMENT

This dissertation contains 7 chapters and 8 appendices. Chapter 2 presents the state-
of-the-art of wind farms’ reactive power capabilities utilization in order to enhance the
power system operation. Moreover the solutions presented in the literature from both
steady-state and dynamic perspectives are gathered. Subsequently, Chapter 3 first
outlines the technical benefits of voltage control provision from a technical perspective.
Then, this same chapter expounds the steady-state analysis of HNets determining their
potential and limits. Moreover, those HNets will be classified as one of three different
types of HNet (A, B and C) and for each one a preferred strategy is selected.

12
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Subsequently, the next three chapters focus on a specific type of HNet. Specifically,
Chapter 4 focuses on type A where the strategy selected is power losses minimization.
Then, Chapter 5 analyzes type B HNets where a minimum HNet impact on TNet strategy
has been chosen. Next, Chapter 6 evaluates the pro-active voltage control strategy.
Finally conclusions and future research are drawn in Chapter 7.

Concerning the appendices, the first one (Appendix A) presents the HNets
characteristic and wind farms requirements. Subsequently, a brief summary of the
reactive power voltage relationship is provided in Appendix B showing the importance
of reactive power control provision. Then, Appendix C presents the sensitivity matrixes
that are used in pro-active voltage control. Next, Appendix D analyzes actual wind farm
data obtaining correlation factors and time evolution patterns. After that, Appendix E
presents the simulator developed within this thesis in order to carry out the dynamic
analyses. Moreover, the metaheuristics algorithms employed are summarized in
Appendix F. Appendix G collects the detailed dynamic analysis of all control schemes
evaluated within Chapter 5 and Appendix H compares these schemes with the pro-active
voltage control strategy. Finally, Appendix | provides a simple analysis of an internal
wind farm network, which throughout the thesis has been neglected.

13






CHAPTER 2

STATE OF THE ART

This chapter presents research that has been carried out concerning wind farms voltage
control, outlining the gaps which will be addressed by this thesis. At first the main
research focus was evaluating the impact of wind generation on network voltages trying
to minimize it at the planning stage. However, it was seen that the controllability of this
generation was needed. Hence, great efforts have been done in this sense as will be seen.
Recalling the title of this thesis, the focus is HNets (a typical scheme in countries with
high wind penetration such as Ireland or Spain). Nonetheless, wind farms in many
countries are commonly located in DNets and schemes such as the smart grids have been
more investigated. Hence, those networks cannot be forgotten and a deep understanding
of their operation should be acquired. In those networks special attention to the enhanced
control schemes which consider reactive power capabilities of wind farms must be paid.
Among all strategies the more suitable ones in accordance with the HNet potentials will
be selected as is later explained in Chapter 3. One of these strategies is a pro-active
voltage control. For that purpose a control of decentralized devices (OLTC transformers
and wind farms) and its coordination should be carried out. Nonetheless, as has been
outlined in the previous chapter, the control of decentralized elements is well understood
in the TNet, where several hierarchical controls have been implemented. In addition,
several alternatives are proposed focusing on DNet. This chapter classifies and studies
the philosophy behind all controls for its later application to the HNets. It must be not
forgotten that the final goal is integrating the HNet into an existing TNet hierarchical
control.
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In order to address all these issues the chapter has been structured as follows. Firstly,
some important concepts that are used throughout the chapter are introduced in section
2.1. Section 2.2 introduce the solutions provided for DNet and smart grids taking into
account both dimensions of the control, steady-state and temporal evolution
performance. Subsequently the TNet solutions are described paying a special attention to
hierarchical voltage control. Those schemes are emphasized because in the event of pro-
active voltage control the whole HNet control resembles a conventional plant to be
integrated in it. Then, the field experiences that have been conducted are summarized in
section 2.4. Finally, the gaps identified in the state-of-the-art are outlined in section 2.5

2.1. CONTROL CONCEPTS

In recent years wind farms reactive power capabilities have been used for obtaining
diverse objective functions: voltage rise mitigation [Liew et al. 2002, Kulmala, et al.
2007, Capitanescu et al. 2014, Masters 2002], power losses minimization [Ochoa et al.
2011, Meegahapola, et al. 2012, Hu et al. 2014], thermal constraints minimization
[Sansawatt et al. 2012, Alnaser et al. 2015], active power shedding minimization [Siano
et al. 2010, Ochoa et al. 2010], reactive power support maximization [Ochoa et al. 2011,
Cuffe et al. 2014a, Bolognani et al. 2013, Yanhua Liu, et al. 2011] or voltage profile
regulation [Capitanescu et al. 2014, Di Fazio et al. 2013] changing the typical passive
paradigm of these resources to an active one. For that purpose different approaches have
been employed. This section clarifies the most relevant concepts that will be later used
throughout this chapter. It has been structured as follows. Firstly, subsection 2.1.1
presents the definition of distribution network and smart grid, identifying the role that
wind farms play. The different communication schemes are described in subsection 2.1.2
outlining the selection performed in this thesis. Then the different control configurations
that are used and the concepts related are explained in subsection 2.1.3. Next, the
coordination of different control devices is explained in subsection 2.1.4. Subsequently,
the control parameters are described in subsection 2.1.5. Finally the global picture of the
different approaches followed is drawn in subsection 2.1.6.

2.1.1. CHANGING WIND FARMS PASSIVE PARADIGM
Passive distribution networks

Distribution networks were designed to accommodate only loads. In such networks
the internal voltage profile is typically established by the tap-changing transformers or
static compensation devices. Thus, the control capabilities of distribution generation are
not exploited.

Active distribution networks

Active network management has been considered as an intermediate step towards the
concept of smart distribution grids [Capitanescu et al. 2014]. In this case a real time
monitoring of the grid is performed, taking advantage of the control capabilities of
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distribution generators. Hence, important advantages can be obtained such as voltage rise
mitigation or hosting capacity* increase.

Smart grids

As it is clearly defined in [Farhangi 2010], “The smart grid is the collection of all
technologies, concepts, topologies and approaches that allow the silo hierarchies of
generation, transmission, and distribution to be replaced with an end-to-end, organically
intelligent, fully integrated environment where the business process, objectives, and
needs of all stakeholders are supported by the efficient exchange of data service”. This
means that within a smart grid all devices involved, especially renewable generation,
should be controlled. In this context, consumers are able to increase or reduce its
consumption in accordance with cost signals. Moreover, those networks are self-
organized, relying on the agent’s technologies, and are able to take corrective actions in
order to avoid possible failures. A HNet is not a smart grid. Nonetheless, owing to the
massive literature review of voltage control and reactive power management in these
networks, they cannot be forgotten and have been included in the literature review.

2.1.2. COMMUNICATION SCHEMES

The existing networks rely on one-way communication, i.e., set-points are only sent
in one direction without receiving any feedback. However this system has evolved in
order to respond to the increasing demand of smart grids where the communication is a
key element. In that sense the two-way communication is gaining relevance (i.e., several
agents interchange information implying feedback). Nonetheless, although both options
have been reviewed, this thesis has focused on the one-way communication which
represents the current status of communication. Another important fact that supports this
decision is the existence of wind farms of different owners in the same HNet (a two-way
communication between assets that act as competitors may not be desired). Moreover,
the possibility of avoiding communication will be discussed throughout the thesis.

2.1.3. CONTROL CONFIGURATION
Centralized

This configuration considers the whole power system as a unique control area. As a
result, it has global information of the whole system. Hence, in this case a central
controller distributes set-point (one-way communication) among the control devices
based on that global information. The main drawback of this configuration is the large
amount of data, which could make computational time excessively slow and hence, not
suitable for online applications. In addition, reliability is also an important drawback
because in the event of a failure the whole control system is lost [de la Fuente 1997].

4 Defined by [Etherden et al. 2011] as “the maximum amount of generation that can be connected to a
power distribution system”
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Moreover, this terminology is also employed when a single element (e.g., bulk
transformers) is used for controlling the voltage of a certain grid.

Decentralized

This configuration splits the system in different control areas. Note that in the extreme
situation each control area is composed by a single control device. As a result the amount
of data decreases significantly and hence communication is also reduced. In contrast to
the centralized approach, in the event of a failure, the whole control system is not lost.
Nonetheless, in this case there is no global information. Moreover, it must be noted that
the different areas or devices should be coordinated in order to avoid
unwanted/undesirable interactions [de la Fuente 1997].

These drawbacks could be solved in the event of a distributed configuration, i.e., if
two-way communication is considered. In this case global information can be inferred as
is achieved by self-organized biological populations (e.g., hives, folks, shoals) as will be
explained in this thesis.

Pilot buses

In large systems such as the transmission network, it is not affordable to control the
voltage of all buses. Hence some relevant buses, which have been named “pilot buses”
must be selected. Performing this selection has been widely discussed and many
algorithms have been evaluated as was discussed in [de la Fuente 1997]. In the end, all
of them seek a trade-off among two important concepts: controllability and observability.
In this thesis a single pilot bus corresponding to the connection bus HNet-TNet has been
considered. Hence, this thesis does not go in depth in this aspect.

e Controllability:
This concept reflects, how easily a certain bus can be controlled, taking into
account how far that bus is from the generators.

e Observability:
This concept reflects how the voltage of a certain bus gives information of the
system disturbances or other demand buses voltages.

Hierarchical

In a hierarchical configuration several control loops are defined, e.g., primary,
secondary and tertiary allowing the simplification of the complex voltage control issue
by the spatial and temporal decomposition. As has been explained in the introduction,
the fastest action is carried out by the primary loop, which is in charge of controlling the
local voltages. In contrast, the tertiary loop evaluates the system from a global point of
view considering discrete elements. In this last loop is precisely where traditionally the
optimization process has been carried out. In each control loop the required set-points for
its downward loop are evaluated. Commonly, a one-way communication system is
considered, e.g., the implemented transmission network hierarchical voltage control
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schemes which will be later explained in section 2.3. Nonetheless, recent hierarchical
schemes relying on two-way communication is also proposed.

2.1.4. COORDINATION

As has been already mentioned, coordination is essential when several control devices
interact. Nonetheless, this term could be ambiguous owing to the fact that it is used for
referring to two different problems: how to distribute control actions among devices?
And how to prioritize control actions?

In both cases different alternatives can be employed as is next presented Nonetheless,
all of them can be gathered in two groups: online or offline processes. The former
evaluates the coordination each period of the control. Contrarily, the latter is carried out
by an external study.

e How distribute control actions among devices?

For avoiding interactions among controllers the set-point of one device should
be computed taking into account the effect of neighbour devices. As an example
of this coordination, the coordinated secondary voltage control implemented in
France (CSVC) is introduced (control that is later described in detail in paragraph
2.3). In this control scheme the control actions of one area are computed online
taking into account the voltage deviation at its pilot bus and also the effect of the
neighbour areas pilot buses. In this thesis, this control dimension has been called
steady-state coordination.

e How prioritize control actions?

It should be noted that the same steady-state operation does not imply the same
temporal evolution. Hence, another effect is the controller interactions that can
arise as various devices in a network dynamically respond to the changing set
points they receive from any controller. This thesis will analyze how to ensure
that such set-points redispatch harmoniously. This is an important fact, especially
when there are discrete controllers involved such as OLTC transformers. In this
thesis, this control dimension has been called dynamic coordination. In that sense
different techniques and concepts have been used: zone discrimination, control
cycle determination, dynamic programming, model predictive control (MPC) and
multi agents. The first two ones are offline processes constituting the first sensible
way of approaching this problem. In contrast, more sophisticate control schemes
evaluate online, the priority of each control devices. Those control schemes could
be centralized, as MPC, or distributed as multi-agents. In addition, a technique
widely used for both, online and offline processes is dynamic programming. This
technique has widely evolved resulting in a large number of algorithms. In this
thesis, this technique will be considered in its offline approach as will be
explained in its corresponding paragraph.
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In this first approach just the definitions are provided. How these concepts and
techniques have been used for dealing with the voltage control provision will be
explained later throughout the chapter.

o Zone discrimination:

For avoiding these possible interactions some works propose
determining the priority of each control device in the system based on
the concept of zone discrimination, e.g., [Muttaqi, et al. 2013]. In that
sense, the influence zone of each control device is identified. Hence
the control device is responsible for controlling the voltage in that
specific zone and only acts as a supporter in other zones when the
actions of their responsible devices are not sufficient. Nevertheless,
this approach has been dismissed within this thesis because all control
devices are near from an electrical point of view.

o Control cycle determination:

As is outlined in [Alnaser et al. 2015] the control cycle which
normally corresponds to the sample time is “the time interval between
two consecutive constraints checks”. Hence, it seems undoubted that
if the control cycle increases the possible control interactions will
decrease. However that decrement is at the expense of undesirable
performance such as voltage above its limits or congestions.
Consequently, its evaluation is essential for obtaining and admissible
trade-off among objectives (control action minimization vs over
voltages ...) as is later discussed in this chapter.

o Dynamic programming:

This technique was first proposed in 1957 by R.E. Bellman which
formulates its optimal principle “An optimal policy has the property
that whatever the initial state and initial decision are, the remaining
decision must constitute an optimal policy with regard to the state
resulting from the first decision” [Bellman 1957]. Hence a complex
problem can be decoupled in simpler ones which are successively
solved. This technique has been widely used for diverse systems:
“discrete-time or continuous-time systems, linear or non-linear
systems, deterministic or stochastic systems” ... In fact, it has been
widely used for solving the Riccati equation [Lewis 1992] (when the
system is modeled by linear dynamic and the cost function by a
quadratic one) and the Hamillton-Jacobi-Belmman [Lewis et al. 1995]
(when the system is non-linear or the cost function is non-quadratic).
For solving this last equation the adaptive/approximate dynamic
programming algorithm stands out as is explained in [Fei-Yue Wang
et al. 2009]. Among them it is essential to outline the contribution of
[Werbos 1977] originating the adaptive critic designs (ACD) the merit
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of which relies on solving dynamic problems forward-in-time instead
on the traditional backward approach. This new way of solving
problems has been widely extended resulting in many different
synonymous algorithms in the literature: Approximate/Adaptive
Dynamic Programming (ADP), Asymptotic Dynamic Programming,
Heuristic Dynamic Programming, Neuro-Dynamic Programming
[Fei-Yue Wang et al. 2009]. In this thesis the dynamic programming
term is employed assuming its backward approach, widely used for
planning control actions such as tap changes as is later discussed. On
the contrary, those algorithms that solve dynamic problems forward-
in-time will be explained jointly with the model predictive control
(MPC) which is next explained. This division has been made because
as is stated in [Bertsekas. 2005] “the two methodologies [ADP and
MPC] are closely connected, and the mathematical essence of their
desirable properties (cost improvement and stability, respectively) is
coached on the central dynamic idea of policy iteration”. Moreover
with this approach, the online control algorithms (forward-in-time
approach) are distinguished from the planning analysis, typically
solved considering a backward approach.

Model predictive control:

As is stated in [Moradzadeh et al. 2013] one of the most successful
control schemes is MPC, which also is called receding/moving
horizon control. The main advantage of this scheme is that the control
actions of a certain period k are optimized taking into account the
future periods k +1, k + 2, ... k + N although only the actions at that
period k are implemented. Hence, for a possible control sequence
[u(k), u(k+1), u(k+2), ... u(k+N)] the system performance is predicted
for a time horizon in accordance with an explicit model. The first
element of the best control sequence according to the objective
function is then implemented. Then all this process is repeated for the
next period k +1 and so on.

Multi-agents system:

Many agent definitions have been provided as is surmised by the
multi-agent IEEE working group [McArthur et al. 2007]. This fact
shows the difficulty of defining this concept. Nonetheless all
definitions share the basic concepts. Next the qualities that any agent
should are explained in [McArthur et al. 2007] and are next
enumerated.

- Autonomy — Each agent can manage the behavior of a
individual unit mostly autonomously in a cooperative or
competitive environment
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- Reactivity —agents can perceive environment, and respond
adequately in accordance with the function it is designed to
achieve.

- Pro-activity — In the Wooldridge definition [Wooldridge.
1996] this concept is explained as the agents ability to “take
the initiative” meaning that an agent can dynamically
change its behavior in order to achieve its goals.

- Social ability — Intelligent systems are able to interact with
other agent systems. Nonetheless, it is important to note
that a social ability is more than mere data exchanges, it
implies the ability to negotiate and interact in a cooperative
manner. This ability relies on a specific agent
communication language which allows to converse instead
of simply pass data

These qualities facilitate the appearance of multi-agent systems. In
these systems many agents are grouped together and depend on each
other to form a community, in which all agents cooperate to achieve
the individual and system goals.

2.1.5. CONTROL PARAMETERS

Any control scheme has several parameters that should be adjusted. Those parameters
could be fixed, also known also as fit-and-forget, or adaptive.

Fit-and-forget

In this case constant parameters independent of the operation conditions are
considered (for instance in proportional control droop is a constant). The Italian
secondary voltage control is a good example of fixed parameters as will be explained in
paragraph 2.3.

Adaptive

In this case the parameters are adapted taking into account the operational conditions
(in proportional control droop changes depending on the scenario). The French secondary
voltage control, in which an optimization problem is solved each period, is a good
example of adaptive parameters as will be explained in paragraph 2.3. Nevertheless, this
is not the only method employed for adapting the parameters, other alternatives such as
the self-adjusted and the predictive-corrective techniques are gaining importance

2.1.6. GLOBAL OVERVIEW

As can be derived from the previous subsections there are many concepts involved in
voltage control design and a huge amount of literature available (more than 110 000
references can be found in the IEEE browser). Hence, a huge effort has been made for
providing the global picture which will be expanded throughout the chapter. In Figure
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2-1 the principal concepts are gathered. This figure will be used to establish the
framework of this thesis. At the end of this chapter the same figure will be presented
highlighting the areas to which this thesis contributes.
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Control cycle
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Adaptive
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Dynamic
programming
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Model predictive
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Active power Optimized

shedding

Multi-agents

Figure 2-1 Control strategies and configuration

2.2. DNET AND SMART GRIDS SOLUTIONS

2.2.1. OLTC TRANSFORMERS COORDINATION

As is mentioned in [Van Cutsem et al. 1998], OLTC transformers coordination is
being performed by means of an intentional time delay. In the example presented in this
reference, it is explained how in order to avoid unnecessary tap changes the downstream
transformer, and hence the nearest to the load, should be between 20 and 40 seconds
slower than the upstream one. Moreover, in [Hashemi, et al. 2011] and [Ye Li, et al.
2010] control rules obtained using fuzzy logic are proposed, allowing an adequate
coordination of both parallel and cascade elements. In addition alternative control
schemes based on a few remote measurements have been proposed [Caldon, et al. 2013]

OLTC transformers coordination should be revised owing to the wind penetratuin
increment, which an increment of control devices. Moreover how to deal with
bidirectional power flows, (in the event of networks which accommodate loads) has been
an important focus of research. This is a fact that directly affects the line drop
compensation and its design. As an example in [Gao et al. 2011] a distribution network
in which wind generation is allocated is analyzed. Nevertheless the wind generators do
not provide any control. This author proposes changing the line drop compensation
voltage threshold in accordance with the sense of the current of the transformer.
Moreover, in the event that generation is higher than demand, the voltage threshold is
fixed 5% below its maximum voltage, in order to avoid voltages over its admissible
values. In this thesis the line drop compensation will not be analyzed because its design
is not relevant in the event of unidirectional power flows, which is the case of HNets.
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Transformers coordination should be done in both areas static and dynamic as has
been already mentioned. In that sense several alternatives have been proposed throughout
the literature considering a single OLTC transformer and a set of other control devices
as is presented in the subsequent subsections. Nonetheless some analysis of cascade
OLTC transformer coordination has been done [Alnaser et al. 2015] representing an
important focus of this thesis. Moreover, different alternatives in both areas will be
proposed within this thesis taking into account its online performance.

2.2.2. ENHANCED UTILIZATION OF REACTIVE POWER CAPABILITIES,
STEADY-STATE COORDINATION

It is clear that wind farms’ reactive power capabilities have much to offer the broader
power system. In that sense, many contributions have evaluated how best to evolve
passive distribution networks into active ones, which is an intermediate step towards the
concept of smart distribution grids [Capitanescu et al. 2014]. Indeed [Liew et al. 2002]
first evaluated how active management can play an important role for increasing the wind
penetration in existing distribution networks where voltage rise effect was seen as the
principal barrier. Subsequently, several works have extended and complemented this
approach showing its potential using diverse techniques of increasing complexity (linear
programming [Keane et al. 2007], OPF [Vovos et al. 2007] and multi-period OPF [Siano
et al. 2010, Ochoa et al. 2010]). For such purpose, centralized [Liew et al. 2002,
Capitanescu et al. 2014, Vovos et al. 2007, Pilo et al. 2011, Kulmala et al. 2014],
decentralized [Sansawatt et al. 2012, Cuffe et al. 20144, Di Fazio et al. 2013, Berizzi et
al. 2012, Hamzeh et al. 2013, Calderaro et al. 2014] and hierarchical [Biserica, et al.
2011] reactive power control schemes have been evaluated. Notably, the focus of the
existing research is primarily on the steady-state reactive power performance where
several objectives have been evaluated: power losses [Ochoa et al. 2011, Bolognani et al.
2013, Kulmala et al. 2014, Calderaro et al. 2014, Madureira et al. 2009], thermal
constraints [Sansawatt et al. 2012], active power shedding [Kulmala et al. 2014], reactive
power support [Ochoa et al. 2011, Keane et al. 2012] or voltage network profile [Di Fazio
et al. 2013]

As the references show power losses minimization has represented an important focus
for researchers. In addition in countries such as England thermal constraints have become
a relevant issue. In [Sansawatt, et al. 2010] a dual control mode was first proposed where
wind farms are operated at a certain power factor for normal conditions and as a reactive
power source if the voltage rise effect is inadmissible. Moreover as is done in many
studies, wind energy curtailment is seen as a last resource for mitigating this effect.
Nonetheless, in this thesis reactive power control will never compromise active power
production. Hence, this objective will not be addressed within the thesis. The work
presented in [Sansawatt, et al. 2010] was extended in [Sansawatt, et al. 2011] evaluating
which power factors should be used in 5 different operational situations and [Sansawatt
et al. 2012] incorporated sensitivity analysis. Moreover, its real time operation was tested
in [Robertson, et al. 2012] using time domain simulation. These objectives are mainly
related to distribution network or microgrid internal operation in which wind farms are
located. However, a more demanding strategy in which wind farms offer reactive power
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support to the TNet or at least reduce its demand has also been studied opening the doors
for a pro-active voltage control strategy. All these objectives have been combined in
diverse ways, e.g., reactive power support + power losses [Calderaro et al. 2014], thermal
overload + network voltages [Alnaser, et al. 2013].

Nonetheless, these objectives may be opposite, as demonstrated [Keane et al. 2012],
depending on factors such as the grid impedance or the wind penetration level. This thesis
addresses this issue, identifying which HNet is more suitable for each objective,
maximizing all its potential and, in the event of considering several objectives, the
weighting factor between them. For this classification the best results
(minimum/maximum objective function) will be obtained when a smart strategy is
implemented (the best set-points are considered in each period). Moreover, these
strategies can be evaluated in economic terms, a fact that is also evaluated in this thesis.
Concerning the economic impact of the reactive power support by wind farms, most of
the works studied the problem from a market and regulatory perspective e.g., [Rueda-
Medina et al. 2013, Bignucolo, et al. 2009]. Moreover, there is a scarcity of works that
directly face with the cost/benefits that this service could mean to the agents involved
(wind owners, DSO) under a specific regulation scheme. A first approach was done in
[Zechun Hu et al. 2012] where the economic impact is computed for a simple active
network management scheme in which only the tap position and the wind power
curtailment is considered as control variables, i.e., wind farms’ reactive power
capabilities are not contemplated.

Nonetheless, smart strategies although have been widely studied are not commonly
implemented owing to reasons such as the increment of communication infrastructure
and data requirements or the necessity of an adequate coordination among controllers.
Due to these reasons an intermediate approach, which does not require additional
communication, was suggested. This approach relies on the well-known concept of
passive networks, ‘fit-and-forget’. In the same way passive control schemes in which the
bulk transformer tap position or the power factor are optimally determined have been
analyzed. In [Keane et al. 2011] those settings are evaluated considering both, DSO and
TSO requirements and objectives®. For that purpose a linear programming optimization
is carried out with the objective function of maximizing the injected reactive power from
all resources (note that this objective function is equal to minimizing the reactive power
import from the transmission network) considering the DNet constraints. It should be
noted that a DNet highly loaded is not able to export reactive power to the TNet. Hence,
the aim of this objective function is to reduce the DNet impact on the TNet. The study
has been conducted using an actual Irish DNet and the whole Irish system. The results
show the potential of wind farms as a reactive power provider. In [Ochoa et al. 2011] the
previous work is improved in order to handle the non-linearities. For this purpose the

> As is outlined by [Power, et al. 2014] a successful incorporation of wind farms to the voltage control
service involve both DSO and TSO. That work stands out the future challenges in the control centre due
to distributed generation and renewable. Moreover a CIGRE working group (C 2.16) directly faces these
challenges.
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OPF multi-period technique has been used. This technique has been proven as a reliable
option for problems related to DG planning and optimization as was intimated in [Ochoa,
et al. 2010]. The main advantage of this technique is the incorporation of several
scenarios meaning that whereas the OPF gives the optimal control variables for a
concrete scenario, the AC multi-period OPF gives simultaneous consideration to multiple
scenarios, which could represent different load conditions. Moreover also different
network configurations can be incorporated as has been done in [Al Kaabi et al. 2014]
where a multi-configuration multi-period OPF is proposed.

In addition, the passive control presented in [Keane et al. 2011] (considering the same
network and objective function) is compared with the possibility of changing the settings
in real time. The results show that for this particular case (minimizing the reactive power
import from the transmission network), passive control does not differ significantly from
a smart strategy. However it must be noted that this analysis only considers the power
factor control mode for wind farms and other control schemes may be more adequate.

Recently, this approach has been extended incorporating voltage control settings such
as voltage set-point or droop [Cuffe et al. 2014a]. Hence the wind farm actively responds
to voltage excursion in accordance with its parameters (voltage set-point or the droop)
which are fixed. Thus, autonomous control schemes could be defined. Although, this
approach (fit-and-forget settings) has been seen as an intermediate step it must be noted
that under some situations it may be adequate, a fact that has already be mentioned and
that is extended in this thesis. In addition this approach could be enhanced with self-
adjustment control schemes, i.e., the fit-and-forget settings can be modified in
accordance with local measurements, not requiring communication. These
developments, provided by [Cuffe et al. 2014a], have been used in this thesis, where
several autonomous control schemes have been compared.

As has been seen, most of these studies rely on optimization algorithms. However,
sometimes simpler schemes based on control rules may obtain comparable results as is
demonstrated in [Kulmala et al. 2014]. This scheme has been typically used in simple
radial networks where only few control possibilities exists. This thesis will deeply
analyze this possibility in a more complex network for the power losses minimization
strategy in order to infer useful knowledge of the HNets.

2.2.3. DYNAMIC COORDINATION

Some recent work has indicated that dynamic coordination between control devices is
essential for avoiding unwanted control actions [Ranamuka et al. 2014, Alobeidli et al.
2014]. In that research an online voltage control considering different voltage regulating
devices is proposed. This work focuses on how the different devices, corresponding to
one OLTC transformer, several step voltage regulator (SVR) and a DG unit, should be
coordinated. This coordination is done with the time delays of the several devices. In
addition the voltage and the dead band settings of the SVRs are selected based on the
total number of taps and the percentage value of the voltage regulating range.
Nonetheless, how those fixed parameters, used for coordinating the different controllers,
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have been selected is not explained. This drawback is solved in this thesis where those
settings are tuned in accordance with a multi-objective optimization.

Towards that end, other control alternatives which have been already described in
section 2.1 are proposed. Those alternatives can be separated into two groups depending
on the control configuration. Concerning the centralized approach the most relevant
techniques are: knowledge based rules, model predictive control and dynamic
programming. Concerning the decentralized approaches the multi agents systems
represent the focus of current research. In the following paragraphs, all these alternatives
are explained outlining their drawbacks that are solved with the methodology proposed
in the thesis.

Control cycle determination

As has been already mentioned the control cycle determination can be used for
reducing control actions as is demonstrated in [Sansawatt et al. 2012, Wei Zhang et al.
2014]. However, this is not without its own downsides, as it can result in [Alnaser et al.
2015]. Precisely, [Alnaser et al. 2015] analyze the effects of three different control cycle
(2 min, 5 min and 15 min) for two control strategies (only distributed generation
curtailment or curtailment +coordinated voltage control for the bulk OLTC transformer
+ power factor control in the event of the distributed generators). In both cases the control
actions in each control cycle are evaluated by an OPF introducing the risk concept
(crucially for handling wind generation uncertainties in a multi-cycle context). However
a pro-active voltage control demands shorter control cycles. Moreover, other control
schemes including voltage control of the distributed generators and all OLTC
transformers are needed. This thesis also analyzes the impact of the control cycle also
incorporating the impact of other relevant settings which directly affect the temporal
evolution of the control scheme.

Dynamic programming

As [Young-Jin Kim et al. 2013] outlines, voltage control provision by wind generation
will increase the number of tap changes. For reducing this increment dynamic
programming, taking into account its backward approach (see subsection 2.1.4), has been
seen as a suitable technique. In that respect, different devices (OLTC transformers,
FACTS and distributed generators) are dispatched periodically (e.g., hourly) for a certain
time horizon (e.g., one day) assuming perfect knowledge of generation and load forecast.
As an example, [Young-Jin Kim et al. 2013] determines the tap position, number of unit
capacitors and reactive level for one OLTC transformers, two shunt capacitors devices
and a distributed generator respectively with the objective function of minimizing the
number of switching device operations and power losses while maintaining grid voltages
within admissible values. It should be noted that for the whole period, e.g., one hour, the
tap position remains constant. This operation is not suitable in systems with high wind
penetration which demands higher flexibility. Hence, alternatives methods are evaluated
within this thesis.
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Model predictive control and rolling algorithms

This approach has gained relevance owing to the increasing penetration of distributed
generation, which implies relevant paradigms changes: generation variability and more
demanding OLTC transformers actions.

In that sense in [Pappala, et al. 2010] the reactive power dispatch problem, taking into
account the requirements imposed by the German grid code ([e-on, 2006]) is evaluated
for a given time horizon considering two different approaches: deterministic and
stochastic. In both cases the idea is to avoid short-term tap changes by adapting the
control devices (wind farms and OLTC transformers) based on 15-30 minutes wind
power expectation. That wind expectation is predicted thanks to a neural network which
employs the past wind power as input data. Additionally, it is outlined that the wind
velocity or direction can also be employed by augmenting the prediction accuracy, which
is essential in the event of a deterministic model. Nonetheless, for those cases in which
the prediction is not accurate enough this paper proposes a two stage stochastic
programming formulation which relies on decision trees. In both cases the control actions
sequence for the planning horizon (15 min) are evaluated assuming sampling times of 5
minutes. Hence four sets with the control actions (transformers tap position, wind farm
reactive power, and reactive power of the compensator devices) are optimized using a
PSO algorithm in order to minimize the operational cost of tap changes (assuming that
each OLTC movement cost 10c€) jointly with power losses (which are estimated based
on the wind power forecast and the power flow equality equations). This research is
complemented in [Erlich, et al. 2011], where instead of employing the well know PSO
algorithm a bespoke stochastic optimization called mean-variance-mapping-optimization
(MVMO) is developed. The merit of this algorithm is that the new individuals, updated
every iteration, are created with a mapping function that guarantees that they are always
within limits. This control scheme is also explained in [Venayagamoorthy et al. 2012]
where the importance of the prediction and the impact of wind uncertainty on the
transmission network are also discussed. For mitigating this last effect the option of
adding storage elements, which state-of-charge is optimized over a time window, is
assessed taking into account an adaptive critic design (ACD) algorithm.

Moreover, in [Nakawiro. 2014] a predictive voltage control is proposed following the
guidelines previously presented, considering an objective function of reference voltage
deviation and tap changes minimization. However, the trade-off among objectives is not
clearly defined. In this case the control variables considered are the transformer ratio and
the voltage set-point of the solar and wind farms plant located in the test network
evaluated. Nonetheless, whereas the voltage set-point may be updated every 5 minutes
the optimal ratio is the same for an entire hour. In addition for estimating voltages of all
distribution network buses for all 5 minutes sampling over the planning horizon (1 hour)
three artificial neural networks (ANN) are required. The first two ANN are employed for
estimating the active power of the wind farm and solar plant respectively. Thus, if an
accurate forecast is available, they can be removed. The last one uses those estimations
as inputs jointly with the apparent power of the whole distribution network to forecast
the voltages.
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Although the previous works can be seen as rolling algorithms (i.e., algorithms in
which a control action policy is evaluated for a receding time horizon) which take into
account active power predictions they are not pure model predictive controls (MPC). This
fact is due to all the control sequence calculated is implemented and only is updated when
other prediction is available. Contrarily, in [Valverde et al. 2013] a corrective control
based on MPC, which uses a linear model (sensitivity matrix calculated offline) to predict
the behaviour of the system and quadratic programming for performing the optimization
is proposed. The aim of this control is to maintain voltages within admissible margins by
applying optimal changes of the control variables (active and reactive power and OLTC
transformers voltage set-point). Control actions changes that are minimized. Moreover,
this controller distinguishes between cheap and expensive control actions. In that sense
two limits are defined (normal and emergency). In the event that the voltages are outside
normal limits but have not surpassed the emergency limits, only the cheapest control
actions (reactive power and OLTC transformers actions) are allowed, since it is not
economically justifiable to use expensive control actions (active power variation) for
maintaining the voltage within narrow margins. On the contrary if the voltage surpasses
the emergency limits all control action are allowed. In both situations the MPC does not
change the local OLTC transformers control (if the voltage is out of a certain dead band
the tap position increases/decreases after a certain time delay), but theirs voltage set-point
may be modified. Hence, the prediction horizon should be higher than the control one
and takes into account all possible tap changes.

This thesis will deeply study this alternative. Nonetheless, for obtaining better results
the parameters that affect the dynamic performance of the control such as the time delay
will be optimally determined.

Other area in which the MPC have gained relevance is the microgrids which are
supposed to be operated in islanded mode. Hence, generation and consumption are tightly
coupled. Also considering the variable nature of the renewable resources makes new
voltage control schemes necessary as is suggested in [Falahi et al. 2013]. In this paper an
MPC for which the objective is also minimizing the voltage deviation and the control
actions is proposed. The control variables selected in this case are the voltage set-point
of the master generator (selected owing to the lack of infinite bus), the reactive power of
the others distributed generators and compensator elements. For all control elements and
loads its dynamic models have been considered. Consequently, the prediction horizon
and step size is chosen by the operator to cover the slowest dynamic of the microgrid
under study. In that sense the dynamics models have been simplified for avoiding
excessive computational time in the optimization process. In this thesis the dynamic
models of wind farms will be neglected assuming an ideal response (Note that current
grid codes imposed that wind farms should be able to deliver 90% of its reactive power
capabilities in 1 second).

Finally, in [Moradzadeh et al. 2013] this approach is enriched with the multi-agents
concept subsequently explained. Thus, a power system divided into several areas is
evaluated. For each area a MPC is defined which is communicated with its neighbour
areas. More precisely, distributed MPCs are conversed using two-way communication.

29



State of the art

In that sense, each area sends to its neighbours available information, i.e., the state
variables and the control sequence for the time horizon evaluated. Hence, the different
areas avoid potential negative interactions although they do not cooperate.

Multi-agents

Recently multi-agent systems have gained relevance. In these systems several agents
interoperate thanks to two-way communication allowing a decrement of interactions
among controllers. In that sense many works can be found. As an example, [Yorino et al.
2014] focuses specifically in OLTC transformers coordination. In this case each
transformer is seen as an agent for which the main functionalities are: interface,
knowledge base and optimization. In addition an upper agent which monitors and
manages the system is added. All these agents communicate with a common memory
called blackboard memory. This means that the different local controllers are configured
to react independently based on their local measurement and the common memory. Thus,
unnecessary negotiating process among agents is eliminated while data communication
is also minimized. Others works propose similar schemes [Zhao et al. 2005, Nasri, et al.
2012] incorporating renewable resources or capacity banks. Nonetheless in all of then an
upper specialized agent is required for coordinating the operations of the other agents.
This approach has derived in complex hierarchical system such as the proposed in [Chun-
xia Dou et al. 2013] where a multi-agent based hierarchical control scheme is proposed
for a microgrid considering both continuous and discrete dynamic performance. In this
scheme three different levels of agents are distinguished. In the lower level the agents are
in charge of the local control strategies mainly performed by the continuous control
devices. Moreover other functionalities: recognition, learning and evaluation are
incorporated. In the middle level discrete control strategies for mode switching are
defined in a coordinated manner. Thus, the discrete control elements and the possibility
of connect/disconnect of renewable resources or loads are evaluated for a region within
the microgrid. Finally in the upper level the energy optimization and scheduling is
performed for the whole microgrid. This scheme resembles the traditional TNet
hierarchical schemes explained in the next section. Nonetheless, the incorporation of the
agent concepts allows more flexibility thanks to the communication between the three
levels in any direction. However, this means a complexity increase that may be not
necessary and may be unaffordable as is identified in [Vaccaro et al. 2011]

In [Vaccaro et al. 2011] a totally decentralized architecture without the need of a
central fusion centre (the upper specialized agent) is conceptualized. This means that the
actual value of the objective function and its gradient (the objective function increment
obtained when the control variables are increased) should be autonomously computed by
several cooperative agents with the same functions. In short, this paper proposes that each
local controller is composed of a set of sensors (needed for acquiring local
measurements) and a dynamical system named oscillator which was first introduced in
[Zhao et al. 2005] and [Barbarossa et al. 2007]. Thanks to this last component the nearby
controllers are mutually coupled by proper local coupling strategies and it is possible to
discover the global system information required for performing any optimization. This
strategy resembles the self-organized biological population (e.g., hives, folks, shoals) that
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is also behind some methauristics algortihms as will be later explained in this thesis. One
difficulty of computing the gradients, is the time intervals identification between control
updates u(k) and u(k+1) as is explained in [Wei Zhang et al. 2014] (whereas short time
intervals may result in convergence problems larger time intervals could result in
inaccuracies in the gradient calculation and are not admissible for systems with high
renewable resources penetration). [Wei Zhang et al. 2014] proposes some simplifications
in the gradient calculation allowing shorter time intervals for its online application in a
smart grid. Specifically, the control settings are updated every 2 seconds. As it is outlined
in this same paper “the information exchange between two agents takes less than 5ms
and then the control update only takes a fraction of a millisecond”. Hence, the major time
consumption is done in the settings calculation, which this paper has drastically reduced.
Moreover, further research has been done incorporating fuzzy logic [Loia et al. 2013] or
analyzing specific configuration and its communication protocols [Farag, et al. 2013].

Despite the good performance of multi-agents systems this option has been discarded
in this thesis. This is because all the solutions proposed in this thesis should be able to be
implemented in an existing HNet with the current resources. In these networks several
wind farms of different wind owners are located and hence, the communication between
competitive assets may not be desired. In those cases the use of a blackboard memory
could be a solution. Nonetheless, as the authors outlines that scheme requires additional
investment. Contrarily, the TWENTIES project (later explained in detail) have shown
that the one-way communication infrastructure involving TSO, DSO and wind farms is
already available without significant investments.

2.3. TRANSMISSION NETWORK HIERACHICAL CONTROL
SCHEMES

The reference countries in the TNet voltage control are Italy and France for being the
first ones. In both cases a hierarchical voltage control of decentralized elements were
implemented. This hierarchical control involves different loops which were first defined
in the French system [Blanchon 1972] and the Italian one [Arcidiacono, et al. 1977] in
the 1970s: Primary, secondary and tertiary. Thanks to these loops voltage control can be
spatially and temporally decoupled. Both controls seek the “representative” buses,
known as pilot buses, which by their control is also controlled the overall system. Next a
brief summary of both hierarchical controls implemented are presented outlining the
advantages and disadvantages that their operation has shown. Moreover, in both controls
a special attention is paid to the secondary control, which is equivalent to the HNet
control.

2.3.1. ITALIAN HIERARCHICAL CONTROL

In Italy, the power system was divided into three different regions. In addition each
region was divided into several areas being each one characterized by a pilot bus (in total
18 pilot buses were defined [Corsi et al. 2004a]). The voltage control of these buses is
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carried out by a hierarchical control formed by three loops which has been already
described.

Concerning the secondary loops, two different regulators can be distinguished: the
plant and the regional voltage regulators. Initially, the plant regulator was known as
REPORT. This regulator determined the AVR set-points in order to reach the required
reactive level in a certain area. That reactive level is distributed among the generators of
that area in accordance with their limits. The philosophy of the REPORT has not
changed. However, after 2005 code for transmission dispatching, the regulator was
substituted by the Sistema Automatico per la Regolazione di Tensione (SART), which
considers additional specifications for handling the regulated relations between TERNA
(which is the Italian TSO) and the grid users. Moreover, recently in [Sulligoi, et al. 2011]
several advantages were proposed.

The regional regulator evaluates what the reactive power level should be in each area
in order to achieve the set-point of the pilot buses. Both regulators should be temporally
decoupled in order to avoid instabilities. Hence the time constant of the SART is between
5-10 seconds whereas the time constant of the regional dispatcher ascend to 50 seconds.
Both loops, jointly with the primary and tertiary, are depicted in Figure 2-2 taking into
account the old REPORT. In this figure it can be seen how the regional dispatcher
receives the pilot bus voltage measurement and its corresponding set-point (provided by
the national dispatcher) and sends the reactive power level to the power plants. Those
plants are in charge of computing the AVR signal as is also depicted in this figure.
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Figure 2-2 Italian hierarchical voltage control scheme. Source:[Corsi et al. 2004a]
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The implementation of this control has clearly enriched the overall performance of the
system. In fact, [Corsi et al. 2004b] outlines how useless reactive power misalignment
has been avoided between the generating units of the same power plant as well as between
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power plants in single regulating area. In addition, it also outlines that a rational
exploitation of the reactive resources is achieved.

2.3.2. FRENCH HIERARCHICAL CONTROL

In France, the power system was first divided into 27 independent control regions. At
the beginning a hierarchical control, known with the initials RST, with similar
characteristics as the Italian one was implemented [Paul et al. 1987]. However, it was
seen how this plant control was not adequate because it could originate instabilities
(which do not appear in the Italian system because the transmission network is less
meshed) as is explained in [Lefebvre, et al. 2000]. Moreover, the initial assumption of
independent areas was not totally true and hence, an enhanced secondary control was
proposed. In this second approach the number of regions was reduced and a coordinated
secondary control, known by the initials (CSVC) was developed. In this case, the
secondary loop is not a mere interface between the primary and the tertiary loops as was
the case of the Italian control. This control carries out an optimization by quadratic
programming with linear constraints each 10 seconds (which is the sample time of the
monitoring) [Vialas et al. 1988]. Hence, the plant regulator proposed by the Italians is
not necessary. Next the optimization problem solved each sample time is outlined.

(wella (5 = V) = Spe - AV, ()| + |

Minimize JI wy ”CZ ) (Qgef _ Qc(k)) _ ACC . AVC(k)”Z + |

U owellas (0 = o) - avol” )
subjet to:

Vet < Ve(k) + AV, (k) < Ve

VIt < Vo(k) + S - AVe(k) < Ve

a-(Qc(k) + Acc - AV.(k)) + b+ AV.(k) < c (2-1)
Where:
k Sample time of the discrete controller
Ve, Vi, Vs Voltage vectors of controlled, pilots and critical buses respectively
ymin rmax Controlled buses voltage vectors of minimum and maximum
yjmin ymax Critical buses voltage vectors of minimum and maximum
Qc Reactive power vectors of controlled generators

Vel Qi v Reference vectors of the magnitudes already mentioned
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a,b,c

ACC

Spcr Ssc

Coefficients of straight lines used for modeling the reactive power
limits

Sensitivity matrix of the reactive power generated with respect to
the voltage at the controlled buses (both correspond to the
generator buses)

Sensitivity matrixes of pilot buses and critical buses with respect
to the controlled buses (buses where the generation is located)
respectively

W, Wgq, Wy Weights of the different terms: pilot buses, reactive power and

finally the voltages where the generators are located. Typically the
first weight is much larger than the other two. However an accurate
analysis is not provided, fact that will be overcome in this thesis

Coefficient between zero and one that considers the dynamic

performance. The time constant is defined as follows: T, =
—At
In(1- a)
elucidated that if « =1 a dead beat control is obtained. This
means that the control action is achieved in just a sample time At

(considering perfect modelling of the system and a linear response)

as demonstrated in [Pagola 1993]. Hence, it can be

Focusing on the objective function the following terms can be distinguished:

Pilot buses voltage deviation compensation.
The aim of this term is the pilot buses voltage deviation minimization. Hence,

the reference value Vpref should be compared with the measured one in the

next period V, (k + 1). Value that should be estimated in accordance with the
generators voltage increments (output of the optimization) and their respective
sensitivities
Vel — Vp(k + 1)

‘/p(k +1) = Vp(k) + Spc - AV, (k) (2-2)
It should be reminded that for evaluating the generators voltage increments of
a certain area, the voltages at the pilot buses of the neighbor areas are also
taken into account for coordination purposes.

Reactive power provided by the controlled generators

In this case, the reactive power deviation between the optimal reference

provided by the tertiary loop Qzef and the reactive power measure in the next

period Q.(k + 1) is minimized. This value should be estimated in accordance
with the generators voltage increments (output of the optimization) and their
respective sensitivities , A,

v — Qe(k + 1)
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Qc(k +1) = Qc(k) + Acc - AV (k) (2-3)

e Voltages at the controlled generators
The aim of this term is the minimization of control actions. In this case those
control actions are minimized with respect to the optimal voltage profile

evaluated by the tertiary loop V.

(V7" = Vo(k)) — AV, (k) (2-4)

That objective function is subject to constraints which impose voltage limits at the
controlled and critical buses. Moreover, reactive power limits are modelled in accordance

with the following constraint, a - (Q.(k) + A - AV.(k)) + b - AV.(k) < c.

This control was first operated in western France, an area with voltage problems. After
two years of experience [Lefebvre, et al. 2000], published the EDF feedback, which
reveals three mayor benefits for the TSO. Firstly, a more stable and precise voltage
profile is obtained with less reactive power provided by the generators. Secondly, better
use of reactive resources. This fact was achieved thanks to considering the proximity to
the perturbation (thanks to the sensitivity matrixes incorporation) instead of simply
aligning all units. Thirdly, a better dynamic response was seen thanks to the adequate
tuning of a parameter.

2.3.3. HIERARCHICAL CONTROL NOT IMPLEMENTED

The hierarchical voltage control has been studied in many countries: Spain [de la
Fuente 1997], Belgium [Piret et al. 1992, Janssens. 1993], Brazil [Taranto, et al. 2000],
South Africa [Corsi, et al. 2010]. Nonetheless, those proposals have not always been
translated into implementation. This is the case of Spain, where the current application
of the operational procedure P.O. 7.4 cancels its implementation (the power plants have
a voltage set-point which is fixed by REE in an hourly block framework (peak, off-peak)
and with a seasonal adjustment). Nonetheless, all these proposals constitute an important
knowledge. This section explains the most relevant ones focusing on the Spanish system.

One of the most detailed analyses of the hierarchical voltage control has been done in
[de la Fuente 1997]. This analysis identifies the major deficiencies of the French and
Italian hierarchical voltage controls. Concerning the secondary loop, one important
drawback is that in both cases the dynamics are too slow. This fact guarantees the absence
of dynamic interactions and the robustness of the controller. However in the event of an
emergency it may not be rapid enough. In addition focusing on the French control scheme
and important drawback was seen. In this case the secondary loop sends the voltage set-
point to each generator, representing an inefficient performance. Owing to these reasons
in [de la Fuente 1997] a hierarchical control formed by four loops were proposed:
primary, plant, secondary and tertiary with dynamic response in 1-2 seconds, 5-10
seconds, 1 minute and 20 minutes respectively. This added a plant control; a priori may
seem equal to the discarded reactive loop performed by the REPORT (see the Italian
hierarchical control). However, significant difference among them can be seen.
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e The REPORT is required for guaranteeing an equilibrated distribution of the
reactive power reserves. Fact that can be avoided if this objective is included
in the secondary loop (see French proposal). Moreover, this plant control can
only be operated in the presence of a higher control loop. Hence its sole
consideration has no sense.

e Contrarily, the plant control proposed by [de la Fuente 1997] can be solely
applied for optimizing the internal assignment being totally compatible with a
higher optimal control loop.

Next the optimization problem solved in the secondary loop each sample time (10
seconds as the French loop) is presented.

”a : (Vpref _ I/;,(k)) — Sy AVC‘ref(k)”Z N

wo [l (101 + S+ d()] = Qe(k)) = Ace + AV ()|

Minimize

subjet to:
—AVMn < AV (k) < —Avme
vmin < (k) + AV (k) < vmex
QIin < Qc(k) + Acc - A" (k) < Qe
-1 <d(k) <1
Vamin < Vy(k) + Soc - AV (k) < vgmex (2:5)

In addition to the variables and parameters explained for the CSVC, two additional
variables can be distinguished: d (vector which contains the reactive level of each area)
and S, matrix which contains the slope of the controlled generators. In this matrix only
the elements corresponding to the plants located in its generated control area are different
from zero. As an example, the term corresponding to plant i and generation area j is next

indicated (i, j) = Q'**(i) — Qzef(i). This fact is owing to the different treatment of the
reactive power limits. Those limits are exemplified in Figure 2-3. Firstly, in subplot a,
the common proportional scheme is depicted for two generators of different rated powers
(note that both slopes coincide in the event of considering per units magnitudes). Then
subplot b extends that approach in accordance with [de la Fuente 1997]. As can be
appreciated, in that case although the reactive power level is the same for both generators
they do not provide the same reactive power in per unit as in the previous case (subplot
a). This fact is owing to the different initial point, optimally determined by the tertiary
loop. In this thesis a different approach will be employed as is discussed in Chapter 6.
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Figure 2-3 Reactive power limits consideration. Source [de la Fuente 1997]

In the formulation proposed by [de la Fuente 1997] two terms can be identified in the
objective function.

e The first one, the pilot buses voltage deviation compensation, is equal to the
corresponding French term.

e The second one, evaluates the reactive power (formulated in accordance with
d) demanded for obtaining the controlled generators voltage increments
required. As its equivalent French term, its aim is control actions
minimization. The only difference between them is reactive power treatment.
Next the equivalent among reactive power references is presented.

Q¥ (French) — QI + S-d(k) (2-6)

In addition, as in the French scheme, controlled and critical voltages limits are
considered. Moreover, the maximum/minimum voltage increment/decrement is also
determined. Finally, it can be noted that the reactive power limits are no longer defined
with straight lines within the constraints [Q.(k) + A.. - AV.(k)] + b+ AV.(k) < c . In
contrast, those slopes are considered in the objective function by S.

In [Alonso 2001] a new optimization algorithm was developed. In this case a multi-
objective function which minimizes power losses (AT;,sses(k)) and maximizes reactive
margins (ATgmargins) 1S cOnsidered in the secondary loop. This strategy contrasts with
the previous ones where voltage deviation was the main driver. Nonetheless, the
maximum pilot buses voltages are taken into account in the constraints (note that a power
losses strategy tends to increase the voltages and hence, a minimum limit is not required).
Consequently, the secondary control does not require any entrance from the tertiary
control in order to perform the optimization. Indeed the tertiary loop could be eliminated
determining the optimal tap position offline.

Minimize ATjos505(k) + Wy * ATgmargins (k)

subject to:
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V, (k) + AV, (k) < Vnox
vnin < v,(k) + AV (k) < ymex
min < Qu(k) + A - AV, (k) < QI (2-7)

Finally, [Frias 2008] goes further adding another loop for each agent involved, known
as a rapid tertiary loop. In that sense, each agent could maximize its own profits.

In this thesis those formulations will be adapted taken into account the HNet
characteristics as is explained in detail in Chapter 6.

2.3.4. INCORPORATION OF WIND FARMS IN TRANSMISSION NETWORKS, PQ
CHART

Most wind farms control schemes proposed focuses on DNet. Recently special
attention has been paid to TNet as is outlined in [Keane et al. 2013]. In fact in [Boamba,
et al. 2013] a wind power plant control system is performed in the context of the
Romanian Transmission grid, a country where the operational experiences have proven
that wind farms have a significant impact on the TNet voltages, especially in those buses
with a low short-circuit power. In this work two control levels have been considered (400
kV and 110 kV). The voltage threshold at 400kV is maintained by adjusting the 100kV
voltage. For adjusting this voltage, the 110 kV controller modifies the reactive power
settings of the wind turbines. In addition this hierarchical control also takes into account
all OLTC transformers involved (transmission substation and wind farms transformers).
Nevertheless an appropriate coordination of all transformers is not provided. Moreover,
a proportional-integral control scheme, considering fit-and-forget parameters, has been
used to compensate the voltage deviation without considering any optimal strategy.

Thus knowing the control limits of the whole plant is essential. Those limits are by its
capability chart (i.e., PQ chart that contains all the possible operation points). This
concept, well-known for a single element, has been extended as is next explained in order
to incorporate the effect of several devices. In those cases the analytical method widely
used for synchronous machines (each operating constraint define a line in the complex
PQ plane) is no longer enough as it is outlined in [Chiodo et al. 1992] and optimization
techniques are required. As a result the extended capability charts (considering the OLTC
transformers impact [Frias 2008, Losi, et al. 1996, Losi et al. 1998], or for a whole
combined cycle power plant [Gargiulo et al. 2002]) have been computed.

Recently, this concept has gained importance with the distributed generation
incorporation [Delfino et al. 2010]. Indeed [Abdelkader et al. 2009] provides a graphical
method for determining the capability of individual nodes to accommodate wind
generation, representing a relevant information for transmission planning and operation.
More specifically, [Cuffe et al. 2012a] tries to answer the following questions: Is the
distribution generation able to provide effective reactive power support to the TNet? And,
thanks to this support can synchronous generation be replaced by distributed generation
without compromising the power system stability? In order to answer both questions a
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simplified TNet (IEEE-30) has been evaluated. In this analysis the authors evaluate the
capability chart at the common coupling bus of a small HNet to the TNet, in the event
that wind farms provide a proportional control taking into account time series
simulations. The results show how the power system could widely benefit from this
support. However, this paper also outlines that some distribution generators provide less
reactive power capabilities than the synchronous generator. Hence, for high distributed
generation penetration levels, reactive power capabilities may not be enough for
guaranteeing the power system stability. This analysis has been complemented with
[Cuffe et al. 2014c] where instead of using time-series techniques to provide a proxy to
this capability chart, an AC OPF is applied obtaining a more rigorous chart. In this new
case a decentralized control scheme in which each generator maximizes its own reactive
contribution has been assumed for resembling a decentralized control scheme
performance.

In this thesis the extended capability charts of the HNet assuming a centralized control
scheme (including OLTC transformers) are used as a classification index. In that way the
potentials of each HNet are evaluated and the most suitable control strategy is
implemented for each type of network.

2.4. FIELD EXPERIENCES AND INTERNATIONAL PROJECTS

As is outlined in [Kulmala, et al. 2012], although many theoretical works related to
voltage control have been done it is not common that those works are translated into real
implementations. In this paper a demonstration developed in a distribution network with
a hydraulic power plant and the bulk transformer is explained. However, in this case wind
resources are not incorporated into the control.

Concerning wind farms, the first demonstration, called SYSERWIND [Azpiri et al.
2013], was carried out within the TWENTIES project, which in fact was the starting point
of this thesis. This project was carried out within the seventh framework program of the
European Union and involved 26 participants of 11 different European countries
(Denmark, France, Belgium, England, Nederland, Germany, Norway, Portugal, Ireland,
Italy and finally Spain). Specifically, six different system operators including the Spanish
one participated in this project showing its relevant impact [Garcia-Gonzalez, et al.
2010]. This demonstration proves the capacity of a cluster of wind farms, corresponding
to one or several harvesting networks, of providing both frequency and voltage control
and hence, being able to contribute to the overall controllability of the system.
Specifically, three HNets located in the south of Spain (Hueneja 248 MW, Tajo de la
Encantada 122 MW and Arcos de la Frontera 122 MW) were selected as is depicted in
Figure 2-4. Focusing on voltage control, a proportional control scheme based on the
Spanish grid proposal [REE 2011] was implemented. Nevertheless, whereas in P.O. 7.5.
the control requeriments are measured at wind farms meter, typically located at the 20-
30kV/132-220kV transformer (20-30kV in the event of different wind farm owners
sharing the transformer or 132-220kV if all wind farms belong to the same wind farm
owner), the demonstration fostered the control at the bus that connects the HNet to the
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TNet, i.e., the common coupling bus. This decision was made for avoiding instabilities
among controllers (wind farms and OLTC transformers). In addition, within this
demonstration two control centers were involved as is depicted in Figure 2-5. REE in
charge of CECRE (Control Center of Renewable Energies), determines the appropriate
set-points for fulfilling a certain objective (in the event of the demonstration, minimizing
the voltage difference among HNets). Those set-points are sent through the CORE
(Iberdrola Network Control Center) to each cluster where the corresponding UCC (unit
for communication and control) distributes the set-points among wind farms. Hence, in
this test CORE acts as a mere interface. Finally, each wind farm distributes its set-point
among the wind turbines. As can be seen in Figure 2-5, the configuration resembles the
TNet hierarchical voltage control scheme, being the secondary loop the aim of this thesis.
For that purpose the communication infrastructure needed to be updated [Azpiri et al.
2012]:

e New UCC units were included

e New version of the SGIPE wind farm SCADA system

e The transducers were changed for obtaining faster and more precise
measurements. In that respect, the required intermediate communication
application between traditional regulators and traducers was bypassed
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Figure 2-4 HNets tested in the demonstration. Source [Azpiri et al. 2013]
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Figure 2-5 Communication infrastructure. Source [Azpiri et al. 2013]
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Firstly, some tests were carried out in just one cluster [Azpiri et al. 2013]. At first,
the control presented an oscillatory performance, describing among other aspects the
importance of an adequate tuning of the control parameters. Those oscillations were
eliminated acting in two different fronts. On one hand, increasing the control cycle; as a
result a slower control was obtained. On the other hand, K (the slope of the proportional
control) was reduced. Moreover, the importance of coordinating this control with the
existing OLTC transformers was seen. In fact, this thesis emerges from the experience
acquired thanks to the participation in this project.

Once that the drawbacks were solved a wide area voltage control test was done, which
results are provided in Figure 2-6. In this figure the set-point are depicted with dotted
lines whereas the measurement are depicted with continuous lines. As can be seen the
performance obtained does not always correspond to the desired one. This fact can clearly
be appreciated during the period 0.5-1h for Arcos where the measurement highly differs
from the set-point. The aim of this thesis is to improve the voltage control scheme
implemented in the TWENTIES demonstration.
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Wide area voltage control test

Voltage (kV)
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—Arcos 400 kV measured V
----- Arcos 400 kV setpoint
—Huéneja 400 kV measured V
----- Huéneja 400 kV setpoint
Tajo 400 kV measured V

Figure 2-6 Performance of the demonstration. Source [Azpiri et al. 2013]

The demonstration has not been the only one performed in Spain. Acciona Wind
energy has performed its own test [Arlaban, et al. 2012] in order to demonstrate that their
wind farms are able to fulfill the requirements imposed by P.O. 7.5. This test has been
conducted considering two different technologies showing that many installed wind
farms could not provide this service without installing reactive compensation devices.

In addition other relevant international projects with similar characteristics should be
outlined: ReServices, E-Highway2050, GridTech, Optimate [FP7, 2015]. All of them
evaluated how the system can be operated in a more flexible way. Each of this projects
analyze this problem from different perspectives: design of the operational requirements
considering the participation of wind farms in the ancillary services, transmission
network planning tackling the increasing level of wind penetration, design of pan-Europe
markets facilitating wind integration, increasing the interchanges etc... All these projects
show that the flexibility of the system is a relevant issue that must be studied from all the
possible perspectives. This thesis focuses on a very specific one, what can be done from
the voltage control perspective?

2.5. SUMMARY AND GAPS TO BE ADDRESSED

As the wide amount of recent references suggests wind farms reactive power/voltage
control is a “hot topic”. Most of these papers focus on a specific control scheme which
is implemented in a single simplified network, and few of them, focus on HNets as will
be later detailed. Hence, two important gaps appear. Firstly, a deep analysis of HNets is
demanded. Secondly, how the control schemes and their strategies are affected by the
network characteristics. Ideally, a pro-active voltage control, in which the whole HNet
resemble a conventional plant being able to be integrated in an existing TNet hierarchical
voltage control, is the desired strategy. Nonetheless not all HNets offer a relevant impact
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on the TNet which justifies the increase in control complexity. Consequently the
following objectives, defined in the previous chapter, are addressed within this thesis:

e HNets capabilities should be evaluated assessing their potential and
limitations. Moreover, other alternatives in the event that the HNet is not
suitable for active voltage control must be found. Subsequently, each HNet
can be classified in accordance with its suitable strategy.

e For each alternative, the best way of implementing it should be studied.
Anticipating the results, this thesis, as will be presented in the next chapter,
has defined three different types of HNets selecting a different strategy for
each one:

o Type A: Power losses minimization strategy, suitable for networks
with significant power losses and with a restricted PQ chart
o Type B: HNet minimum impact on TNet strategy, suitable for
networks with not significant power losses and with a restricted PQ
chart.
o Type C: Pro-active voltage control strategy, suitable for networks
with not significant power losses and with a broad PQ chart.
For each type, a different technique has been employed. Data-mining and
control rules for type A, multi-period OPF for type B and quadratic
programming for type C.

e Inaddition a last essential objective is the coordination between all controllers

involved, OLTC transformers and wind farms for each strategy selected.

For tackling the last objective two different ambits must be addressed, steady-state
and dynamic coordination. This combined analysis is not common treatment in the
literature. The steady-state coordination depends on the HNet control strategy selected
depending on its type (A, B or C) as has been already outlined. On the other hand,
dynamic coordination has been evaluated for type B and C considering for each one its
associated strategy. For this second ambit of the coordination several alternatives as
shown in the state-of-the-art have been suggested, e.g., multi-agents and MPC
approaches. However, both alternatives present important drawbacks. The first one relies
on two-way communication for which the infrastructure is not yet available in Spanish
HNets and may be not desired between competitive assets. Concerning the MPC
approach, the prediction horizon is dependent on parameters such as OLTC transformer
time delay which is not adequately evaluated. In addition, the sensitivity matrixes used
in the evaluation of the control action policy for a planning horizon may differ from the
real values. Differences that increase when the time horizon also increases, especially
when discrete elements such as OLTC transformers are considered. Consequently,
another important gap related with the dynamic coordination has been identified. This
thesis will contribute with an alternative and complementary approach where fit-and-
forget dynamic settings (i.e., settings that affect how rapidly the central controller may
respond) are determined offline. To clearly show the overall picture and framing the
thesis contributions Figure 2-7 is incorporated, which as can be seen is equal to Figure
2-1 but outlining in a different colour where the thesis contributes for each type of
network.
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Figure 2-7 Strategies evaluated throughout the thesis

Finally, for contextualizing the thesis within the state-of-the-art Table 2-1 gathers and
classifies the most relevant references shading the principal gaps previously described.
In addition the last row of this table corresponds to this thesis where the type of network
is also outlined. As can be seen DNets are the common platform of wind farms all around
the world and only few works focus on HNets, all of them completed in Ireland [Keane
et al. 2012, Cuffe et al. 2012b] or Spain [Arlaban, et al. 2012, TWENTIES 2013] the
latter being the origin of this thesis. Moreover among these works only [Cuffe et al.
2014a] evaluates the possibility of enhanced control schemes in which autonomous (fit-
and-forget parameters) and smart (adaptive parameter) strategies are compared.
However, that paper only focuses on the steady-state perspective and avoids the practical
issues related with the implementation, such as the discrete nature of communication
required, especially for the smart strategy, and which is more important, for avoiding
possible undesired interactions among controllers.

Thanks to these wind generation dedicated networks (HNets), the impact that wind
farms could have on TNet could be very significant, representing an opportunity for
improving TNet operation. For measuring this maximum impact the capability chart has
been seen as an adequate index [Cuffe et al. 2012b, Cuffe et al. 2014b]. This index,
essential for an appropriate classification and which has been improved incorporating
OLTC transformers, is used within this thesis for evaluating the potential of different
HNets considering also different control strategies (power loss minimization, HNet
minimum impact on TNet and a pro-active voltage control).

As can be seen in Table 2-1 [Alnaser et al. 2015, Ochoa et al. 2011, Cuffe et al. 2014a,
Di Fazio et al. 2013, Kulmala et al. 2014, Keane et al. 2012, Wei Zhang et al. 2014]
compare different control strategies. Nonetheless, none of them compare the results for
different HNets selecting the appropriate strategy for each one, this gap is fulfilled within
this thesis.
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Moreover, it can be noted that there are few references that deal with cascade OLTC
transformers coordination in this context, and none of them, related to HNets. For
addressing their coordination different online approaches have been suggested: rolling
algorithm-MPC [Erlich, et al. 2011], or multi-agent [Yorino et al. 2014] or a combination
of both approaches as is done by [Moradzadeh et al. 2013]. However these methods have
been discounted because of their drawbacks already mentioned. An offline method based
on the selection of the sample time is addressed by [Alnaser et al. 2015]. However the
sample time may be imposed by communication requirements. Hence, this thesis
proposes an alternative method based on tuning dynamic settings (i.e., those parameters
that affect the temporal evolution). The importance of those parameters is mentioned in
[Ranamuka et al. 2014]. However, its optimal determination is not addressed constituting
an important contribution of this thesis.

Finally, it has been seen that many different techniques have been used for evaluating
the steady-state coordination. In this thesis most of them are studied: OPF, quadratic
programming, multi-period OPF, and data mining techniques for obtaining control rules.
Concerning the last one, [Kulmala et al. 2014] state the adequacy of certain control rules
in the event of radial network in which few control actions are available. This thesis goes
in depth in this sense providing a methodology based on data mining techniques.
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[Vialas et al. 1988] x(3) X X X X X X
[de la Fuente 1997] X(4) X X X X X
[Alonso 2001] X(3) X X X X X
[Corsi et al. 2004] x(3) X X X X X
[ Ochoa et al. 2011b] X X X X X X X
[Erlich et al. 2011] X X X X X X X X
[Keane et al. 2012] X X X X X X X X X X
[Arlaban et al. 2012] X X X X X X
[Sansawatt et al. 2012] X X X X X X X X
[Di Fazio et al. 2013] X X X X X X
[Loia et al. 2013] X X X X X X x (F) X
[Dou et al. 2013] X(3) X X (*¥) X X X X
[Valverde et al. 2013] X X X X X X X X
oung-Jin Kim et al. X X X X X X X
Jin Kimet al. 2013
[Moradzadeh et al. 2013] X X X X X X X X X X X
[Twenties project 2013] X(4) X X X X X X
[Cuffe etal. 2014 a.] X X X X X X X
[Cuffe etal. 2014 b.] X X X X X
[Kulmala et al. 2014] X X X X X X X X X X
[Capitanescu et al. 2014] X X X X X X X
[Ranamuka et al. 2014] X(2) X X X X X X
[Calderaro et al. 2014] X X X X X X
[Kaempf E. et al 2014] X X X X X X
[Zhang et al. 2014] X X X X X X(G) X X X X
[Nakawiro et al. 2014] X X X X X X X X
[Yorino et al. 2014] X(2) X X X X X X X(G) X X
[ Alnaser et al. 2015] X X X X X X X X X X X X
X (3) X X X X X X X X X X X X X X X X
THESIS X X X X X
© | A |(BO] (©) (AB)| (A) (BC) (©) | (BO) | (ABC) (ABC)| (C) (B) (™) | BC) | (BC) (A)

(*) Cost objective =cost function + pollutions emissions + power losses

(F) Fuzzy lineal / (G) Gradient programming
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Once that the main thesis contributions have been clarified and framed within the
state of the art, the document is structured around them as is next explained.

Chapter 3

HNet potential has been classified in accordance with different indexes:
capability chart, power losses and voltage margins. Identifying also the role of
OLTC transformers and how those indexes improve when those control
devices are incorporated. Categorization of HNets is done proposing the most
suitable strategy for each one, taking advantage of wind farms capabilities.

After classifying HNets in this chapter, the next three ones focus on a specific type of
HNet and the proposed voltage/reactive control strategy.

Chapter 4

In the event of power loss objective function a control rule scheme has been
proposed inferring useful knowledge for a DSO. Moreover, the control scheme
proposed minimizes the needs of communication channels. This analysis has
been carried out for a HNet of more complexity than the ones studied in the
state-of-the-art

Chapter 5 and Chapter 6

The dynamic coordination of all devices involved in the HNet is performed
offline by tuning relevant dynamic settings in contrast to the online methods
suggested in the state-of-the-art. This dynamic coordination highly depends on
the control scheme evaluated. In that sense in Chapter 5 a detailed analysis of
different control schemes considering fit-and-forget parameters is provided.
On the contrary in Chapter 6 a central controller in which each sample time k
the parameters are adapted is considered. Moreover, this central controller is
integrated in a hierarchical control scheme in order to resemble the whole
HNet to a conventional plant.

In all control schemes cascade OLTC transformers are considered increasing
the importance of an appropriate tuning of dynamic parameters.
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CHAPTER 3

WIND ENERGY HARVESTING NETWORKS
CLASSIFICATION BASED ON THEIR
POTENTIAL

Before proposing any control scheme it is essential to know the possible limits of the
whole wind energy HNet by means of reactive power support, voltage margins and power
losses. In addition, this thesis not only evaluates the reactive control provision impact on
the HNet itself, it also evaluates if it is worth from the TNet perspective. Thus, the
benefits that voltage control provision represent for both, wind farm owners and TSOs is
described in subsection 3.1. Subsequently, in subsection 3.2, a steady-state detailed
analysis of two HNets is carried out showing the potential of those networks. Finally in
subsection 3.3 those results are extrapolated to all HNets, and which is more relevant, a
classification that will define the appropriate control strategy that should be applied in
accordance with the features of each HNet.

3.1. VOLTAGE CONTROL PROVISION BENEFITS

In some countries with significant wind penetration levels, wind farms maintain a
fixed power factor, which should be not far away from unity (e.g., Spain). Hence, they
do not use all its reactive potential. Thus, one could ask why is it necessary to increase
the wind energy reactive requirements if the system is already able to support high wind
penetration. First of all, it is true that this strategy may be sufficient for countries with a
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highly meshed TNet considering the current wind penetration levels. However, keeping
a fixed power factor may be inadmissible for countries like Brazil, whose TNet is 800%
less meshed than the Spanish one. This fact is owing to the local nature of the reactive
control, which cannot be transported through long distances. In addition, for achieving
these penetration levels an inefficient operation of the system may be carried out such as
opening lines or allocating more capacitors banks (when wind farms already have
reactive power capabilities). These actions can be drastically reduced in the event of
considering wind farms’ reactive power capabilities, representing a clear benefit for the
TSO, and, justifying the increasing grid code requirements. Moreover, the system
performance could be eroded if the wind penetration continues increasing and hence
could be limited. Thus, it is clear that the wind farm owners could directly benefit from
the voltage control provision moving away this limitation.

In Appendix B the reactive power-voltage relationship (QV) is analyzed by means of
a simplified model, outlining the two possible reasons (from the voltage perspective) for
hosting capacity limitation: over-voltage (the main barrier for wind penetration in
distribution networks owing to the low reactance-resistance X/R ratios) or voltages under
admissible values. Nevertheless, the local hosting capacity may differ significantly from
the area capacity in poor meshed systems and hence, its conclusions cannot be scalable.
This idea was expored considering the network depicted in Figure 3-1. In this case two
areas (exporting and importing) can be distinguished. Consequently, the possible wind
penetration limitations highly depend on where the wind farms are connected and where
the synchronous generators are displaced as can be seen in Table 3-1.

400 MW

| 5 6 7 110km | 110km ? 10 11 3

Figure 3-1 Power system with two areas. Source [Kundur 1994]

If wind generation is increased in bus 2 and synchronous generation is reduced in the
other buses, the limitation (in the event that wind generation maintains a unity power
factor) is reached at (130MW?®). If wind generation provides reactive power support this
limitation moves until (390MW). Both limitations (without and with reactive power
support) move significantly when wind generation is increased in bus 4. In other words,

5 Incremental values with respect the initial operational scenarios which could be found in [Saiz-
Marin et al.2014]

50



Voltage Control Design of Wind Energy Harvesting Networks

if the power transfer between areas decreases the limitation appears later. Finally, if these
generator are jointly increased the limitation (740MW) will appear later than if they are
increased separately (130 MW+550 MW). However, the contrary effect will be seen if
the generation increment is only done in the export area.

Table 3-1. Hosting capacity increase by means of voltage control provision

Reduce 1,34 1,2,3 1&3
Increase 2 4 2&4
Unity power 130 550 740
factor
Reactive power 390 1450 1900
support
Increment 260 600 1160

Additionally, angle stability is enhanced thanks to an active voltage control. This
issue was detailed analyzed in [Rouco et al. 2013] considering the same network. In this
case the clearing time in the event of a fault in bus 8 were computed in two different
situations: all generators are synchronous and two of them correspond to wind farms
which fulfill all requirements specified in P.O. 12.2 [REE, 2010a]. In this last case the
clearing time decreases. This decrease could be compensated by increasing reactive
power support (adding FACTSs devices or increasing wind farms requirements).

Moreover, recalling Chapter 2 wind farms’ reactive power capabilities can be
employed with other purposes such as: power loss minimization, curtailent minimization
or avoiding thermal constraints.

3.2. DETAILED CHARACTERIZATION OF HNETS POTENTIAL

The potential that each HNet presents has been measured as follows. On one hand, the
impact of the reactive power control on the HNet itself is characterised by means of the
value of HNet losses. On the other hand, the impact on TNet is measured by the PQ
capability chart and the voltage value at HNet common coupling bus. Within this section,
those magnitudes are evaluated in detail for two HNets. Afterward, the next section will
extend the results to all HNets presented in Table 3-2.

As can be derived from this table the HNets may differ significantly allocating few
wind farms as HNet8 or a great number of them as HNet3 and HNet5. Moreover, in some
cases other renewable plants could also be allocated. Those plants (wind farms and solar)
could belong to several owners, the maximum number being 5, in the set of HNets
examples analyzed within this thesis. Concerning the total amount of active power,
HNetl is the one with a higher output (516 MW) being also the network with more
kilometres of lines (302.85 km). Regarding this last aspect, a great difference among
HNet is seen being HNet2 and HNet3 the two networks with fewer kilometres of lines
(39 and 41 km respectively). The next issue classified within Table 3-2 are the voltage
levels, showing a wide range of alternatives. Finally, the short-circuit power at the HNet
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common coupling bus is considered. This value is very significant because
approximately gives the voltage deviation that can be achieved for a certain amount of

reactive power absorbed or injected AV ~ ?—Q. Consequently, two networks with a similar

cc

infrastructure and line length like HNet2 and HNet3 could have very different impact on
the TNet regarding voltage.

Table 3-2. HNet characteristics summarize

Wind | Other Total power| km of Mean SCC

HNet farms | plants Owners [MW] lines Voltages [kV] [MVA]

1 13 NO 4 516 302.85 | 0.69/20/132/400 8033

2 11 Solar 4 473.3 39 0.69/30/220/400 5065

3 15 NO 5 330 41 0.69/20-66/220/400| 10686

4 9 NO 3 316 46.63 0.69/30/220 5842

5 15 NO ? 464 179.38 | 0.69/30/132/400 13738

6 13 NO 4 376 73.79 0.69/20/132/400 6824

7 11 NO ? 322.25 108 0.69/20/132/400 10179

8 3 NO ? 88 135.9 0.69/20/132 7749

Owing to the bureaucracy’, HNetl has dramatically more line distance than the rest
of HNets, see Table 3-2. Consequently, the consumption of reactive power on this HNet
is huge compared with the reactive capability of wind farms. Thus, it cannot be expected
that the wind farms located in this network can contribute to the transmission
controllability. In contrast, their reactive resources can be used in a smarter way reducing
power losses.

This section has been structured as follows. Firstly, in subsection 3.2.1 the different
control schemes analyzed and the PQ chart computation are presented outlining the
modifications that should be introduced in the OPF model for their implementation.
Subsequently, the characteristics of the two test networks (HNetl and HNet2 from Table
3-2) are summarized in subsection 3.2.2. Then, the necessity of taking into account
OLTC transformers in the optimization is discussed for the PQ chart and power loss
minimization scheme in subsections 3.2.3 and 3.2.4 respectively. Next, non-optimal
control schemes representative for the current and near future situation are evaluated and
compared in subsection 3.2.5 with the previous ones.

3.2.1. PQ CHART AND CONTROL SCHEMES

For evaluating the maximum reactive power capabilities of the whole HNet, its PQ
chart has been computed considering an optimal power flow for which the objective
function is reactive power maximization provided by wind farms (generation and
consumption) at the common coupling bus, i.e., the bus that connects the HNet to the

7 Spain is organized in different autonomous communities, each one with their own renewable plan,
in which the maximum wind power installed is fixed. Hence, sometimes a wind farm is connected to a
further substation because the maximum installed capacity has been already reached in its autonomous
community so it must be connected to another one.
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TNet. Additionally, the minimum power losses are computed constituting a desired
control scheme.

Others schemes representative of current and future alternatives should be also
analyzed and compared with the maximum capabilities. One of them, currently extended
in different countries, is maintaining a constant power factor; for instance in Spain [REE
2010b], the wind farms maintain a power factor close to unity, and the OLTC
transformers perform all the voltage regulation functions within the HNet. This strategy,
because it is used as a reference for evaluating how enhanced control schemes may offer
enhanced performance, is named reference control. Under this scheme the wind farms
do not compensate the HNet reactive power consumption. Hence, the reactive power
consumed by the HNet lines should be provided through the transmission grid. However,
several jurisdictions [REE 2011, Energinet 2010, Eirgrid et al. 2013] have considered the
possibility of enabling voltage control functionality for wind farms (as is outlined
Chapter 2), so that they inject or consume reactive power to control their voltage to a
defined set-point. Thus, a proportional control, which means that a gain relates the
reactive power injected/consumed by wind farms and the voltage deviation, is also
studied. In this first approach of the proportional control the voltage deviation is
considered at the common coupling HNet bus which may not coincide to what is
proposed in some grid codes. Later, in Chapter 5 this last scheme is studied deeply from
the steady-state and dynamic perspective analyzing the impact of where the voltage is
measured (directly where the wind farm is located or at a remote bus).

In all cases explained, relevant magnitudes (reactive power, power losses and voltage
margins) have been evaluated for different active power scenarios, ranging from no wind
load to full wind production.

In all control schemes and PQ chart calculations an optimal power flow (OPF) is
applied guaranteeing that all voltages are within limits. Thus, in addition to the power
flow equality constraints, inequality constraints have been added which force all buses
to be operated within their limits (0.95 <V <1.05) and impose wind farms reactive power
capability (QUH" <Qu r < Q%) specified at the grid code (using in this thesis the Spanish
grid code proposal P.O. 7.5 which main requirements are indicated in Appendix A). In
addition, for the reference control and the proportional control schemes additional
constraints (one for each wind farm) are necessary in order to impose the required
reactive power. In Figure 3-2 the flow chart of the different control schemes and the PQ
chart calculation is presented, outlining the objective functions and the additional
constraints imposed. Concerning PQ chart calculation, the objective function is doubled
due to the requirement that both reactive power components (generation and
consumption) should be maximized. In this thesis to avoid misunderstanding the reactive
power generation is associated to reactive power maximization whereas the reactive
power consumption is associated to reactive power minimization. First, the control
variables only correspond to the reactive power delivered by wind farms. Then, the
OLTC transformers’ tap positions are incorporated. Both cases will be compared
outlining the key role that OLTC transformers will play.
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Xi dependent variables

Objective function ui control variables
Subjectto: g(x,u)=0

h(x,u)<0 hi  inequeality constraints (power system limits)
gi equality constraints (power flow equations)

] NO
Optimal control
POWER LOSSES YES ype of controlla
MINIMIZATION ( Q wind farm=02
ADDITIONAL ADDITIONAL
CONSTRAINTS CONSTRAINTS
Qwind farm=0 QP
REACTIVE
POWER AT Pcc AV
MAXIMIZATION Rggﬁ?g’gff Qwind farm=K-AV -Pnom
GENERATION PROPORTIONAL
CONSUMPTION CONTROL
Voltage set-point
V=1.05 V=VTNet V=0.95

reactive power delivered by control variables OLTC transformerstaps
thewind farms +

reactive power delivered by the wind farms
| OPTIMALPOWER FLOW |

| POWER LOSSES | | REACTIVEPOWER | | VOLTAGE |

Figure 3-2 Flow-chart implementation of the different controls

The wind scenarios used in this study have been obtained considering that all wind
farms on the HNet are close to each other (the geographical area where they are installed
is small). Given this proximity, each wind farm is operated at the same active power
scenario or in other words has the same active power production in p.u. In this section
eleven scenarios (from 0 p.u. to 1p.u. taking into account steps of 0.1 p.u.) have been
considered. Nevertheless, a discussion of the impact of a more realistic approach in which
wind farms provide different active power outputs is also presented. These simplified
scenarios are only valid for computing the limits. More sophisticated scenarios
considering also their occurrence probability will be also employed throughout the thesis
as is explained in Appendix E.

3.2.2. TEST NETWORKS

For the detailed analysis the first two HNets of Table 3-2 are deeply evaluated. These
two networks, whose data are presented in Appendix A, are representative of most usual
configurations. The first one, cannot provide active voltage control in a similar way than
any conventional plant. Contrarily, the second network, which has significantly less lines
kilometres may resemble its performance.

In order to compare both networks, results will be presented in percentage or in per
unit. The active power is divided by the maximum active power which corresponds to
the total installed power and the reactive power is divided by the potential maximum
reactive power. The potential maximum reactive power has been evaluated neglecting
the grid. Hence, the theoretical PQ chart at the HNet common coupling bus is equal to
the sum of all wind farms PQ charts. This theoretical PQ chart will be also provided as a
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reference. Power losses are presented in percentage of total active power delivered to
TNet.

3.2.3. PQ CHART

In Figure 3-3 the maximum PQ chart, defined by minimum (reactive power
consumption) and maximum (reactive power generation) limits, and voltage margin that
these capabilities represent are presented for HNetl (a) and HNet2 (b). All these
magnitudes, active power, reactive power and voltage are computed at the HNet common
coupling bus and are the result of the optimization. Evaluating the cases in which
transformers’ taps are fixed, it can be seen how the maximum PQ chart in both HNets
are significantly lower than the theoretical one (presented in black). This fact is caused
by the voltage inequality constraints imposed which force all buses to be operated within
their limits (0.95 <V <1.05). Figure 3-4 visualizes where these limitations came from for
HNet2 (wind farms connection points are labelled with WF) considering two different
scenarios of active power level (25% and 75%). In this case the buses with voltages
higher than 1.0485 p.u are outlined over the one-line diagram (see Appendix A). In the
event of high active power level, all these buses correspond to wind farm connection
buses. Nevertheless, for lower active power level some of them are now located in the
meshed part of the network.

Focusing again in Figure 3-3, it can be seen that because of the inductive performance
of the HNet, the consumption capability is higher than the generation capability
increasing this difference in high power scenarios. In the event of adding transformers’
taps to the optimal control, the maximum PQ chart increases in both HNets, being more
significant for the consumption part of the curve. Thus, from this figure it can be surmised
that the OLTC transformers are essential for maximizing the reactive capability of the
whole HNet. Despite their consideration, in HNets with a significant infrastructure the
wind farms are not able to generate enough reactive power into the TNet for maintaining
or increasing the voltage in high power scenarios.
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Figure 3-4 Voltage limitations

In order to discuss the impact of considering the same active power production in p.u.
for all wind farms Figure 3-5 is shown. In this complementary analysis eleven global
active power scenarios (from 0 p.u. to 1p.u .taking into account steps of 0.1 p.u.) have
been considered. Within each global scenario, different levels of spread (0, 0.2, 0.4 and
0.6) among wind turbines have been assumed (e.g., if the global active level is 0.5 and
the level of spread considered is 0.2 the wind turbines produce between 0.3 and 0.7 p.u.).

As can be surmised from this figure, the increment of the spread between the wind
farms active power production in p.u. slightly reduces the PQ chart. At this stage of the
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thesis the focus is on determining the maximum impact on the TNet (by measuring the
PQ chart and the voltage at the HNet common coupling bus) and the HNet (by measuring
power losses). Thus, same active power production in p.u. is considered throughout this
chapter. Later, in Chapter 5, real active power data of two wind farms are analyzed
evaluating the spread among them. Data that will be also used for develop more realistic
scenarios as has been already mentioned.

Same active power production in pu Different active power production in pu = +/- 0.2
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Figure 3-5 Impact of considering different wind farms active power productions. PQ chart in the
event of taking into account transformers’ taps as control variable

3.2.4. MINIMIZING POWER LOSSES

In the event of implementing an optimal voltage control for minimizing HNet power
losses Figure 3-6 presents the reactive power capabilities and power losses for HNetl (a)
and HNet2 (b). In addition, the generation component of the PQ chart maintaining fixed
the transformers’ taps is depicted as a reference. The main goal of any voltage control
scheme is increasing the controllability of both, HNet and TNet. The power losses
minimization typically is an additional objective which may be the main one in the event
of a HNet with a significant common infrastructure as HNet2. This network is not able
to compensate its own consumption when active power level is higher than 0.5 as was
seen in Figure 3-3.

Comparing both subplots (a and b) of Figure 3-6 it can be appreciated that the
percentage that power losses represent depends a lot on the network evaluated (for the
highest active scenario, 2% in HNetl and 10% in HNet2). Thus, although in both cases
power losses are reduced (next section for details), HNet2 will be more suitable for
implementing an optimal voltage control whose objective function is minimizing power
losses. A strategy not incentivized with the current regulation.
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Figure 3-6 OLTC transformers impact on the optimal control (minimizing power losses) in HNet1 (a)
and in HNet2 (b)

Secondly, if the transformers’ taps are not control variables, in order to reduce power
losses wind farms should generate reactive power. The problem is that reactive
generation is very limited in that case strangling the power minimization potential. This
fact can be seen in HNetl when active power is higher than 0.7 p.u. whereas in HNet2
this limitation is achieved much earlier. Thus, it is essential to introduce transformers’
taps to the optimization to remove this limitation. In addition, in HNet2 if the OLTC
transformers are not considered in the optimization, power flow is not feasible for active
power scenarios higher than 90%.

From both cases it can be noted that coordinated wind farms-OLTC transformers
control is essential for developing an optimal voltage control scheme. Thus, from this
point of the thesis on, all the analysis will consider transformers’ taps as a control
variable.

3.2.5. HNET LIMITS AND POTENTIAL AND COMPARION WITH CURRENT AND
PROPOSED SCHEMES

Figure 3-7 shows the limits and potential for HNetl (a) and HNet2 (b) presenting
both the PQ chart and power losses minimization control scheme. For both HNets three
subplots (reactive power, power losses and voltage) have been provided. Focusing on the
third one it can be seen that a power losses minimization scheme maintains a voltage
profile close to its nominal value. Nonetheless, in HNet2 voltage decreases until 0.98
owing to the significant common infrastructure. The maximum voltage variation is
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obtained for the maximum PQ chart included in this figure (see first subplot). In the event
of HNetl voltage can be increased more than 2% (depending on the active power
scenario) and decreased almost 4% when maximum active power is delivered. In the
event of HNet2 the ability of reducing voltage is maintained. However, for scenarios with
an active power level higher than 0.5 the ability of increasing voltage is lost. Hence, this
network is not recommended for performing a pro-active voltage control. Concerning the
second subplot, the minimum power losses are provided by the optimal control scheme.
These losses are compared with the ones obtained with the PQ chart, which are quite
similar for the generation component, especially for high loaded scenarios. This fact is
owing to the reactive power injection required for compensating as much as possible the
inductive performance of the network. Contrarily, power losses differ significantly for
the consumption component. In fact for HNet2 a difference higher than 2% of the total
active power delivered is seen.
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Figure 3-7 Optimal voltage control comparison for HNet1 (a) and for HNet2 (b)

In Figure 3-8 power losses in absolute value (MW) are presented for both networks.
As can be seen, power losses are significantly higher for HNet2, making this control very
suitable for this network (which is meshed).
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Reference control scheme

The comparison between the reference control scheme (wind farm power factor equal
to one) and the optimal control scheme (minimizing power losses) is presented in Figure
3-9 for HNet1 (a) and HNet2 (b). In both cases power losses are reduced when an optimal
scheme is considered (second subplot). This reduction increases with the scenario,
representing for the last one a 7.07% for HNet1 and a 10.97% for HNet2. For achieving
this reduction, the wind farms generate reactive power in order to compensate as much
as possible the inductive performance of the network and hence reduce the reactive power
flows. Comparing both HNets it can be seen that the difference from the reactive power
prespective is more significant for HNet1.
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Figure 3-9 Current situation versus optimal voltage control (minimizing power losses) HNet1(a) and
HNet2 (b)
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Proportional control scheme

If proportional control scheme is implemented, reactive power support provided by
the HNet to the TNet increase significantly, fostering all wind farms within the network
to collaborate injecting reactive power as the following formulas indicate. These
formulas are outlined in the grid codes slightly varying depending on the country. In this
thesis both formulas are used.

Q

Pnom

= K(Vmeasured - Vsetpoint)

or (3-1)

Q = (Vmeasured — Vsetpoint)/R

Where at this stage of the thesis Vsetpoint and Vmeasured are provided/measured voltages at
the HNet common coupling bus. Thus, the wind farms control the voltage of a remote
bus instead of controlling the voltage at each wind farm. Thanks to this strategy all wind
farms see the same voltage deviation (Vmeasured — Vsetpoint). Consequently, considering the
same slope (K) or droop (R) for all wind farms it is guaranteed that all of them collaborate
in the same proportion. Both parameters, K and R are used indistinctively throughout the
thesis. A remote voltage control implies augmenting communication requirements (the
wind farms must receive the voltage deviation measured at the HNet common coupling
bus). Moreover, in networks partially meshed a remote voltage control scheme may not
be adequate. For example, if Vimeasured IS lower than Vsetoint all wind farms located in the
HNet will generate reactive power. Depending on the grid topology, voltage in the mesh
could increase without representing any improvement at the connection bus. The
adequacy of a remote control scheme or a local control scheme is studied in detail in
Chapter 5. Nevertheless, this subsection introduces some key aspects such as: the strategy
adequacy, the appropriate value of the slope K (alternative droop R) and the necessity of
adapting them depending on active power scenarios.

In that sense Figure 3-10 has been included for HNetl (a) and HNet2 (b). For each
HNet three subplots have been provided. The first one presents the maximum reactive
injection/absorption of proportional control scheme (which has been obtained by
changing K in different active power scenarios until convergence is lost meaning that no
more reactive power is admissible). This means that all wind farms are operated at the
same percentage of their maximum reactive capability. In addition, in this subplot the
maximum PQ chart obtained with the optimal voltage control scheme
(maximizing/minimizing reactive power) is also depicted. Comparing both curves, the
loss of reactive capability due to proportional strategy is assessed. As can be seen the
loss of reactive capability is more significant for HNet2 (the meshed network). The
second subplot depicts the reactive level (|JQ/Qmax|) equal to all wind farms since K and
Vimeasured - Vsetpoint IS the same for all wind farms. Finally, in the last subplot the value of K
is provided, which should be between 0 and 25 as it is indicated in the Spanish grid code
draft. For instance, the point outlined in Figure 3-10 means that all wind farms cannot
provide their maximum capabilities; they can only be increased to 90% before some limit
is reached. In both cases the reactive power level is higher for the consumption than for
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the generation component. These levels are much smaller for HNet2. This fact is due to
WF13 (wind farm with a higher installed power (150 MW)) which is located far from the
common coupling point as can be seen in Appendix A in its diagram. This wind farm,
for the same voltage deviation, injects/absorbs great amounts of reactive power
increasing/reducing the voltage out of its limits. In these cases, where the loss of reactive
power capabilities owing to the proportional strategy is significant, a different K for each
wind farm can be considered. Other possibility, is the consideration of a local control
scheme in which the wind farms control the buses where they are connected. Both, Vsetpoint
and K could be optimally determined and hence the same results as the ones obtained
with the optimal control scheme could be achieved.

If the proportional control scheme is implemented with the intention of providing
active voltage support two extreme situations can appear if a fixed K independently of
the active power scenario is considered. For a small K the increase or decrease of the
voltage that can be achieved is also small. In the event of a large K, the problem that can
appear is that all wind farms could reach their reactive power limits. However, as has
been evaluated in the right subplot of Figure 3-10, it is not feasible that all wind farms
provide the maximum reactive power (100% reactive level) in most of the scenarios
(either inductive or capacitive). As a result, it seems more sensible to modify the K of the
proportional control depending on the active power scenario. Only if K is modified
depending on the active power scenario (K=f (P)), the PQ chart can be approximated to
the maximum PQ chart obtained with the optimal control.
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3.3. STRATEGY SELECTION

The detailed analysis, based on two HNets, has shown that the maximum voltage
variation that could be obtained at the common coupling bus, highly depend on the HNet
characteristics. In fact, it has been seen how HNet2 cannot compensate its own reactive
power consumption and hence increase the voltage when the total active power surpassed
0.5 p.u., not recommending this network for a pro-active voltage control strategy. Hence,
other control strategies should be considered. This section extends this analysis to all
HNets presented in this chapter. In Figure 3-11 all three magnitudes, reactive power,
voltage margins and power losses, are depicted for all HNets, showing the variety of
limits obtained for the different configurations. Based on those limits, the HNets can be
gathered in three distinct groups for which representatives HNets have been also outlined
in this figure, subplot (b). Firstly, networks with significant power losses (type A);
meaning that its reactive support to the TNet is very limited from the generation point of
view. Hence, a power losses minimization strategy is selected as has been already
explained for HNet2. This strategy can be directly implemented running an OPF each
period or by quadratic programming as suggested by [Alonso 2001], techniques well-
known in the literature. Hence, this thesis tackles the problem in Chapter 4 in a different
way facing some drawbacks. On one hand, the interpretability of the OPF control
variables outputs. On the other hand, the possibility to infer simple control schemes
which do not demand online optimizations and hence, communication requirements
could be diminished and even avoided.

Contrarily, in most networks power losses are not significant. However, their PQ chart
and voltage margins differ significantly. In fact, in some cases reactive power capability
is not enough for compensating grid reactive power consumption in all active power
scenarios (type B). Consequently, a pro-active voltage control scheme will not have the
desired effect, and minimizing power losses is not relevant. Thus, for these types of
HNets a strategy which will minimize the HNet impact on the TNet (for the most
probable transmission voltage, otherwise a slight reactive power support is made) may
be more appropriate as is deeply studied in Chapter 5. In those cases, fit-and-forget
settings are sought avoiding communications as is explained in that chapter.

There are HNets with a great potential for implementing a pro-active voltage control
scheme (type C), e.g., HNetl (depicted in pink in Figure 3-11). These HNets could
support the TNet as any conventional plant does. However, this strategy demands
updating the settings online and hence communication is essential. Hence, a first sensible
step can be done with the previous strategy. This means that the selection of one strategy
is not trivial and highly depends on the communications available or desired.
Consequently a fuzzy division among these two last strategies may be considered. In fact,
in this thesis the same HNet will be employed for assessing both strategies. Identifying
the improvements obtained thanks to optimally update the settings each period.

One question that arises at this point is who makes the control strategy selection?
Recalling section 1.2, DSOs are in charge of HNet operation. Thus, they are responsible
for implementing any of these control strategies. Consequently, DSOs should play a
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relevant role in their selection. Nonetheless, it cannot be done without considering the
TSO and wind farm owners. In that respect, a transparent regulation, in which the
responsibility of each party and proper incentivizes are defined, is needed. This thesis
only focuses on the technical aspects leaving this issue as a future work (see section 7.4).
For facilitating its definition, specific indexes and ranges (for each HNet type) are next
suggested based on the HNets set evaluated.

Precisely, the following specific assumptions have been considered in the network
types identification:

e Type A: Inthe event that power losses represent more than 5% when the active
power level, i.e., total wind farms active power/total rated active power, is
higher than 0.5 (see second subplot of Figure 3-11).

e Type B: In the event that the whole HNet reactive power injection is negative
in any active power scenario (see first subplot of Figure 3-11), or in the event
that the voltage margin at the common coupling bus is less than +2.5% (see
last subplot of Figure 3-11).

e Type C: In the event that none of the previous conditions are reached.

—— Power losses minimization
— HNet minimum impact on TNet
—— Pro-active voltage control
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Figure 3-11 Limit performance of several HNet

Based on these specific considerations, Figure 3-12 indicates the characteristics of
HNets suitable for each strategy: power losses minimization, HNet minimum impact on
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TNet and pro-active voltage control. As could be imagined the kilometres of lines (KML)
are a determinant factor which indeed could be used with regulation purposes.

e KML >250km = Type A
e 250 km < KML > 100 km - Type B
e KML <100 km - Type C

Each strategy will be analyzed in a different chapter using a different technique: data-
mining, AC multi-period OPF and quadratic programming. In addition, as has been
explained in the previous chapter, voltage control design does not end with its steady-
state assessment requiring dynamic coordination evaluation. This final analysis will be
carried out for type B and C, where more variables are involved.

Type A Type B Type C

+«»Significant power losses
+«» HNet reactive power

ssImportantPQ chart
+»Not significant power

+» Not significant power
losses

consumption not % Poor PQ chart losses
compensated
HNetl HNet5, HNet7, HNet8 HNet2, HNet3, HNet4, HNet6
Lines = 302.85km Lines > 108-179.38 km Lines > 39-73.79 km
Scc > 8033 MVA Scc > 7749-13738 MVA Scc > 5065-10686MVA

3 . .

HNet impact on TNet
minimization

Power losses minimization Pro-active HNet control

Data mining— control rules OPF multi-period Quadratic programming

Dynamic coordination (dynamic settings tuning)

Figure 3-12 HNet characterization

3.4. SUMMARY AND CONCLUSIONS

This chapter has analyzed the necessity of wind farm reactive power provision and the
potential and opportunities considering the HNets features. Firstly, the hosting capacity
limitations and their increases thanks to the provision of this service have been assessed
identifying the importance of where synchronous generators are displaced. This simple
analysis shows how the local nature of reactive power makes indispensable the provision
of this service by wind farms if their penetration is to be increased. Wind farms’ reactive
power capabilities are also essential from the TSO perspective avoiding technical
constraints which increase the operational cost of the system.

Subsequently, the opportunities that these capabilities offer have been measured by
means of the maximum PQ chart and the power losses minimization control scheme. In
both cases it has been seen that the OLTC transformers play a key role and should be
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considered in any control strategy. These schemes have been compared with the current
and proportional control strategies (the latter being proposed by several grid codes) in
order to measure how far they are from the control limits. This comparison suggests that
there is margin for power loss reduction with respect to the simple current strategy
(reference control). Moreover, if a pro-active voltage control wants to be implemented
having a real impact on TNet an adaptive slope is essential.

This detailed analysis has been provided for two HNets with opposite characteristics
clearly showing a dependence on the results. Hence, the strategy selection should
consider the HNet feature. That analysis has been extrapolated to a set of eight actual
HNets for identifying common characteristics and performance. For that purpose, as has
been done in the detailed analysis, three relevant indices are employed: capability chart,
power losses and voltage margins identifying three different HNet types.

e Type A: Power losses minimization strategy presented in Chapter 4, suitable
for networks with significant power losses and with a restricted PQ chart.

e Type B: HNet minimum impact on TNet strategy presented in Chapter 5,
suitable for networks with insignificant power losses and with a restricted PQ
chart.

e Type C: Pro-active voltage control strategy presented in Chapter 6, suitable
for networks with insignificant power losses and with a broad PQ chart.

For each one, different techniques will be employed for taking the maximum
advantage of reactive power capabilities without unnecessarily increasing the control
complexity and communication requirements as will be explained in the subsequent
chapters.
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CHAPTER 4

MINIMIZATION OF POWER LOSSES BY
ONLINE CONTROL RULES

As has been seen in the previous chapter, HNets with significantly long lines are no
suitable for a pro-active voltage control scheme. On the contrary, they are very
appropriate for reducing power losses. This chapter focuses precisely on this type of
HNets suggesting simple control rules computed offline for both, wind farms and OLTC
transformers. In that sense, communication requirements can be diminished (not
requiring online optimization process) and even avoided, in the event of OLTC
transformers as is discussed throughout this chapter. This method contrasts with the well-
known quadratic programming used for minimizing power losses each period as is
suggested by [Alonso 2001]. Although it is undoubted that this last method derives more
accurate results, providing the optimal value of all control variables each period, this
chapter aims to demonstrate that simple control schemes can resemble its performance
with less control complexities. As will be presented in Chapter 5, the AC multi-period
OPF can be also employed in this sense obtaining fit-and-forget settings. Nonetheless, in
this chapter an alternative method which additionally provides insight of the control
variables assignment, evaluating their dependence with some relevant variables, is
suggested. For this purpose the chapter has been structured as follows. Firstly, the holistic
methodology, replicable to any other network including distribution ones, is explained in
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section 4.1 outlining the explanatory variables and their relationship with the control
ones. Subsequently, in section 4.2 the methodology is applied to HNetl, network
representative of type A (power losses minimization strategy). Finally, conclusions are
drawn in section 4.4.

4.1. METHODOLOGY

For the control rules achievement and later implementation, several steps must be
followed. First of all, a data base of optimal power system scenarios should be built,
taking into account the corresponding training and testing sets as will be explained.
Subsequently, it is necessary to evaluate which are the variables that better explain the
optimal control variables assignment, reactive power output and transformers’ taps, and
which relations can be found. Those relationships have been assessed in several HNets
allowing to identify the main driver and hence, facilitating its later replicability and
scalability. Finally, how this information can be used in an online implemented should
be addressed, evaluating the advantages and disadvantages of the explanatory variables
previously selected.

Each one of the steps identified: building the data base, identified the explanatory
variables, extracting control rules and evaluating their online performance, are explained
in depth in the subsequently subsections.

4.1.1. OPTIMAL OPERATIONAL SCENARIOS BUILDING

In order to define the relationship between input and control variables, many scenarios
have to be studied. The proper way of evaluating representative wind farms’ scenarios is
explained in Appendix E, where the correlation factor among wind farms is derived from
real data and a certain occurrence probability is assigned to each one. In this chapter, in
order to derive general conclusions independent of real data or wind farms proximity
most unfavourable scenarios have been created. In that sense, totally random values of
active power have been assigned to each wind farm, obtained by multiplying a random
number between zero and one by its rated active power. For each scenario a set of
different TNet voltage set-points should be considered, which range should properly be
selected in accordance with historical values of the transmission network bus in each
case. In this chapter, as is done with active power scenarios, a wide range has been
considered generalizing the assessment.

Each scenario, considering the active power of each wind farm and the TNet voltage
set-point, is optimized using a commercial OPF [Siemens 2015] to register the optimal
value of the control variables and some relevant explanatory variables as is explained in
the subsequent section. Moreover, a power flow in which all wind farms provide unity
power factor is also run; note that the proposed methodology needs an OPF to create the
data base used. However, once control rules are established, an OPF is no longer required
avoiding online optimization. These control variables correspond to the wind farms’
reactive power capabilities and the OLTC transformers’ taps, the latter being essential
for power losses minimization as has been already emphasized in Chapter 3. Nonetheless,
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a first attempt considering just the wind farms’ reactive power capabilities is made for
evaluating the OLTC transformers impact on the control rules obtained. Hence, two
separate data bases are built. Anticipating the results, the wind farms reactive powers are
estimated using regression rules, where their coefficients of determination (R?) are used
for measuring their adequacy. This coefficient is equal to the square of Pearson's product-
moment correlation coefficient [DeVore 2004]. Contrarily, for each OLTC transformer
a decision tree is employed. In the learning process of a decision tree, the data base must
be divided into two different sets: training and testing [Yu et al. 2010]. The former is
used for building the tree. The latter is used for measuring its accuracy. As is stated in
[Tan et al. 2005] the training set typically correspond to two thirds of the data set whereas
the testing set amount to one third.

Finally, the accuracy of the whole methodology should be also evaluated. This is
achieved by contrasting the total power losses (objective function) obtained with the OPF
with the ones obtained running a power flow taking into account the control variables
output forecasted, i.e., wind farms reactive power and OLTC transformers tap position.
This process must be done with a distinct data base. For clarifying this process Figure
4-4 has been included taking into account all possible control variables. The first data
base is employed for obtaining the control rules (regression rules and decision trees)
measuring their adequacy. Then, a different set of scenarios is considered taking into
account the optimal value of the control variables (OPF output) and the forecasted one,
based on the control rules previously obtained. This last step guarantee that the control
scheme proposed is robust and valid for the long term.

INPUT DATA OUTPUT DATAOPF-PF
Training
S \Y P P .
AT | TTNet TEL . TWEN Explanatory variable
Qwr / \
Initial Tap Explanatory variable |  Total
data base pd K power
Tap Tap | losses
OPF
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Validating| : . Explanatory variables power power
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Smv Vet Pwrr, . Pwen Tap position forecated OPF Methodology
N J
Y

Methodology accuracy

Figure 4-1 Data base building process

4.1.2. EXPLANATORY VARIABLES

For explaining the optimal assignment some relevant variables are needed. Those
variables have been divided into two groups. Firstly, variables useful for explanation
purposes but which require a previous power flow, assuming that all wind farms are
operated at a unity power factor. Secondly, variables of easy implementation, i.e., do not
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require calculations or/and communications, representing a clear advantage with respect
to an OPF. However, as can be imagined their accuracy, i.e., their coefficient of
determination is eroded compared to the other variables (first group). This erosion highly
depends on the HNet characteristics and condition as is discussed at the end of this
subsection. Hence, these last variables cannot always be employed.

Concerning the first group this thesis contributes with a novel explanatory variable
whose accuracy is augmented significantly with respect to other common ones such as
the total active and reactive power losses. This new variable corresponds to the specific
power losses of a certain wind farm. The active power losses from wind farm i to the
transmission network bus (Piossi) are computed by adding the losses of all the lines that
connect the wind farm i to the TNet bus. This variable takes into account both power
flows and impedance also giving an estimation of wind farms’ sensitivities (i.e., the wind
farm relevance on the power losses minimization goal). As an example, Figure 4-2 shows
a radial HNet that connects three different wind farms to the TNet. Taking into account
this simple diagram Possi is computed for the wind farm 2 (outlined in Figure 4-2):

Ploss2= Plosso1 +Ploss12+Ploss23+Plossas= Forio1+ F12i122+123i232+ I3si3s (4-1)

Note that the term Pioss3s IS generated only by wind farm 2, but the other terms are
affected by other wind farms (Pioss23 and Pioss12 are also affected by wind farm 1 and wind
farm 2 whereas Piossoz is affected by all wind farms in the network). Therefore, the value
of Piossi depends on the specific wind power generation profile. Within meshed HNets, as
the one under study, Piossi Of all lines involved should be taken into account®,

8 Note that the active power losses of each (e.g., Piosso1) line are the result of a power flow
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Figure 4-2 Diagram of a radial HNet that connects three different wind farms to the transmission
network bus (TNet)

Concerning the second group, variables that can be measured by each control device
avoiding communication requeriments have been studied. In that sense, voltage at wind
farm grid connection point and their individual active power are assessed. However, these
variables are not enough for a proper estimation as is discussed throughout the chapter.
Thus, the global active power, i.e., the active power measured at the HNet common
coupling bus is also considered. Note that this last variable implies communications.
However no computations are required, power flows or OPF. In fact, a simple
relationship could be established, a power factor with respect to the global active power
instead of the common individual one.

In order to asses under which circumstances this last variable cannot be used and
hence, a previous computation is required, Figure 4-3 has been included. In this figure
the total HNet active power (TP) adequacy, measured with its coefficient of
determination, is compared with the one obtained with Pjessi. In addition other possible
variables which finally have been discarded: total active power losses (TPLosses) and
total reactive power losses (TQLosses) have been also included; both of them computed
assuming that the wind farms are operated at a unity factor. All these variables have been
computed for three wind farms located in different networks. Firstly, a wind farm of
HNetl, network which will be deeply evaluated in this chapter. Secondly, a wind farm
of HNet2 and finally, a wind farm located in a distribution network, i.e., in the presence
of loads being also representative of a situation in which not all wind farms contribute to
power losses minimization. As can be derived from this figure Piossi iS the best
explanatory variable. However, for HNetl the coefficient of determination erosion
obtained for TP is negligible. This fact is owing to the long lines of this HNet.
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Consequently, the variable that will be considered throughout this chapter will be TP.
This variable is not suitable in the event of uncontrollable loads or generators. In those
cases Piossi 1S essential for understanding the optimal reactive power distribution among
wind farms.

{- WF HNet1 [ JWF HNet 2 I In the presence of loads
1 T T T T

0.8+ ] | ] .
0.6+ i
04+ I ]
0.2

TP Plossi TPLosses TQLosses

Coefficient of determination

Figure 4-3 Adequacy of the explanatory variable

4.1.3. DEVELOPMENT OF CONTROL RULES

As has been anticipated, the reactive power provided by each wind farm is going to
be estimated in accordance with regression rules, whereas the tap position of each
transformer is going to be determined with a decision tree. Both, regression rules and
decision trees, are defined based on an offline analysis of the data base.

In the event of not considering the OLTC transformers, a different regression rule
(Qreri = f (TP) for different values of the transmission network bus (Vrnet) must be
considered. When these devices are included that dependence is avoided and thus, only
one regression function (Qreri = f (TP)) independently of Vet is needed. However, now
a decision tree for each transformer is required. The regression functions were obtained
approximating the reactive production Qi with a second grade polynomial depending on
the explanatory variable owing to the high non linear performance of power losses.

Qi=Co+C1 TP+c, TP? (4-2)

where o, €1, and ¢ are the polynomial coefficients. The main strengths of this technique
are [Li, et al. 2010, Wehenkel 1997]: i) its ability of selecting the most relevant variables
ii) its interpretability, being one of the aims of this chapter and iii) its computational
efficiency, critical for online applications as is the case of voltage control. Other
alternatives may be employed such as neural networks. Which is a technique that better
handles OPF non-linearities. However, it has been discarded owing to its obscure
interpretation. The algorithm that will be used for the decision tree is the CART
(Classification And Regression Tree) [Timofeev 2004, Ruggeri et al. 2008], which
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classifies data in accordance with binary conditions. In this case, these conditions are
Vrnet, the total active and reactive power that reaches the transmission network and the
power losses of the whole HNet. Other algorithms apart from CART may be used to build
the tree, such as the ID3 [Quinlan 1986] and the C4.5 decision tree generation algorithms
[Quinlan 1993]. A detail survey of the possible algorithms is presented in [Barros et al.
2012].

4.1.4. OUTPUT OBTAINED AND IMPLEMENTATION

This subsection deals with the implementation issues that may arise when the
relationship between the control variables and the explanatory ones are considered. Note,
that those relationships must be evaluated in each network. Indeed, network
particularities (topology and operation conditions) influence the explanatory variables
adequacy, measured by R?, increasing the difference between Piossi and TP as has been
discussed. This analysis also reveals the relevance of each wind farm on the common
goal, power losses minimization. In fact, it will be seen that certain wind farms have a
negligible impact whereas others present a great potential for power losses minimization.
For the former, unity power factor is recommended whereas the latter is prone to saturate,
fact that should be taken into account in the control rules evaluation process.
Furthermore, the OLTC transformers, of which the tap position is evaluated with a
decision tree, should be taken into account as has been seen.

Figure 4-4 summarizes the control scheme implemented outlining the difference
between the two principal variables selected for explaining reactive power assignment.
Moreover, the main differences with an OPF are also incorporated. In the event of
considering this option the central controller, i.e., the OPF, should receive the Vnet and
the active power delivered by each wind farm (which can be, the measure of the previous
period or the forecasted one) and sends the tap position and reactive power to OLTC
transformers and wind farms respectively.

Vet Active power forecasted Active power forecasted

0P |

Tap position

Decision
tree

Decision
tree

Wind farms
reactive power

Wind farm with
negligible impact

Figure 4-4 Control proposed using quadratic regression functions for each wind farm, in the event
that only the reactive power capabilities of wind farms are used as control variables.
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For the solution proposed in this thesis and if Possi is used as explanatory variable,
computations are simplified requiring only a power flow. Computations are totally
avoided when TP is considered. This magnitude, measured at the HNet common coupling
bus, is sent to all wind farms. In both cases the OLTC transformers can be operated in a
decentralized manner representing a clear advantage with respect to the OPF.

4.2. EXAMPLE CASE

This section explains the process followed to develop the optimal voltage control rules
focusing on HNet1, network with a significant potential for power losses minimization.
The first subsection 4.2.1 particularizes the data base building process for HNetl
(described in Appendix A). Subsequently, a first attempt in which the OLTC transformers
are not evaluated is presented in subsection 4.2.2. Finally, the definitive control rules
considering all control devices are included in subsection 4.2.3.

4.2.1. DATA BASE BUILDING

Focusing on HNet1, a total number of 100 cases of wind power production, each one
with 9 different voltage set-points (0.97-1.05) of the TNet bus have been analyzed. These
scenarios are created considering a random active power distribution among wind farms.
In addition, scenarios in which all wind farms have the same active power level have
been also incorporated for taking into account situations of high load. This great number
of scenarios can be diminished if the correlation factors among wind farms are known.

Recalling the previous section, these scenarios have been divided into two sets: 600
scenarios have been used in the training process whereas 300 are used in the testing one.
Finally, another set of 300 scenarios have been built for validating the optimal voltage
control proposed.

4.2.2. REGRESSION RULES IN THE EVENT OF NOT CONSIDERING OLTC
TRANSFORMERS

This subsection analyzes the optimal voltage control scheme in those cases where
transformers do not cooperate in the power losses minimization goal. Thus, the data base
has been created within each scenario only optimizing the reactive power output of wind
farms. Moreover, the Lagrange multipliers which correspond to the equality constraint
of the reactive power demand in each generator have been computed. These multipliers
represent the sensitivity of HNet losses to the increase of wind farm reactive power and
provide valuable information. In fact, wind farms with a low multiplier do not affect the
total power losses and hence, their incorporation in the optimal voltage control is not
necessary.

In Figure 4-5 the mean Lagrange multipliers for all the scenarios considered are
presented. It should be noted that the absolute value of WF1 (6.48E-2) is drastically
higher compared to the other wind farms. Hence, in this figure lower limits have been
considered for their proper evaluation. The reason behind the high value of the WF1

74



Voltage Control Design of Wind Energy Harvesting Networks

Lagrange multiplier is that this wind farm saturates at the maximum reactive power limit.
Thus, in this case a quadratic function could be adjusted only for values under the
maximum reactive injection. Contrarily, wind farms can be identified that have a
nengligible impact (WF11, 12 and 13 which have been outlined in the figure) which also
will present with poor R?. This means that the adequacy of the relationship between
control and explanatory variables also gives some insight in the sensitivity of each wind
farm to the common goal; relationships that are next evaluated.
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Figure 4-5 Lagrange multipliers of the equality constraint on the reactive power demand in each wind
farm.

Firstly, the possibility of employing totally decentralized variables was studied.
Specifically, wind farms individual active power (Pwr) and the voltage measured at wind
farms connection point (Vwe). In Figure 4-6 the relationship between the reactive power
and Pwr is provided for three different wind farms whose Lagrange multipliers diverge
significantly, also meaning that their behaviour will diverge: WF1, prone to saturate,
WF13, with a negligible impact and finally an intermediate one, WF5. In addition three
different Vet values have been considered, 0.97, 1 and 1.03 p.u. In all cases all
magnitudes have been normalized with respect to the maximum reactive injection for
comparison purposes. Concerning WF1 a lack of any relationship can be seen. Focusing
on WF5 a certain relationship can be found although it presents a high spread, fact that
clearly undermines the selection of this variable as an explanatory one. This spread is
reduced in the event of WF13; note its rated power is drastically higher compared to the
other wind farms.

In Figure 4-7 the relationship between reactive power and Vwe is depicted for the same
three wind farms. Focusing on WF5 (second subplot), a clear dependence can be seen
between both variables which significantly augments when a different regression rule is
considered for each Vnet. Concerning, WF13 (third subplot) it can be seen how their
reactive resources are not exploited. In fact, only when the voltage reaches a value of
1.05 can a certain variation of reactive power be seen. Finally, as was expected WF1
saturates. Moreover, a great reactive power variation can be seen for the same Vwr,
especially when Vrnet increases, representing a drawback for its implementation.
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Figure 4-6 Relation between the reactive power and the individual active power of each wind farm
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Figure 4-7 Relation between the reactive power and its voltages

Secondly, the possibility of employing a global variable was examined. Concretely,
the total active power TP, which as has been mentioned presents promising results, i.e.,
a high coefficient of determination. This relationship is presented in Figure 4-8 for WF1,
5 and 13 as in the previous case, obtaining similar results: WF1 saturates, WF13 has a
negligible impact, hence dependence between both variables cannot be seen, and finally
an ideal performance can be seen in WF5. Nonetheless, a significant difference can be
noted with respect to the previous case focusing on WFL. In this case a clear dependence
between control and explanatory variables can be seen before the saturation is reached
which is not eroded with Vnet increment. For all wind farms a regression rule
independent of Vnet could be obtained. This regression rule has an adequate overall
shape but it has a high spread. Therefore, the regression rules should be dependent on the

voltage of the TNet bus.
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Figure 4-8 Relation between the reactive power and the total active power

Next, Table 4-1 presents R? in the event of considering TP as explanatory variable
where coefficients higher than 0.8 in all cases except for WF11, WF12 and WF13 can be
seen. These wind farms were precisely the ones with a negligible impact, identified with
the Lagrange multipliers.

Table 4-1. R? of wind farms without transformers’ taps

WF1 | WF2 | WF3 | WF4 [ WF5 | WF6 | WF7 | WF8 | WF9 | WF10 | WF11 | WF12 | WF13

Vinet =0.97 p.uf 087 | 096 | 094 | 098 | 090 | 0.90 | 0.96 | 0.94 | 094 | 094 | 024 | 054 | 0.58
Vinete=1pu | 095 | 095 | 093 | 097 | 089 | 092 | 096 [ 095 [ 093 | 093 | 033 | 0.60 | 0.29

Vrnet =1.03puf 093 | 094 | 091 | 096 | 0.88 | 091 [ 0.95 | 095 | 093 | 090 | 029 | 0.60 | 043

4.2.3. OPTIMAL VOLTAGE CONTROL WITH TRANSFORMERS’ TAPS

Once that some preliminary control rules have been seen, this subsection analyzes the
impact of incorporating OLTC transformers in the optimal control scheme. For this
purposes the dependence of the wind farms reactive power with respect to the same
explanatory variables have been included. In Figure 4-9 the explanatory variable
considered is Vwr whereas in Figure 4-10 the global variable TP have been evaluated. In
both cases it has been seen that the dependence of the regression rule on Vet is avoided.
This can be explained by the optimal adjustment of transformers’ taps depending on the
TNet voltage. Moreover, focusing on Vwr (see Figure 4-9) it can be seen how the
adequacy of this variable deteriorates due to its discrete behaviour. Contrarily, the
adequacy of TP increases when the OLTC transformers are introduced as can especially
be seen for WF13. Those increases have been measured with R? and are gathered in Table
4-2. As in the previous case, most wind farms R? are above 0.8 indicating a high
relationship.
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Figure 4-10 Wind farm reactive power vs total active power.

Table 4-2. R? of wind farms in the event of considering OLTC transformers

WF1 | WF2 | WF3 | WF4 | WF5 | WF6 | WF7 | WF8 | WF9 | WF10 | WF11 | WF12 | WF13
0.91 093 | 093 | 0.95 090 | 095 | 094 | 0.93 083 | 081 | 064 | 0.79 0.26

The tap position of each transformer is estimated with a decision tree, which uses the
CART algorithm. This algorithm uses a set of historical data (optimized scenarios) which
is splitted in a binary way. This algorithm searches within all possible variables, splitting
the data with the maximum homogeneity. Figure 4-11 presents a simple decision tree
obtained for a 132/20kV transformer where a single explanatory variable is used (wind
farm voltage). This means that simple control rules of easy interpretability can be
obtained. Nonetheless, the incorporation of other explanatory variables is required for
other transformers especially for the 400/132kV one as is next discussed.
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Figure 4-11 Example of a decision tree obtained for estimating the tap position of a specific OLTC
transformer

For measuring the adequacy of the trees obtained a testing set is essential. Considering
this set, the tap position is predicted with the decision tree (built with the training set)
and contrasted with the optimal value provided by the OPF. Its performance is then
evaluated thanks to the confusion matrix. In this matrix the rows correspond to the
optimal value whereas the columns correspond to the predicted values. If there are only
values in the diagonal matrix a perfect match has been achieved. Contrarily, the values
not located in the diagonal are decision tree errors originated by the confusion of two
different classes, being the origin of the name of this matrix. Figure 4-12 depicts this
matrix for two OLTC transformers: (a) 132kV/20kV and (b) 400kV/132kV. As can be
derived from this figure, in the case of 132kV/20kV the initial explanatory variables V
and | are enough to obtain good results. In contrast, these variables are not sufficient to
adequately predict the tap position of the 400kV/132kV where many confusion values
can be seen. In that sense Vet has been incorporated clearly improving the results as is
depicted in Figure 4-13. This incorporation does not necessary increase the
communication requirements as is also mentioned in Chapter 5. This fact is owing to
Vet is highly predicted base on the season and hour of the day. Hence, continuous
communications are not demanded. Taking into account these variables the percentage
of bad classified is gathered in Table 4-3, where the great potential of decision trees can
be seen.

79



Minimization of power losses by online control rules

(a) (b)

= b b
th S th

Percentage (%)
Percentage (%)

i 09 i "9 i i
Ratio (OPF) 11 Ratio predicted Ratio (OPF) 11 Ratio predicted
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Figure 4-13 Confusion matrix 400kV/132kV transformer incorporating the transmission network
voltage as explanatory variable

Table 4-3. Decision tree performance. Percentage bad classified

Bad classified percentage (%0)

132kV/20KV 400KV/132KV
1111 | 2862 | 9.09 [ 2694 | 7.74 | 3.03 | 24.24 | 26.94 | 29.97 | 9.09 | 20.88 12.46

Once that the control rules of all control devices involved are obtained the adequacy
of the whole methodology is assessed. For that purpose, the global losses obtained with
the OPF are compared with the ones obtained when the tap position is estimated with a
decision tree and the wind farms reactive power with a regression rule. Moreover, in
order to see the benefits that this simple online control scheme represents with respect to
the reference control, i.e., the wind farms are operated at a unity power factor (in addition
in this chapter nominal OLTC transformers’ ratios has been assumed), the difference
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between this scheme and an OPF is also included. Those differences (proposed
methodology — OPF and reference control — OPF) are jointly depicted in Figure 4-14
where the zero line is incorporated as a reference. Considering a reference control
scheme, voltages out of limits, i.e., above 1.05 p.u. can be obtained, which result in less
power losses (note negative values in Figure 4-14). In the event of implementing the
simple control scheme here proposed, these violations are drastically reduced. In fact the
higher deviation is 0.48 MW. In this case voltage out of limits due to decision tree
forecast errors can also be seen. These errors can be mitigated by computing the control
rules considering narrow limits. Nonetheless, in the worst case the voltage breaches never
surpassed the ones obtained with the current operation.
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Figure 4-14 Validation of the online control scheme proposed

4.3. DETAIL POWER LOSSES IMPACT

This analysis has been extended also taking into account the internal wind farm grid.
Hence two power losses components are distinguished as indicated by Figure 4-15.
Firstly, the internal wind farm power losses which are directly computed as Pgrossowr —
Pgrosswr, i.e., the power delivered by all wind turbines within the wind farm minus the
total active power at its meter point as can be identified in Figure 4-15. Secondly, the
HNet power losses which should be allocated to the wind farms, considering the Spanish
regulation. These losses, do not correspond to the real ones and are estimated in
accordance with a fixed parameter (fwr). As a result the net power that it is recognized is
Pnetwr = Pgrosswr (1 — fwr ). Thus, although the HNet losses could be reduced, this
reduction is not allocated to the wind farm owners representing a relevant drawback for
implementing a power losses minimization control scheme.
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Figure 4-15 Gross and net power, HNet and wind farms power losses

A comparison between the reference control and the full network optimization
schemes indicates the impact on the losses profile of using wind turbines’ reactive power
capabilities in an optimal way to contribute to both wind farm and HNet power loss
reduction. In Figure 4-16 this comparison is presented in MWh for twenty scenarios.
These scenarios have been created considering the wind turbine Weibull probability
density function. Each scenario represents an interval of wind speed [S{H™, SI**] in
which the average value is considered. The first scenario will be the same for the first
438 hours of the Weibull probability density function; the second scenario will be the
same for the next 438 hours and so on. Using as an example the power curve provided
by the wind turbine manufacturer (Wind turbines correspond to 2MW, 0.69kV Gamesa
G87 DFIG [Gamesa 2013]), the power scenarios are obtained for each turbine. These
scenarios represent an estimation of the hourly power production of a wind turbine that
occurs 438 hours a year. For the sake of simplicity the same scenario for all wind farms
is considered. However, the same scenario does not mean the same wind speed because
of the different wind farm Weibull probability density function parameters.

Considering these scenarios, in Figure 4-16 a positive loss increase means that the
power losses in the reference control scheme are higher than in the event of implementing
a full network optimization control scheme. It can be observed that when wind farms
provide reactive power in an optimal way, active power losses in the wind farm grid
increase whereas in the HNet, losses decrease significantly. Due to the fact that the
decrease in the HNet is significantly higher than the increase in the wind farm grid, total
losses fall sharply. Nevertheless, with the current regulation in Spain there is no incentive
to provide a control which optimizes the whole network since the loss reduction in the
HNet is not allocated to wind farm owners.
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Figure 4-16 power losses in reference control scheme — power losses in power losses minimization
control scheme in megawatt-hour.

In addition, for assessing the impact of implementing the Spanish grid code draft
Figure 4-17 has been included. In this case the previous comparison is presented along
with the (reference control scheme — proportional control scheme) comparison. As can
be noted, in this case the internal wind farm power losses drastically increase without
obtaining any benefit in the HNet. In fact, in the first three scenarios power losses also
increase in this network.
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Figure 4-17 Power losses minimization scheme vs proportional control scheme

For understanding the impact of the different control schemes on each wind turbine
Figure 4-18 is illustrated. This figure presents the reactive power delivered by each wind
turbine of WF1 in the first scenario for all controls schemes. As expected, in the full
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network optimization case, the wind turbines that are closer to the wind farm connection
point generate more reactive power in order to diminish the losses. In addition, the
reactive power generated is less than in the proportional control in all windmills as is
depicted in Figure 4-18.
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Figure 4-18 Reactive power provided by each wind turbine located in WF1.

4.4. SUMMARY AND CONCLUSIONS

This chapter has proposed an alternative method based on simple control rules which
were obtained by inferring knowledge from an optimal scenarios data base. This simple
approach avoids the necessity of solving an optimization problem in each time step.
Moreover, a decentralized operation of the OLTC transformers can be made avoiding
communication requirements constituting an important benefit with respect to an OPF.

For this purpose, two different types of variables have been assessed. Firstly, variables
useful for explanation purposes but which require a previous power flow, assuming that
all wind farms are operated at a unity power factor. Secondly, variables of easy
implementation which do not rely in any previous computation. Concerning the first type
this thesis has contributed with a novel variable, the active power losses from wind farm
I to the transmission network bus (Piessi). Concerning the second type the total HNet
active power has been selected resembling the power factor concept. This factor is
considered with respect to a global magnitude instead of the individual wind farm active
power. In the particular case under study this last variable presents a high coefficient of
determination, used for evaluating the adequacy of the regression rules. However, for
other HNets its performance can deteriorate as has been seen, especially in the presence
of loads or other wind farms that do not contribute to the global goal.
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In addition to the regression rules employed for estimating the reactive power
assignment, decision trees have been used for estimating the tap position of OLTC
transformers. In these cases the explanatory variables considered are their voltage and
current for 132kV/20kV transformers. Nonetheless, for the 400kV/132kV the Vet was
also incorporated to enrich its performance. Hence, a totally decentralized operation of
the OLTC transformers can be made avoiding communications. Both regression rules
and decision trees are computed offline by simulation of multiple optimal scenarios of
the power system. This simple control scheme clearly improves the current common
operation obtaining negligible differences with respect to an OPF.

Summarizing, the methodology presented in this chapter is of value in a number of
respects:

e Allows understanding the performance of the power flows in the grid under
the different scenarios.

e Identifies which wind farms have a negligible effect on HNet losses. In those
cases the reactive power set-point is fixed to zero independent of the scenario.

e May be of use in providing an initial point in the event of considering an OPF
for each sample time.
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CHAPTER 5

MINIMIZATION OF HARVESTING NETWORK
IMPACT ON THE TRANSMISSION NETWORK

For various HNets it has been shown that some of them do not cause significant power
losses, and also, that many do not have enough reactive capability to provide an effective
voltage control function. For such cases, this thesis proposes a strategy that seeks to cause
the minimum impact on the TNet, in which the settings of the control scheme are fixed
independently of the operation scenario, meaning that no real time communications are
required. For this purpose different control approaches, such as using power factor or
voltage control, are analyzed in detail, from both the steady state and the dynamic
perspective. In order to address these issues this chapter has been structured as follows.
In section 5.1 the global methodology is presented outlining the incorporation of several
controls schemes within the study. The global methodology is divided into two distinct
studies in other to address both the steady state and dynamic perspectives. These analyses
are presented subsequently in section 5.2 and 5.3 respectively.

5.1. METHOD OVERVIEW

A schematic summary of the methodology is given in Figure 5-1, with the first input
being the wind farms’ historic data. The holistic methodology can be spitted into two
distinct studies one for obtaining the settings that affect the steady state performance and
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another for obtaining the settings that affect the dynamic® performance of the control. For
the steady state analysis an AC multi-period OPF is used, which provides an optimal
solution for a whole set of scenarios. The settings considered depend on the control
scheme selected. For the OLTC transformers, the voltage set-point or the ratio have been
evaluated. On the other hand, for wind farms two possible alternatives have been studied.
The first control possibility is a proportional control scheme. For this, the settings are:
voltage set-point and droop. The second option is a power factor control scheme, in this
case the settings correspond to the power factor of each wind farm.

The output of this optimization is used as an input for the dynamic analysis, which
seeks to tune controller dynamic settings to best implement the desired steady-state
regime. The dynamic settings tuned in this way are the time delay and dead band for the
OLTC transformers, and, for wind farms, their controller time constant, which has been
defined by a first order lag. All of the settings considered for each control scheme
(dynamic and static) are summarized at the end of the section. In order to determine how
the dynamic settings affect the performance of each control scheme a time domain
simulation is needed. Dynamic settings should be tuned for avoiding undesirable
performance such as unnecessary tap changes or voltage breaches. For this purpose
metaheuristic algorithms have been identified as a good choice owing to their easy
integration with simulators.

OUTPUT UL
METHODOLOGY EXPECTED METHODOLOGY S EETED

( oLTC OLTC
Transformers Slmulatlon Transformers
\oltage sgt-point Timedelay

_Ratio Metaheurlstc Dead band
Wind farms algorithm Wind farms
Voltage set-point Control time constant
D
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multi-period
OPF

HISTORIC
WIND FARMS DATA

. . /
Static settingd_ pOWDeZ"f‘;Ew ynamic settings

Figure 5-1 A schematic view of the complete proposed approach applied. Type B

There are various modelling differences between the two distinct analyses that must
be noted. For instance, a fixed transmission-side voltage is stipulated for the steady state
analysis. This value should correspond to the most probable one that may be encountered
on the transmission system under study. In this chapter a nominal value has been selected
for expository purposes. In order to evaluate possible controller interactions, voltage
step-changes are modelled as part of the dynamic analysis. In both cases, varying wind
outputs are considered whose temporal evolution is essential for the dynamic analysis.

% It should be noted that in this context the dynamic performance is closely dependant on the OLTC
transformers. Hence, the time frame considered (a few minutes) is higher than what is normally considered
(e.g. a short-circuit is cleared in milliseconds)
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In subsection 3.2.1 some control scheme possibilities were already discussed. Those
control schemes are classified into two types. The ones employed for computing the
control limits (power losses minimization control scheme and PQ chart) and the controls
representative of the current (reference control) and near future situation (proportional
control). In all cases the most appropriate settings for each operational scenario and
objective function were considered. In this chapter a detailed analysis of different control
schemes is carried out, assuming that the settings are fixed in all scenarios. Recalling
subsection 3.2.1, in the reference control scheme wind farms maintain a unity power
factor, and the transformers perform all voltage regulation functions within the HNet.
Hence, the network’s performance can be easily enhanced by allowing wind farms to
provide a different power factor, which can be optimally determined with the AC multi-
period OPF. The same power factor (Pf) for all wind farms located in the same bus has
been assumed, thus guaranteeing that all of them contribute reactive power in the same
proportion. This control scheme is named power factor throughout this thesis. Both
control schemes are depicted in Figure 5-2, which also shows where the OLTC
transformers control the voltage.

Reference control
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Figure 5-2 Reference and power factor control

fot

The voltage set-point of each transformer is optimally determined individually (it is
not necessary for all OLTC transformers to have the same voltage set-point). The power
factor of each wind farm is equal to one for the reference control and is optimally
determined under power factor control scheme.
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The possibility of enabling voltage control functionality for wind farms was first
analyzed in Chapter 3 with the proportional control. In this chapter this control scheme
is extended by considering different alternatives. One possibility is that each wind farm
maintains a set-point at its own connection bus: the set-point of different wind farms
located at the same bus must thus be equal to avoid reactive power loop flows. This
configuration is named local voltage control throughout this thesis. Under this scheme,
the current operation of those transformers that directly connect wind farms cannot be
maintained, because they would control the same bus that wind farms are now
controlling. Although other transformers may maintain conventional tap-changing
operation, for clarity’s sake this chapter considers the same strategy for all transformers
located in the HNet. Thus, a constant, optimally-selected tap position for all transformers
is considered. If the current operation of the transformers is to be maintained wind farms
must control a separate bus. One possibility is having each wind farm directly controlling
the remote bus that connects the HNet to the transmission network; this scheme is here
named remote voltage control. Both control schemes are shown in Figure 5-3.

Local voltage control
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Figure 5-3 Local and remote voltage control

Four distinct paradigms of reactive power control are considered in this work, such
that meaningful comparisons of their dynamic performance can be made. For each
control scheme, the objective in view is a consistent voltage at the point where the HNet
interfaces with the transmission system, such that the export of active power does not
perturb the voltage magnitude there. As will be seen in the dynamic analysis wind farms
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can contribute to reduce the transmission level voltage deviation. However, that
contribution is not necessarily the optimal one: as will be seen, by comparing these results
with the results obtained in the subsequent chapter, a better pro-active voltage control
strategy can also be evaluated. These four reactive power control paradigms are classified
into two different approaches: power factor or voltage control schemes. The settings that
will be calculated trough this chapter are summarized in Table 5-1.

Table 5-1. Variables optimized in the different controls schemes

OLTC Transformers Wind farms control
. Voltage | Time Dead Power | Voltage Time
Ratio - X Droop
set-point | delay band factor | set-point constant
static | dynamic | dynamic
Reference control - . y - y . - - - -
setting | setting | setting
static | dynamic | dynamic static
Power factor control - . - . . - - -
setting | setting | setting setting
Local voltage static static static | dynamic
control setting setting | setting | setting
Remote voltage static | dynamic | dynamic static static | dynamic
control setting | setting | setting setting | setting | setting

5.2. STEADY STATE ANALYSIS

For this assessment the AC multi-period OPF has been used, which is explained in
subsection 5.2.1. This method requires different representative scenarios of active power
production and transmission network voltage, considering their occurrence probability.
Wind farm power outputs correlations should be evaluated to provide this (see Appendix
E). For this analysis, recalling Chapter 3, a HNet of type B should be considered. HNet2
(from type C) has been selected for comparison purposes as was already indicated in
Chapter 3. Subsection 5.2.2 discusses the results for this network.

5.2.1. AC MULTI-PERIOD OPF

The main difference between the well-known OPF and the AC multi-period OPF is
the incorporation of several scenarios. This means, that whereas the OPF gives the
optimal control variables for just one, concrete, scenario, the AC multi-period OPF gives
simultaneous consideration to multiple network conditions. As such, any derived control
settings will be feasible, and optimal, across the full set of scenarios considered. Ideally,
these scenarios should consider all operational conditions (i.e., wind outputs of all wind
farms and various transmission voltages). Focusing on active power scenarios, it must be
noted that the same total active power production can be obtained from various different
individual wind farms contributions as is shown in Figure 5-4 and Figure 5-5. For
instance, Figure 5-4 depicts the active power delivered by three wind farms in three
different scenarios, all of them sum up to the same total active power production.
However, focusing on a certain wind farm (WF1), quite different active power scenarios
can be appreciated. This means that active power scenarios form a plane, as is also
depicted in this figure (the total active power x wind farms scenarios considered).

91



Minimization of harvesting network impact on the transmission network

Total active Wind farms production WF1

power production

Scenario2 |.
Scenariol
WF1 WE2 WE3 Scenario3
P max
2
I i Huu H u i Total active production

Figure 5-4 Active power scenarios

In addition, the voltage at the transmission voltage (Vnet) must be also considered.
Therefore, the set of all scenarios form a cube. Too wide a range of scenarios would incur
in the impossibility of achieving a feasible solution. In that sense active power scenarios
(the plane formed by the total active power and the specific wind farms scenarios) and
the transmission network voltage are decoupled, as is depicted in Figure 5-5. In the event
of considering just one voltage this cube is reduced to a plane (depicted in green). Thus,
an optimal control scheme could be implemented with low communication requirements.
Those requirements depend on Vnet variation and the possibility of estimated it. As an
example, several possibilities arise:

Scenario3

e There are unpredictable large voltage variations
e V1net Variation depends on the seasons

e Vnet Variation depends on the hours (e.g. the voltages increase during the night
whereas they decrease during the day)

It is clear that if those variations are unpredictable communications cannot be avoided,
being necessary to telemeter Vrnet SO Settings can be updated in realtime. In this case, as
has been already propose in [Di Fazio et al. 2013], the optimal settings for a specific
transmission network voltage are fixed for all wind production scenarios (green plane
Figure 5-5). However, these settings change when a large voltage excursion is identified.

For the other two options, the settings modifications can be scheduled in advance do
not relying on the communications.
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Figure 5-5 Multi-period scenarios evaluated

Considering these scenarios, the objective function used is the minimization of voltage
deviations at the HNet common coupling bus formulated as follow:

Minimize Z(Vsetpoint - VPCC,t )2 (5_1)
t

Where Vsetpoint 1S the desired set-point at the common coupling bus and Ve is the actual
voltage at this bus for period t. In this thesis it has been assumed that V setpoint IS equal to
the most probable Vrnet, value, which has been assumed as 1 p.u.. In the dynamic analysis
Vnet VOltage excursions of +/- 3% are evaluated considering the same settings in order
to assess their robustness. It is important to outline that this objective function is equal to
minimizing the HNet’s impact on the TNet in the event that Vsetpoint IS equal t0 Vrnet,
otherwise the wind farms provide reactive power support to compensate the voltage
deviation (Vsetpoint— VPcc,t)-

It must be noted that achieving an approximately consistent voltage profile at a
connection bus simply requires the appropriate P/Q relationship through the line that
connects the common coupling bus to the wider transmission system [Bollen, et al. 2011].
Hence, the aim of this thesis is evaluate how this relationship can be established using
different control approaches.

5.2.2. RESULTS AND DISCUSSION

The steady state settings for all control schemes presented in section 5.1 are
summarized in Table 5-2, considering a constant transmission voltage equal to 1 p.u. and
a set-point also equal to 1 p.u. It can be seen that the best scheme from the transmission
point of view is the remote voltage control, which achieves the minimal objective
function. It is interesting to note that the power factor case has a slightly better
performance than the local voltage control scheme This result may at first surprise,
however it must be noted that in the event of a network with a non-negligible resistance
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(as is the case of the HNets) the local voltage control introduces a broadly linear P/Q
relationship which resembles power factor control, and which may in fact offer less
desirable performance. Each of the various control schemes establishes a certain
relationship between three key variables — the aggregate active and reactive power flows,
and the external voltage at the transmission level. Exploring these relationships
graphically, as done throughout this subsection, offer some insight on the differing values
achieved for the objective function.

Table 5-2. Steady state settings considering HNet2

Power factor approach Voltage control approach

Reference |Power factor| Local voltage Remote voltage
control control control control
\S/Ztltiar?; \S/Ztl':?r?ge Ratio Voltage Setting
% Tl 1.048 1.046 0.955 1.042
= T2 1.050 1.050 1.007 1.050
Q T3 1.050 1.050 1.002 1.050
% T4 1.050 1.050 1.008 1.050
E T5 1.050 1.050 1.006 1.050
Power factor | Power factor VOItége Droop Voltgge Droop
Setting Setting
” WF 1-3 1.00 1.00 1.050 2.39 2.39
§ WF 4-7 1.00 1.00 1.050 | 2.39 2.39
= WF 8-9 1.00 0.97 1.050 2.91 |Vset-point| 2.91
= WEF 10-11 1.00 1.00 1.050 2.91 2.91
s WF 12 1.00 0.95 1.046 1.00 1.00
lossecTIVE FUNCTION| 242950 | 305.36 | 343,57 | 5.23 |
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Figure 5-6 PV characteristic of the HNet

As has been previously mentioned, the enhanced power factor control scheme (where
the power factor is a free variable not fixed to unity as in the reference control) achieves
a better performance than the local voltage control, meaning that increasing the
complexity of the control may not be necessary. The relation between P, V and Q is next
presented. All magnitudes are measured at the HNet common coupling bus (Pcc)

Figure 5-7 and Figure 5-8 present PV and QV characteristics, respectively, for all
control schemes, confirming this fact. In all cases a constant Vrnet equal to 1 p.u. has been
assumed (i.e. the green plane depicted in Figure 5-5 has been evaluated). From Figure
5-7 it can be surmised that all the control schemes improve the connection point voltage
compared to the existing scheme, with less deviation evident in the vertical dimension.
Nonetheless, a significant spread appears in the event of implementing a power factor
control scheme. It should be noted that in this scheme the power factor remains fixed,
regardless of the wind farm voltage. Hence, the voltage is subject to the active power
variability (note that the same total active power production can be obtained for different
individual wind farms production) as can be appreciated in this figure. Whereas for a
voltage control scheme the reactive power injection depends exclusively on the voltage,
for a power factor scheme it should also complain with PQ relationship. Also Figure 5-7
shows that the reactive power consumption at the common coupling bus in the worst
scenario is reduced 54.4%, 50.6% and 98.4% for the power factor control, the local
voltage control, and the remote voltage control cases, respectively.
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The PQ characteristics of the control schemes also differ significantly as can be seen
in Figure 5-8. It can be noted that whereas the power factor and the local voltage control
have a similar performance from the reactive power point of view the remote voltage
control has a different performance. This last control scheme maintains a near-zero
reactive power exchange level at all times.

In order to determine the implications that the voltage control schemes (local and
remote) have for wind farms, Figure 5-9 and Figure 5-10 are presented. In these figures
the PQ characteristic of four wind farms located in different buses are depicted for the
local voltage control and the remote voltage control respectively. Control schemes in
which the reactive power assignment depends on the voltages. In these figures it can be
seen that whereas in the remote voltage control all wind farms generate reactive power,
in the local voltage control WF12 is absorbing reactive power in many scenarios. This
fact is due to the voltage set-point of WF12 is below its nominal value although is the
nearest wind farm to the transmission network.
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Figure 5-9 PQ characteristic of the local voltage control

To explore this fact, a sensitivity analysis, which is summarized in Table 5-3, has been
undertaken. In this table it can be seen that if the voltage setting of WF12 is its maximum
value, the voltage in bus 3 is the highest. However, it can be noted that the ratio of T1 is
the smallest; hence the voltage at bus 2 is lower than in the optimal case. On the other
hand, if the ratio of T1 is increased, then the voltage in bus 3 decreased. Consequently,
the final objective function value, over all periods, decreases.
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Table 5-3. Sensitivity analysis of the local voltage control

Optimal Maximum | Increasing the
solution voltage setting | ratio setting
Voltage 1 1 1 1
Voltage 2 0.9929 0.9926 0.9929
Voltage 3 1.0393 1.0399 1.0374
| Ratio T1 | 09554 | 09543 | 09570 |
[Voltage set-point WF12] 1.0459 | 105 | 10439 |
| Objective function | 34357 | 36324 | 34463 |
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Figure 5-10 PQ characteristic of the remote voltage control

5.3. DYNAMIC ANALYSIS

Once these static settings are known the dynamic analysis should be carried out to
tune the dynamic parameters: dead band, time delay for OLTC transformers and time
constant for wind farms. For this, wind farms’ active power temporal patterns are

required (see Appendix E9).

10 The control scheme performance considering the final tuned dynamic settings has been also analyzed
for other less demanding active power patterns. In those cases less control activity is seen checking the

adequacy of the settings selected.
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In order to explain this analysis the section has been structured as follows. Firstly, in
subsection 5.3.1, the control schemes’ performance is presented, considering the
different objectives to be minimized. For clarity this chapter only presents the remote
voltage control scheme (the best one from the steady state perspective). The other
schemes can be found in Appendix G. Next, the tuned dynamic settings obtained with
methauristics algorithms are summarized in subsection 5.3.2. Finally, focusing again on
the remote voltage control scheme, the initial and tuned settings are compared in
subsection 5.3.3.

5.3.1. OBJECTIVE TO BE MINIMIZED

In Figure 5-11 the dynamic performance of the remote voltage control scheme,
considering transmission voltage step excursions of +/- 3%, and the representative active
power patterns (see Appendix E), can be seen. In this case the dynamic settings have
been selected based on [Van Cutsem, et al. 1998]. This book mentions that the usual
practice in coordinating two cascade transformers is to make the higher voltage one
operate faster (normally between 20-40s). This book suggest 20s for the EHV/HV
transformer (in our case 400kV/220kV) and 50s for HV/MV transformers (in our case
220/30kV). Moreover a dead band of 1.35% for all transformers and a time constant of
65s for all wind farm controllers have been considered.

In this scheme wind farms provide reactive power proportional to the voltage
deviation at the common coupling bus, and the current OLTC transformers control
strategy is maintained (i.e., they control their low voltage side). This means that in those
periods where the voltage differs from its nominal value, reactive power support is
contributed. Note that the optimal strategy (where the HNet has minimum impact on
TNet) has been designed for the nominal transmission voltage. However, that reactive
power support will be enhanced in the pro-active voltage strategy as will be seen in the
next chapter.
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Figure 5-11 Remote voltage control dynamic performance
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As a result, the number of tap changes and the time in which voltages exceeds the
limits increases dramatically. This fact can be seen by considering the period that goes
from 500s to 1500s. In this period the transmission network voltage drops to 0.97 p.u.,
consequently, to mitigate this deviation the wind farms inject reactive power, so
increasing their voltage. Those voltage increase, are, in turn, compensated by the OLTC
transformers, which maintain those voltages near their set-points.

In spite of considering sensible settings which aim to avoid unnecessary taps changes,
it can be seen that not all excess tapping has been avoided (see t=1500s), significant
voltage breaches can be seen which should be mitigated. Hence, there is a substantial
margin for improving the network’s performance. This margin is visualized in Appendix
G for all control schemes. In the worst case (reference control) 4 taps are eschewed in
one hour. To reduce the number of tap changes, the OLTC transformers’ time delays and
dead bands could be increased. However, this entails a cost. Increasing the dead band
implies more deviations from the optimal operational point defined by the AC multi-
period OPF. If the time delay is increased the time for which the voltage breaches persist
is also increased. Thus, a compromise between these three objectives, total tap changes,
transformers voltage deviation and voltage breaches, must be found.

This scheme has a clear advantage with respect to the one proposed in most grid codes
(local voltage control); the lack of oscillations. These oscillations could be significant
and although they can be damped, this is at the expense of slowing the control response,
as is discussed in Appendix E. The formulation of each objective, including the
oscillations (only applicable in the local voltage control scheme), is presented next.

Total tap changes =

Transformers voltage deviation =

t=tfss TF= Ntp

Z z (VctTFref = Veerr(D) )2

t=tgss TF=1
Voltage breaches =

(5-2)
In the event that the voltage surpasses the dynamic limits
t=tf bus=N
W3- >t (Vim = Vous (©)°
t=0 bus=1

Oscillations =
t=trss WF= Nwr

Z Z abs(Qur(t) — meanQyg)

t=tpss WF=1
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Where TC represents the tap changes of a specific transformer (TF) over a specific
time period (0 — tr). The transformer voltage deviation objective is only evaluated when
the steady state has been reached (t,ss — trss). In the second and third terms the square
of the voltage differences are considered, penalizing high deviations. By contrast, in the
fourth term this consideration has not been made because the oscillations should be
always totally damped independently of their size.

5.3.2. TUNED SETTINGS

The dynamic settings for each control scheme (see Table 5-1) have been tuned using
two different metaheuristic algorithms: genetic and MOPSO. Both of them are explained
in detail in Appendix F. The first one, the genetic algorithm, seeks a unique solution.
This fact does not mean that multi objective problems cannot be solved. However the
trade—off among the different objectives must be defined in advance, by assigning each
a different weight factor. However defining those weights is not always easy. On the
other hand, the MOPSO algorithm is well suited to multi-objective functions. As a result,
the non-dominated solutions (which correspond to the Pareto frontier in the event of two
objectives) are obtained. Based on this, the genetic algorithm seems unnecessary.
Nonetheless, in this thesis it has been used to obtain an important insight on the dynamic
setting’s tendency, the analysis of which is presented in Appendix G. Table 5-4 gathers
the tuned settings obtained in all schemes by this algorithm (considering the weights
mentioned in Appendix G).

In each control scheme, the T1 transformer (400/220kV) has a lower time delay than
the rest of transformers, as was expected. In fact it reaches the minimum value permitted,
10 seconds. Considering the others transformers, the higher time delay is obtained for the
power factor control for coping with the active power variability. Contrarily, the lowest
values are obtained for the remote voltage control, to reduce voltage breaches. Similar
conclusions can be drawn for the dead band settings. In this case almost the same results
are achieved for the reference and remote voltage control schemes, whereas for the power
factor scheme higher values are seen, to avoid unnecessary tap changes. Finally, a wide
range of wind farms controllers’ time constant is seen, implying a slower response for
the local voltage control scheme, to avoid oscillations.

Table 5-4. Final dynamic settings optimized for the different control schemes

T1 (400/220kV) 220/30kV transformers Wind farms
Time delay|Dead band | Time delay| Dead band .
© %) ) %) Time constant (s)
Reference 10 1.1 35-55 1.3-1.5 -
control
Power factor 10 1.4 60-75 | 1.45-1.6 -
control
Local voltage
control i ) ) i >t
Remote voltage 10 11 15-25 1.3-1.6 25-80
control
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This information is extended for the reference, power factor and remote voltage
control schemes*! with the MOPSO algorithm. The whole set of non-dominated solutions
(solutions in which none of the objectives can be improved without degrading the others)
are depicted in Figure 5-12. It can be seen that reference and power factor control have
a similar performance. However a significant increase of tap changes and voltage
breaches is seen for the remote voltage control scheme revealing the cost of improving
the steady state performance.
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Figure 5-12 Comparison of non-dominated solutions: Reference, power factor and remote voltage
control schemes

5.3.3. INITIAL VS TUNED SETTINGS

In order to better see the improvements obtained by tuning the dynamic settings,
Figure 5-13 is included for the remote voltage control scheme. The other schemes are
presented in Appendix G. In this figure the control scheme performance with the tuned
settings (the mean dynamic settings obtained with the genetic algorithm) are compared
with an initial sensible solution intended to avoid unnecessary tap changes. Both
solutions have been located within the search space in Figure G-17, showing the quality
of the initial solution considered and the margin for the improvement available.

In the first subplot, the voltage at one bus, where a wind farm is connected, is depicted.
In addition, Vet is included, showing how the fast action of OLTC transformers is
essential for mitigating voltage breaches. For the sake of simplicity, the reactive power
delivered by one wind farm and the ratio of one transformer are depicted in second and
third subplot respectively. It should be emphasized that all these magnitudes do not
correspond to the same bus. Hence, a transformer tap movement may not directly
correspond to any depicted voltage variation. With this figure it is clear that the dynamic
settings can be tuned to improve the three aforementioned objectives. Moreover, the non-
dominated solutions set allows the identification of the trade-offs between them.

11 note that in the local voltage control only the oscillations are minimized
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Figure 5-13 The remote voltage control scheme. Initial settings vs final settings

5.4. SUMMARY AND CONCLUSIONS

This chapter has provided a holistic analysis of four different control schemes:
reference control, power factor control, local voltage control and remote voltage control.
These schemes can be classified into two distinct groups, those control schemes that
maintain a certain power factor and those who perform voltage control. For each control
scheme, fixed parameters, of both static and dynamic settings, have been obtained. The
static settings have been optimally determined by using an AC-multi-period OPF,
whereas for tuning the dynamic settings two different meta-heuristic algorithms have
been used.

From the steady state analysis it can be surmised that the best option is a voltage
control where wind farms control the voltage at a remote bus. Otherwise, of the localized
control schemes that do not require telemetry, power factor control has a better
performance: this is a key result. In fact, a recent Spanish proposal (P.O. 7.5) [REE 2011]
aligns with the local voltage control approach, which has not been seen to be the best
option (It achieves a worse objective function than a power factor scheme). Moreover,
the dynamic analysis reinforces this conclusion (see Appendix G). In the event of
implementing a local voltage control scheme, to avoid oscillations, very slow controller
actions are necessary.

Finally, it should be noted that an ambitious voltage control scheme like the remote
one is not entirely desirable, as tap changes and voltage breaches are significantly
increased
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CHAPTER G

PRO-ACTIVE VOLTAGE CONTROL

In the previous chapter, by using the AC multi-period OPF, optimal control schemes
in which all settings, both static and dynamic, remain fixed were evaluated. Hence,
additional communication requirements are avoided (only in the remote voltage control
scheme, a remote measure must be sent to wind farms). In those control schemes a
minimization of the HNet’s impact on the TNet strategy was pursued. That approach, as
explained in Chapter 3, is selected for those HNets with a “poor” PQ chart at the common
coupling bus, which also do not suffer significant power losses. Nonetheless, for HNets
with a substantial PQ chart (Type C) a more ambitious strategy, in which the whole HNet
resembles a conventional plant that could be integrated in an existing TNet hierarchical
voltage control, can be followed. In such cases the control performance could be
enhanced if the static settings change in accordance with the operational conditions (see
Appendix H). For that purpose a central controller for the HNet is proposed that operates
in a way similar to the secondary loop of the current TNet hierarchical voltage controller.

In order to tackle these issues the chapter is organized as follows. In section 6.1 the
mthod overview is performed. Then, section 6.2 presents the central controller
components: wind farms and OLTC transformers. Each one is explained in section 6.3
and 6.4, respectively. Subsequently, section 6.5 presents the results, including the central
controller performance and its dynamic coordination. Finally, a summary and the
conclusions are provided in section 6.6.
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6.1. METHOD OVERVIEW

A schematic summary of the methodology is given in Figure 6-1. Comparing this
figure with the analogous one presented in the previous chapter (Figure 5-1) it can be
seen that the offline process required for determining the static settings is not needed.
Instead, a central controller (explained in detail in section 6.5) is used online in real time,
by using quadratic programming techniques (this resembles the well-known secondary
voltage control loop). As a result optimal settings for each period (sample time) are
obtained. These settings are adaptive, thus, not always determine the steady state.
Nevertheless, have been also termed static; using previous chapter terminology. The
static settings correspond to the reactive power set-points of each wind farm and the
voltage set-points of the OLTC transformers.

The existence of a central controller does not avoid the need for determining the
dynamic settings. As in the previous chapter, these settings correspond to the time delay
and dead band for the OLTC transformers and, for wind farms, the time constant of their
internal reactive power controllers. For tuning those parameters the MOPSO algorithm,
as explained in Appendix F, is used jointly with simulations in which the online central
controller is considered.

METHODOLOGY
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Figure 6-1 A schematic view of the complete proposed approach applied. Type C

This information is summarized in Table 6-1, where the settings and the method
employed in their determination are indicated. In this table, in addition to the central
controller, the remote voltage control scheme, as presented in the previous chapter, has
been also included for comparison purposes. The same offline process followed for
evaluating the dynamic settings is used. Contrarily, important differences can be seen in
the static settings, now calculated online in real time. In this chapter the reactive power
set-points are directly calculated by the central controller. Hence, a constant relationship,
i.e., the droop, between the voltage deviation at the common coupling bus and the
reactive power provided by each wind farm is not considered.

Table 6-1. Settings to be optimized

106



Voltage Control Design of Wind Energy Harvesting Networks

OLTC transformers Wind farms control
Voltage set- Time delay Dead band Reactive Voltage set- Droop Time constant
point power point
static setting |dynamic setting |dynamic setting - static setting | static setting | dynamic setting
Chapter 5
Remote - Simulation + Simulation + L L Simulation +
multi-period - L multi-period multi-period L
voltage Metaheuristic | Metaheuristic - Metaheuristic
OPF . . OPF OPF .
control algorithm algorithm algorithm
Offline Offline Offline - Offline Offline Offline
. . . . . . static . .
static setting [dynamic setting |[dynamic setting setting dynamic setting
Chapter 6 uadratic Simulation + Simulation + uadratic Simulation +
Central rg rammin Metaheuristic Metaheuristic rg rammin Metaheuristic
controller | Prog 9 algorithm algorithm prog 9 algorithm
Online Offline Offline Online - - Offline

In order to assess the adequacy of this strategy with respect to the previous one
Appendix H has been included. In addition, the essential differences of the central
controller developed with respect to the well-known TNet hierarchical voltage control
schemes, have been explained.

6.2. CENTRAL CONTROLLER COMPONENTS

A central controller which use HNet global information, has been evaluated. This
controller dispatches wind farm reactive power to regulate the voltage at its Pcc (pilot
bus) to some reference value Vpref. This value could be provided by a higher control
loop or directly by the transmission system operator. Hence, wind farms’ reactive power
is taken as a control variable, whose setting is optimally calculated each period (10
seconds is taken as the control period in this work, as is done in some well-known
secondary voltage control schemes). Those settings are dispatched after a first-order lag
is imposed (one for each wind farms) to the wind farms, which time constant is tuned
using a metaheuristic algorithm as has been done in the previous chapter. Note that these
lags belong to the controller and should not be confused with the plant response. In
addition, given their importance in establishing voltage profiles within distribution
systems, voltage set-points for OLTC transformers are also optimized, albeit on a
different time scale than that considered for the fast-acting reactive power resources. This
last optimization will be only carried out when a significant change of the external
conditions (pilot bus voltage magnitude or set-point change) is seen. Parameters related
to this control scheme’s temporal performance (the dead band and time delays) are
subsequently tuned in an offline process. This strategy contrasts with the common OLTC
transformers treatment in the TNet hierarchical voltage control schemes, where their tap
positions were only evaluated in the tertiary loop (settle time ~ 15 minutes).

Consequently, two optimal control loops are proposed for determining Q. and

V.. ' respectively by quadratic programming. Both of these are explained in the
subsequent sections. Next, Table 6-2 summarizes the main characteristic of the central
controller indicating the actions it can perform, what other control actions have been
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included and finally the settings that correspond to these actions. Settings have been
depicted in red or blue in to denote their nature, static or dynamic, respectively

Table 6-2. Characteristics of the central controller proposed

OLTC transformers Wind farms
© E c
595 o . Reactive power set-point (Q.f
= % = Woltage set-point (V=) Updated P update dp (Qc*)
Og ®
(&)
i) L .
[<5]
2 When a S|gn|f|9ant pilot bus voltage 10 seconds
G = is seen
wn
[%2]
_ =
=
S8 tap 1
38 L‘\*{ A T-s+1
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o
= 0 ° eTell ref
% b= . ¥?r:§g§elsg[/ point Ve * Reactive power set-point Q™
3% . Dead band * First order lag time constant

6.3. HNET SECONDARY CONTROL LOOP

This section explains the characteristics of HNet secondary control loop, i.e., the
central controller component which determines wind farm reactive power operating
points. This component adapts some well-known secondary control loop formulations.
Nonetheless, some important differences can be observed (see Appendix H). This
subsection has been structured as follows: firstly, in subsection 6.3.1, the formulation
selected is explained, following the guidelines of some relevant ones already presented
in Chapter 2. Subsequently, the trade-off among both objectives is evaluated in
subsection 6.3.2. Finally, the value of the first order lag is discussed in subsection 6.3.3,
where the control performance is analyzed from a theoretical point of view.

6.3.1. PROPOSED FORMULATION

To optimally evaluate the reactive power set-points (Q."¢") different approaches can
be taken for example by using the pseudo-inverse law, by employing an optimization
process, or by considering a proportional scheme as in the previous chapter. This
subsection justifies the selected approach and formulation, as it differs from the ones
already implemented in some TNet systems. It should be emphasized that the
assumptions made about the central controller do not change the dynamic setting tuning
process.

One simple approach, as was also employed in [de la Fuente 1997] employs the
pseudo-inverse matrix. This matrix provides the minimum lest square error solution. This
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fact can be easily seen for a system A-x=b (where A is a matrix 3x2 and b is a vector 3x1)
as is presented in [Strang 1988]. In the event that the vector b is not a combination of the
A matrix columns, the system has no solution and hence, it must be estimated- x. In this
case the minimum error (b — Ax) is obtained when the vector b is projected in the plane
formed by the column vectors of matrix A as can be seen in Figure 6-2. Hence, the error
is perpendicular to A space, which means that this vector must be in the null space of A.
Consequently the next relation must be accomplished ATAx = ATb, where At =
AT[AAT]~1 (considering that the rows are linearly independent) is the pseudo-inverse

matrix. Matrix that fulfils two basic properties as the inverse matrix: A*? = A* and
A+T — A+

Columm2 = rm‘

azz
sl p=AX=Pb

Figure 6-2 Projection onto the columns space of a 3 by 2 matrix [Strang 1988]

ayy
Columml= Q5

Qi3

In our case study, for central voltage control, what needs to be obtained is the reactive
power that should be delivered by wind farms (AQ.) in order to correct a certain voltage
deviation at the pilot bus (AV,). These magnitudes can be related by the sensitivity

d . .

vector vS,. = %. Hence, the system that needs to be solved is the following one:
(o

vSpc_lAQc = AV,. In that system, considering its pseudo-inverse matrix (vSpCJr =

T T _1 - - - - - -
LAY [vSpcvSpC ] ), the reactive power increments can be minimized as the solution
of the minimum squares problem, which seems to be a fair strategy to follow:

min{AQ.,* + AQu,” + -+ + AQcy ) (6-1)

The main drawback of this approach is that no reactive power limits are considered,
as has been discussed in [de la Fuente 1997]. Nevertheless, this scheme can be used as a
first approach which may be legitimate while the system is far away from its limits.

While the pseudo-inverse law is a useful starting point, it is not a good control method
when units are near their limits. Hence, other alternatives have been studied and
implemented. Among the schemes implemented, the secondary loop of the French
hierarchical control scheme stands out, which solves an optimization problem each 10
seconds by means of quadratic programming with linear constraints. This approach was
also adopted by [de la Fuente 1997] and is the approach adopted in this thesis taken into
account wind energy nature such as its variability.
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A different approach, in which the voltage deviation was seen as a constraint and not
as an objective to be minimized, was suggested in [Alonso 2001]. This approach has been
also evaluated here. Nevertheless, it has been discarded due to its drawbacks, as will be
explained subsequently. Each of these approaches will be compared in Table H-3.

ref2
min [ly - (4™ = V() — v8,. () AQ." (k)| + w &L

— — \ J

- .v. - - - - .Y - - -
Voltage deviation minimization Reactive margins maximization

Subject to.

Q™™ — Qo < AQ. (k) < Q. - Qo (6-2)

As can be seen in the formulation selected, when the control variables are solely the
reactive power outputs, the problem is significantly simplified. It can be seen that the
objective function consists of two distinct terms:

e The first term is in charge of minimizing the voltage deviation at the pilot bus.
e The second term tries to maximize the reactive power reserves, essential for
being able to cope with future perturbations.

It should be noted that both objectives are opposed to each other. Hence, typically a
small weight (W) for the reactive power margins objective is assigned, a value that has
been determined in the thesis by considering time domain simulations. In addition to the
objective function, the optimization problem is also defined by the constraints imposed,
whose number has also diminished. This fact is because the OLTC transformers are now
in charge of maintaining voltages within admissible values. Hence, voltage constraints
of both critical and generator buses are no longer required. Moreover, contrarily to what
was proposed in [de la Fuente 1997], the reactive power references should not follow any
guidelines. These guidelines were updated by the tertiary loop obtaining theirs optimal
references. If they are avoided, the tertiary loop can be eschewed. Next, Figure 6-3
presents the reactive power assignment proposed by [de la Fuente 1997], taking into
account the tertiary control loop action. As can be seen in this figure the tertiary loop
action modifies the slopes, changing also the reactive power needed for the same reactive
power level (d), equal for all generators within the same control area. Contrarily, in this
thesis guidelines are not longer employed and the reactive power set-points can move
freely within all their search space, i.e., their reactive capabilities. Hence, there is not any
variable that constrains wind farms reactive power set-points, and they remain free to be
dispatched within their bounds
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Q Tertiary loop action Q

Q optimal 1’

Q optimal 1
Q optimal 2

Q optimal 2 *

/.

[J. 1. de la Fuente, 1997]

Figure 6-3 Reactive power assignment

Consequently, a single constraint which imposes the reactive power machine limits is
included. According to this constraint, increments are computed with respect to their
initial value Q, instead of its previous value Q.(k) as it is normally done. This means
that a proportional response and not an integral one is obtained. Note that this integral
response is not achieved, despite considering Q.(k), when the reactive power margins
are incorporated into the optimization owing to both objectives are opposite. This fact
jointly with the necessity of a robust and simple control has motivated this selection.

For ease of implementation in real time, the optimization problem is solved by
quadratic programming, as is implemented in TNet hierarchical voltage control schemes.
Thus, the problem should be expressed as follows, which is the canonical form for
quadratic programming problems:

%-xT-H-x+fT-x (6-3)
Where x corresponds to the control action AQ."/ (k)

Including the voltage deviation term, the following expression is obtained:

[y (%7 = %00) = v5,c ) - 27 || lly - (57 =% (K)) = vS,e(l) - 807 (R

YT =)y (57 = 100) -
VS, (k) - AQ. (k) - yT - (v, — Vp(k))T B
USpe ()T - AQ. () -y - (1" = Vo (k) +
USpc()7 - AQC ()T - wSpe (k) - AQL™ (k) (6-4)

These four distinct terms have been reduced to just two. On one hand, the first term
[yT- (B - Vp(k))T-y-(VpTef — V,(k))] is neglected because it is a fixed value
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(note that y , Vpref , and V, (k) are not optimization outputs) and hence, does not affect
the optimization. On the other hand, the second and third terms have been grouped to
obtain the following simplified expression:

—20S,.(k) - AQT (k) -y - (W, =V, (k) +
S, (k)T - AQ (k)T - vS,c (k) - AQ." (k) (6-5)

Extending the second term the following expression is obtained:

Q"% (k+1)? _

Qmax

T

(@7 k +1) = (k) -D - (@7 (k+1) = Q.(k)) +

2 QY (k+1) = Qe(k)T - D+ (Q. (k + 1) — Q.(K)) (6-6)

Hence the final formulation is expressed as follows:

%- AQ, )T+ (vSpe (k)T - vSpe(k) + W - D) - AQ,." (k) —

WS, (k) y" - (V" =V, (k) = D) - AQ.™ (k) (6-7)

In addition, other alternatives have been suggested, such as the one advocated by J.
Alonso, where the maximum voltage deviation is defined by a constraint, which gives
the following formulation (the power losses term presented in [Alonso 2001] has been
eliminated because in the HNet under study in this chapter they are not relevant):

min Achef(k)T -D - AQCTBf(k) 4+ 2- QCT D - AQCref(k)
Subject to.

VS, (K)AQ.™! (k) < VM — ¥, (k)

Q™™ = Qo < AQ." (k) < Q™ — Q, (6-8)

This alternative way of formulating the same problem can be very effective.
Nonetheless, it has been seen that its resolution may be very slow when the voltage
deviation is close to its limit. Moreover, it may be infeasible.

6.3.2. TRADE-OFF AMONG OBJECTIVES DETERMINATION

As has been discussed, the trade-off among the objectives, the pilot bus voltage
deviation and reactive power margins, is set by the value of W, which weights the
importance of the latter. In order to determine a suitable value for W, several simulations
have been undertaken, to measure each objective separately. The results of these
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simulations are summarized in Figure 6-4, taking into account two voltage steps (Vrnet
+/- 0 and Vet +/- 0.05). In this figure, for each voltage step change considered, two
subplots are shown. In both cases, the relationship between the reactive power margins
and the voltage deviation is presented. In the first subplot both magnitudes are integrated
over the simulation’s duration, whereas in the second subplot the maximum, mean, and
minimum values are shown. In addition, it is important to note that each circle represents
the actual objective values obtained by the simulation when a certain value of W is
considered. This factor is changed constantly in steps of 0.005. Thus a good indicator for
selecting W is the relationship between its change and the objectives change. Note that
in both cases, for a low W the reactive margins increase drastically whereas the voltage
deviation increment is admissible. For this reason a value of 0.005 for W is proposed. To
clearly see the impact of W, three different time domain simulations, corresponding to
the points labelled in Figure 6-4, are presented in Figure 6-5. As can be seen, when the
reactive margins are not considered, wind farms are operated close to their limits,
especially WF12, whose limits are the ones depicted in this figure. Nonetheless, those
margins can be greatly increased, without any substantial erosion of the voltage deviation
objective, when W is slightly increased. However, in the event of high W this erosion is
inadmissible as it is outlined in the third simulation. Based on these results the weight
factor finally selected is 0.005.
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Figure 6-4 Determination of reactive power maximization weight
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Figure 6-5 Time domain simulations considering different W values

6.3.3. FIRST ORDER LAG INCORPORATION AND CONTROL ADEQUACY

When evaluating the dynamic coordination within the HNet, the wind farms’
controller time constants are very important. To impose a specific time constant different
approaches can be followed. The most common option which has been widely studied,
is simply imposing it in accordance with a gain, as was done in the secondary loop of the
TNet hierarchical voltage control schemes presented. Hence, as was demonstrated by
Pagola [Pagola 1993] the resulting time constant, which depends on the discrete sample

time (At), is expressed as follows T, = ln(_lA—ta) . If « = 1 adead beat control is obtained.

This means that the control action is achieved in just a sample time At (considering
perfect modelling of the system and a linear response). In the formulation selected for
this thesis, the pilot bus voltage deviation is calculated in accordance with a gain y, whose
value has been fixed to 0.2. This gain has a role similar to a dead band and has been
incorporated for avoiding oscillations. However, contrarily to other schemes, y does not
impose the reactive power response as was done with o in the [de la Fuente 1997].
Consequently different symbols have been employed.

In this thesis a different approach is proposed, which explicitly adds a first order lag.
This allows a smother performance as different sample times can be considered. One
sample time is used for the optimization process, which has been fixed to 10 seconds,
and a smaller one is used for the first order lag. This second sample time has been fixed
at 1 second, as it has been assumed that a wind farm can provide 90% of its reactive
power capability within 1 second. Note that this distinction i.e. considering two different
sample times, has no impact in the event of considering just a gain (as is done in the
traditional TNet hierarchical control schemes). This consideration allows improving the
control performance over three different objectives using the same dynamic settings. This
is shown in Figure 6-6, where the voltage, the reactive power and the tap position are
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depicted in different subplots. As in previous figures all these magnitudes do not
correspond to the same bus. Consequently, tap changes may not correspond with voltage
variations. In addition, a zoom is also provided where clearly can be seen that
unnecessary tap changes are avoided.
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Figure 6-6 Sample time impact

Although the control scheme performance is analyzed by means of time domain
simulations a first theoretical approach is done for understanding the influence of other
control approaches. Hence, its stability is measured by the eigenvalue. This analysis was
neglected in Chapter 5, due to the simplicity of the control schemes studied. The more
accurate model is depicted in Figure 6-7. This model is built assuming a perfect match
between the continuous and discrete control systems in the event of staircase inputs.
Several simplifications have been made, obtaining the diagram presented in Figure 6-7:

T=10s T=1s P perturbations
u(k 1 y(k)
L)Jf Optimization [— J_I—\_ - Twes+1 [ J_I—\_ Power flow

1,

0

Figure 6-7 Discrete control system

In Figure 6-8 the model is particularized by disregarding the reactive power margins
objective and the active power perturbations. Moreover, it assumes a single sample time
for clarity. Finally, it should be noted that despite the model comprising a single input
and output there is one state for each wind farm. This is shown in the figure with a double
line.
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Figure 6-8 Simplified system analyzed

Assuming this simplified model the control scheme is defined by the following
equation®?:

x((k + DTy) = G(Tg)(x(kTy) + H(Te)u(kTy) (6-9)
Y
e TWFI — T‘://Fl oo 0 V;ef]/vsfcl
x(k+1) = | : : [x(k) +  Twr (6-10)
ot Qv
0 oo e Twrn — 14 Twr
Twrn

Obtaining one eigenvalue for each wind farm, which are equal when considering the
same wind farms’ controller time constants. If all of these eigenvalues are within the unit
circle for the wind farms’ controller time constant gamut (10s-100s), this proves its
stability'®. Another important concept that can be studied qualitatively is the robustness
of the control schemes. For this purpose the sensitivity vector variation vS,, = vSpCO +

AvS,, has been incorporated. The following equation is obtained:

T

e Twri ——— — ——AvS,, 0
Twr1 Twr1
x(k+1) = : x(k) +
T
0 e Twhn — —— — ——AUS,,
Twrn Twrn
Vpref-y-(vspco+ AvSp)t
Twr (6-11)
QoY + QoY AvSpc
Twr Twr

12 A common notation of this formula is x(k + 1) = Gx(k) + Bu(k) where the dependence of the
discrete sample time is not included. This thesis includes the general expression for clarity purposes

131t must be noted that for simple control schemes (considering a single order) the stability analysis
may derive unreal conclusions. Hence, the parametric analysis considering extreme values makes no sense.
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Comparing both equations 6-10 and 6-11 it can be seen that an additional term is

incorporated TLAUSPC which represents a perturbation whose effects should be

WFn

minimized, as is done when wind farms’ controller time constants are increased. Hence,
from the robustness point of view slow voltage control schemes are desired, suggesting
that an appropriate trade-off must be sought.

6.4. OLTC TRANSFORMERS

In addition to the wind farms’ reactive power capabilities, OLTC transformers can
also help to maintain the desired Vpref. For this purpose a different optimization is carried
out when a significant voltage deviation is seen. In the meantime the local control
function of the OLTC will be maintained allowing a fast action and hence avoiding
voltage breaches. This fast action is essential as most OLTC transformers are located at
the same buses in which wind farms are connected. Hence, these buses are most sensitive
to the fluctuations of reactive power.

Consequently the optimization problem is augmented to take into account also the
OLTC transformers’ effect. To this end, the voltage variation at the pilot bus originated
by the OLTC transformers voltage set-points increments (AV,.,"%/ (k) ) should be taken
into account. This is done by considering their sensitivities vS’,.(k). It should be

emphasized that all control variables are evaluated, i.e., AQ."® (k) and AV, (k),
however only the latter is applied. This is done to avoid unwanted interactions among
controllers.

min |y (1,7 = % (0)) = v, ((AQ. (1)) = vS"pe (O (AVe ™ (1) ) ||

+WQJ”7k+n

Qmax

Qo — Q™" < AQ" (k) < Q™™ — Qo
Vero — (Vo™ 4 Dead band) < AV,," (k) < (V,,"* — Dead band) — V.. ,(6-12)

In this case, an additional constraint emerges. This constraint takes into account the
tapping limits of the OLTC transformers. As can be seen, a major difference with respect
to the previous chapter is the incorporation of the dead band in the online optimization
process. Thus, the voltage breaches are reduced as Appendix H shows.

Finally, it must be noted that throughout the thesis the OLTC transformers have been
used for the benefit of the HNet, assuming an ideal performance of the wind farms (i.e.
assuming the reactive power capabilities imposed by the operational procedures [REE
2011]). Nonetheless, as has been discussed in Chapter 2, currently not all wind farms are
able to fulfil these requirements without retrofitting additional devices. Thus, in these
cases the OLTC transformers could play an important role for maximizing the reactive
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power contribution of the wind turbines. This possibility is briefly discussed in Appendix
I, however its proper evaluation is out of the scope of the thesis.

6.5. CENTRAL CONTROLLER COORDINATION

Once the central controller has been defined its dynamic coordination should be
addressed, and this challenger is the central research theme of Chapters 5 and 6 of the
present thesis. Recalling the previous chapter, this coordination is performed by tuning
the relevant settings using a metaheuristic algorithm, wherein each individual embodies
a whole simulation of the central controller over one hour. In subsection 6.5.1 an initial
approach is performed for the initial sensible dynamic settings set, which is used to justify
the necessity of the objectives to be minimized. Then, subsection 6.5.2 presents the
dynamic coordination assessment, which is complemented in subsection 6.5.3 with a
detailed analysis of the non-dominated solutions, allowing the identification of patterns
within the settings choices. Finally, 6.5.4 compares the initial dynamic settings with the
tuned ones.

6.5.1. SCHEME PERFORMACE

The central controller dispatches new set-points (i.e reactive power set-points for wind
farms and OLTC transformers voltage set-points when a transmission network change is
detected) from period to period in order to minimize the voltage deviation at the common
coupling bus (Pcc), while preserving reactive power machine limits. Figure 6-9 depicts
the performance of the central controller when exposed to voltage step excursions of +/-
3%. As in the previous chapter, the sensible initial settings indicated in [Van Cutsem, et
al. 1998] have been employed.

In the first subplot, at the top of the figure, voltages at various buses are depicted. The
voltage at the common coupling bus is presented in red, and the transmission network
voltage is presented in dark blue (both buses are explicitly shown in Figure 1-2, where
the Thevenin equivalent is used for modelling the TNet). The second subplot presents
the wind farms’ reactive power. In the third subplot, transformer winding ratios (i.e. tap
setting) are depicted. Finally, the last subplot presents OLTC transformer voltage set-
points. This figure is also used to justify the necessity of the different objectives
minimized with the MOPSO, which recalling the previous chapter, correspond to the tap
changes, transformers voltage deviation and voltage breaches. This subplot shows that
there is margin for minimizing all these objectives.
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Figure 6-9 Central controller performance for a random set of non optimal dynamic settings

From the first subplot it can be seen that the voltage deviation at the common coupling
bus is compensated when there is sufficient reactive power available. Reactive power
margins are exhausted in the event of a significant decrease in the transmission voltage,
as it is depicted in the second subplot. In this case all wind farms are at their maximum
value, although for clarity’s sake only the limits of WF12 have been included.

Concerning the transformers’ settings, it can be noted that there are several
unnecessary tap changes (as are circled). This behaviour could be avoided by better
tuning of the dynamic settings. For that purpose a single objective, the minimization of
tap changes, is not enough, as has been already mentioned, because it can cause unwanted
performance in other areas (transformers voltage deviations and limit breaches). Both
effects can also be seen in this figure. The transformers’ voltage deviation effect can be
seen by focusing on the period between 700s and 1400s. In this period the wind farms’
reactive power saturates, causing a significant voltage deviation at the pilot bus. This
deviation can be reduced by increasing V.,"®. However, its value is limited by the dead
band as can be seen in the last subplot. Both effects are also circled. The three objectives
are computed for this first case and in the following section will be compared with the
non-dominated solutions obtained after tuning the dynamic settings. Finally, from the
last subplot it can be seen how a high voltage set-point for wind farm transformers is
desired when the transmission voltage is equal or lower than the set-point. A low voltage
is desired in the opposite situation.

6.5.2. DYNAMIC COORDINATION

Thanks to the MOPSO algorithm the non-dominated solutions corresponding to the
dynamic settings are obtained. Figure 6-10 presents the objectives (in each subplot a pair
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of objectives is represented) for all candidate dynamic settings evaluated with the
MOPSO iterations. In light blue are outlined the dominated solution, whereas the Pareto
set, corresponding to the non-dominated solutions, is depicted with red circles. In
addition a blue square represents the objectives calculated for the simulation with the
initial selection whose time domain simulation was presented in Figure 6-9. As can be
seen all objectives can be significantly improved.

{ Dominated solutions  ©  Non dominated solutions ®  Solution of the initial dynamic settings {

s 1r 1- 1r
E [%2} [%]
3 08f ‘S 08F 08
@ —_— —_—
go6l o S 06 S 06}
o e} > > =]
> (=] o
2 0450, % u 2 2
E |38800 9 g g
2 02 TS L S .S
§ 0 N VC%)) . © o 0 \ c ) . 0 S - .
0 0.5 1 0 0.5 1 0 0.5 1
Tap changes Tap changes Transformers voltage deviation

Figure 6-10 Search space (indicating the solution corresponding to the initial set of dynamic settings)
and non-dominated solutions

6.5.3. NON DOMINATED SOLUTIONS ANALYSIS
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Figure 6-11 Non-dominated solutions characterized in different clusters

In order to categorize those non-dominated solutions a clustering analysis is
performed. Thanks to this analysis different subsets or clusters which share some
common characteristics, and also differ from the other clusters, are identified. The
algorithm used is the fuzzy c-means [Windham 1982]. This categorization has been done
based on the objective values achieved.

To select the optimal number of clusters, the cluster objective function (corresponding
to the sum of distances from the data centre assigned to each value) is computed as a
function of the number of clusters. As can be imagined, the cluster objective function
decreases as the number of cluster increases. This chapter has selected the number that
corresponds to the knee point of this relationship (5 clusters). In Figure 6-11 the Pareto
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sets already presented in Figure 6-10 are depicted considering the 5 different clusters
(each cluster is presented with a different symbol and colour). From this figure the
dynamic setting patterns can be graphically selected in accordance with wind farm
owners’ trade-off among objectives. This information is numerically summarized in
Table 6-3, were the mean dynamic settings corresponding to each cluster are presented,
considering also their spread. The most relevant settings within each cluster, identified
according to their membership grade, are also included. As can be seen in this table, in
all clusters except cluster 3, the T1 time delay is significantly lower than the time delay
of the other transformers, as was expected for minimizing the tap changes (recalling
Chapter 2, the downstream OLTC transformers should be slower than the upstream one).
Contrarily, the dead band for T1 is always higher than for the other transformers. This is
because transformers T2-T5 are directly connected to the wind farms and hence are more
vulnerable to their reactive power changes causing the voltage breaches. Finally, it can
be seen that a considerably high mean wind farm controller time constants is demanded
for avoiding both voltage breaches and unnecessary tap changes. It should be noted that
for avoiding unnecessary tap changes the downstream transformers, which control the
most sensitive buses from the voltage perspective, should be slower than the upstream
transformers. Consequently, in the event of a fast wind farm reactive power response, the
time in which the voltages are out of limits increases. This can be mitigated by reducing
the transformers’ time delay. However, this action may cause unnecessary tap changes.

Table 6-3. Dynamic settings patterns

6.5.4. COMPARISON

Finally the initial simulation presented in Figure 6-9 is compared with the one in
which the dynamic settings have been tuned using the MOPSO algorithm. For this last
assessment, the relevant dynamic setting of cluster 2 has been selected assuming that the
tap changes objective has been prioritized. This comparison is presented in Figure 6-12,
showing the voltage breaches (first subplot) and the tap changes (second subplot). As can
be seen the number of tap changes is reduced, decreasing also the time in which the
voltages are out of their limits.
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Figure 6-12 Temporal evolution simulation. Improvements due to dynamic settings tuning

6.6. SUMMARY AND CONCLUSIONS

This chapter has considered HNets of type C in which a pro-active voltage control
strategy was proposed. Recalling Chapter 3, to take advantage of the whole PQ chart
available, adaptive settings are required. To this end, the AC multi-period OPF employed
in the previous chapter has been replaced by an online central controller which adapts
the well-known secondary loop of the TNet hierarchical voltage control scheme.
However, important modifications have been made. Firstly, the reactive power settings
for each wind farm instead of voltage set-points have been considered. These reactive
power set-points are controlled to minimize the pilot voltage bus deviation, taking into
account reactive margins maximization also. For this last objective, linear constraints
such as the ones imposed by [de la Fuente 1997, Paul et al. 1987] have been avoided,
eliminating also the important role that the tertiary loop played in those schemes for
reactive power management. A first-order lag has been added within the central
controller allowing the usage of two different sample times: one for the optimization
computation and other for the set-point updating. Hence a smooth response is obtained
which also avoids unnecessary tap changes as has been already seen. Concerning OLTC
transformers, a supervised decentralized operation has been suggested, which guarantees
fast and optimal operations.

For the dynamic coordination the same method (based on fixed dynamic setting
calculated offline) presented in the previous chapter has been employed, focusing this
time only on the MOPSO algorithm. The results obtained have been expanded by
clustering the Pareto set to show the different dynamic settings patterns.
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CHAPTER 7

CONCLUSIONS AND FUTURE RESEARCH

This chapter provides a summary of this thesis paying special attention to the
contributions. In addition, it contains the list of publications derived from the work of
this thesis. Moreover several future research tasks that arise from this thesis are also
outlined.

7.1. CONCLUSIONS

Wind voltage control is implemented in the most representative countries from the
wind penetration perspective by means of a tight compulsory power factor range that
wind farms should comply with. However, as wind installed power and penetration is
increasing throughout the world, most system operators are moving toward a scheme that
implies that wind farms should contribute to voltage control in a similar fashion as
conventional generation. The technological state of the art of actual wind turbines show
that they are able to provide a wide margin of reactive power (both consumed and
absorbed) to the net. However, taking into consideration the wind power variability, and
also the special networks into which the energy is delivered, it is not clear if wind farms
are able to behave as conventional plants sustaining TNet voltages.

This thesis focuses on voltage control of wind energy that is integrated into harvesting
networks (HNets). These networks are developed solely to harvest energy and thus, no
demand customers are accommodated. HNets are becoming more common in countries
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with high wind energy penetration levels, being the preferred option in Spain (85% of
wind energy is located in HNets) and it is also very significant in Ireland. Moreover, it is
foreseen that in the near future, it will be the solution adopted for large integration of
wind. Nevertheless, there is very little research of HNets, a gap that this research covers
in depth. Relevant characteristics of HNets, such as the presence of different wind
owners, and the dynamic coordination among wind farms and cascade OLTC
transformers makes the problem complex, and are the core of the analysis and one of the
main contributions of this thesis.

As the literature review shows, there is significant work related to wind voltage
control (mostly related to the integration of wind in DNets), but in general the algorithms,
studies or solutions apply to specific case studies, so that the conclusions cannot be
generalized. In this thesis, HNets are analyzed and classified depending on their
characteristics (number of wind farms, number of wind owners, total wind installed
power, total line kilometers and short-circuit power of the TNet connection bus). For this
purpose, a set of 8 actual HNets embedded within the Spanish power system has been
selected, that are representative of the types of harvesting networks that may be found,
in order to propose an appropriate wind voltage control solution for each type of network.
An optimal individual solution of wind voltage control for each HNet is proposed, taking
into account both the steady-state and dynamic perspectives.

From the steady-state perspective different controls are tackled and compared
(reference control, power factor control, local voltage control and remote voltage
control) taking into account different objectives such as minimizing power losses,
obtaining the reactive contribution limits of the HNet to the TNet (PQ chart) and
minimizing the voltage deviation of the TNet. For this purpose, a Wind Energy
Harvesting Network Steady-state Assessment (WEHSA) tool has been developed, which
allows the steady-state analysis of any control scheme of any HNet pursuing any of the
relevant objective functions previously mentioned.

From the dynamic perspective, a novel method for offline tuning the dynamic settings
of wind farms and OLTC transformers has been developed that ensures an optimal and
feasible dynamic behaviour of the solutions proposed by this thesis. For this purpose, a
Wind Energy Harvesting Simulation (WEHSIM) tool has been developed which tests
and validates the solutions proposed.

In this thesis, a wide variety of techniques have been exploited in order to search for
the best wind voltage control alternative that suits each type of HNet. Among the ones
used in the thesis are data-mining techniques (regression, clustering, decision trees ...),
methauristic algorithms (genetic algorithms and multiple particle swarm optimization),
quadratic programming or multi-period OPF.

7.2. CONTRIBUTIONS

This thesis establishes the best way of implementing voltage control of wind farms
within HNets in a holistic way, proposing and testing a feasible solution for each type of
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HNet. This general objective has been accomplished in several subsequent tasks, each of
them representing thesis contributions: (a) comprehensive steady-state assessment, (b)
classification of HNets and proposal of a suitable wind voltage control solution for each
one, (c) development of an algorithm based on control rules to minimize HNet losses, (d)
development of a simulator for evaluating any control scheme temporal evolution and
validate the solutions proposed for certain types of HNets (B and C). In fact, this
simulator has been tested for both fixed static settings obtained thanks to an AC multi-
period OPF and adaptive settings distributed by a central controller. And finally (e), the
simulator is integrated with different metaheuristic algorithms for tuning the dynamic
settings.

The following subsections highlight the main contributions of this thesis within the
aforementioned steps.

7.2.1. STEADY-STATE ASSESSMENT

First, the hosting capacity limitations and their increments (thanks to the provision of
wind voltage control) have been assessed, identifying the importance of where the
synchronous generators are displaced. The reactive power local nature makes the
provision of this service by wind farms indispensable if their penetration is to be
increased. In addition, the qualitative study of Apendix B indicates how voltage control
of wind farms can mitigate voltage increases and decreases when the penetration is
increased, thus allowing an increment of the hosting capacity of HNets. Moreover, the
role of TNet decisive variables such as the short circuit power and the ratio X/R of the
connection point of the HNet to the TNet is discussed. These values decisively affect the
HNet PQ chart.

A complete steady-state analysis is done in Chapter 3 using the developed WEHSA
tool to measure the behaviour that different control schemes offer. Two different optimal
control schemes have been tested: power losses minimization and maximum PQ chart.
In both cases it has been seen that OLTC transformers play a key role and should be
considered in any control strategy. Then these schemes have been compared with the
current control scheme: wind farms are operated at a unity power factor (reference
control) and the proportional control proposed by some TSO (as P.O. 7.5 proposal of the
Spanish TSO) in order to measure how far they are from the optimal ones. The steady-
state analysis shows that if a pro-active voltage control by means of a proportional control
is to be implemented having a real impact on TNet, an adaptive slope is essential. This
comparison suggests that there is margin for power loss reduction with respect to the
simple current strategy (reference control). Nonetheless, with current regulations, wind
farm owners do not have any incentives for minimizing HNet power losses.

7.2.2. CLASSIFICATION OF HARVESTING NETWORKS

The comprehensive detailed steady-state analysis of wind voltage control provided for
two HNets with opposite characteristics show a clear dependence on the type of network.
Hence, this thesis concludes that the strategy selection should consider the HNet
particular features. A key contribution of this thesis is the novel classification of HNets
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into three types. This classification is unique in the literature, providing an overall picture
of the voltage control problem of HNets, and enabling the proposal of suited strategies
for each type of HNet. This classification has been done based on three relevant indexes:
PQ chart, power losses and voltage margins. The three identified clusters, and the
associated proposed strategies are:

e Type A: Power loss minimization strategy presented in Chapter 4; suitable
for networks with significant power losses and with a restricted PQ chart.

e Type B: HNet minimum impact on TNet strategy presented in Chapter 5;
suitable for networks without significant power losses and with a restricted
PQ chart.

e Type C: Pro-active voltage control strategy presented in Chapter 6; suitable
for networks without significant power losses and with a broad PQ chart.

7.2.3. CONTROL RULES ALGORITHM TO MINIMIZE POWER LOSSES

Focusing on type A HNets, an alternative method to the well-known OPF based on
simple control rules is proposed in this thesis. This method infers knowledge from an
optimal scenarios data base. This simple approach avoids the necessity of solving an
optimization problem for each sample, also reducing communication requirements. For
this purpose, two different types of variables have been assessed. The variables belonging
to the first group are useful for explanation purposes. Nonetheless they require a previous
power flow, assuming that all wind farms are operated at a unity power factor. In the
second group, variables do not require any previous computation facilitating their
implementation. Concerning the first type, this thesis has contributed with a novel
variable, the active power losses from wind farm i to the transmission network bus (Piossi),
which takes into account both the electric distance and the load of the HNet lines.
Concerning the second type, the total active power has been selected resembling the
power factor concept. This factor is considered with respect to global magnitude instead
of the individual wind farm active power. In the particular case under study, it has been
seen that this last variable presents a high coefficient of determination, used for
evaluating the adequacy of the regression rules obtained. However, its performance can
deteriorate especially in the presence of loads or other wind farms that do not contribute
to the global goal.

In addition to the regression rules employed for estimating the reactive power
assignment, decision trees have been used for estimating the tap position of OLTC
transformers. In those cases the explanatory variables considered are the voltage and
current for 132kV/20kV transformers. Nonetheless, for the 400kV/132kV the Vrnet was
also incorporated enriching its performance. Hence, a totally decentralized operation of
OLTC transformers can be made avoiding communication, representing a clear
advantage with respect to OPF. Both regression rules and decision trees are computed
offline by simulation of multiple optimal scenarios.

Finally, it should be noted that the methodology presented in Chapter 4 is of value in
a number of respects. Firstly, it allows understanding the performance of the power flows
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in the grid under the different scenarios. Secondly, it identifies which wind farms have a
negligible effect on HNet losses. In those cases a fixed reactive power set-point equal to
zero is sufficient, independent of the scenario. And thirdly, it may be of use in providing
an initial point in the event of considering an OPF for each sample time.

7.2.4. CONTROL SCHEME STATIC SETTINGS AND TEMPORAL PERFORMANCE

In order to analyze any control scheme dynamic performance, a simulator is required.
In that sense a new tool, Wind Energy Harvesting Simulation (WEHSIM), has been
developed allowing the analysis of any HNet. This tool has been used for the control
strategies proposed for type B (taken into account fit-and-forget static settings) and C
(considering adaptive settings). Focusing on type B, a holistic analysis of four different
schemes: reference control, power factor control, local voltage control and remote
voltage control has been provided. Note that those schemes can be gathered in two
distinct groups: those control schemes that maintain a certain power factor and voltage
control. For each control scheme fixed static parameters are obtained thanks to the AC-
multi-period OPF. From this analysis it can be surmised that the best option is a voltage
control where wind farms control a remote bus. Otherwise, of the localized control
schemes that do not require telemetry, power factor control has a better performance
representing a key result. In fact, the Spanish proposals (P.O. 7.5) encourage the local
voltage control which has been seen is not the best option.

Contrarily, for type C HNets, a central controller distributes settings that depend on
the operational and external conditions. This central controller has been developed
following the guidelines of well-known TNet hierarchical voltage control schemes and
more specifically in their secondary loop. Nonetheless, several modifications have been
done in accordance with the HNet characteristics and the nature of distributed generation
such as its variability. Firstly, it should be emphasized that wind farms’ reactive power
set-points instead of voltage ones, have been considered. Those set-points are evaluated
for minimizing the pilot voltage bus deviation taking into account also reactive margins
maximization. For that purpose the tertiary loop, which commonly plays an important
role in reactive power management has been avoided, obtaining a fast response.

Moreover, for obtaining a smooth response avoiding unncesary tap changes, a first-
order lag (with a sample time much smaller thanl s) has been incorporated. For avoiding
instabilities or oscillatory performance and reducing communication requirements the
control variable increments have been evaluated with respect to the initial values
obtaining a proportional response and not an integral one as is commonly done in
traditional TNet schemes. Nonetheless, the integral response is never reached if reactive
power margins are also considered. Finally, concerning OLTC transformers a supervised
decentralized operation has been suggested to guarantee fast and optimal operation.

7.2.5. OFFLINE TUNING OF DYNAMIC SETTINGS

Any control scheme design should also consider the dynamic coordination of wind
farms and cascade OLTC transformers. In that sense this thesis proposes an offline
method to tune some relevant dynamic settings to be applied to the voltage control of
Type B and C. These settings are wind farms’ controller time constants and for OLTC
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transformers their time delay and dead band. This last setting is not commonly used with
coordination purpose although there is not any barrier that impedes its use as has been
proposed in this thesis.

For that purpose two well-known metaheuristic algorithms (Genetic algorithm and
MOPSO) have been used. Concerning type B, the dynamic analysis reinforces the
previous statement (see subsection 7.2.4) showing how in the event of implementing a
local voltage control scheme, to avoid oscillation, very slow controller action is
necessary. Finally, it should be noted that a demanding voltage control such as the remote
one increases the number of tap changes significantly. Concerning type C, the same
method has been employed focusing this time only on the MOPSO algorithm. The results
obtained have been expanded, clustering the Pareto front obtaining different dynamic
settings patterns.

7.3. PUBLICATIONS

This section gathers the publications derived from this thesis, 6 journals (all of them
already published) and 1 conference publications.

Journal publications

E. Séiz-Marin, E. Lobato, "Optimal voltage control by wind farms in distribution
networks using regression techniques", Przeglad Elektrotechniczny. vol. 88, no. 01a, pp.
117-121, Enero 2012. CIRC: A

E. Saiz-Marin, E. Lobato, I. Egido, "Optimal voltage control by wind farms using data
mining techniques", IET Renewable Power Generation. vol. 8, no. 2, pp. 141-150, Marzo
2014. [Online: Septiembre 2013] CIRC: EX

E. Saiz-Marin, E. Lobato, I. Egido, "Local hosting capacity increase by means of wind
farm voltage control provision", IEEE Transactions on Power Systems. vol. 29, no. 4,
pp. 1731-1738, Julio 2014. [Online: Enero 2014] CIRC: EX

E. Séiz-Marin, E. Lobato, I. Egido, L. Rouco, "Economic assessment of voltage and
reactive power control provision by wind farms", Wind Energy. [Online: Marzo 2014]
CIRC: EX

E. Saiz-Marin, E. Lobato, I. Egido, C. Gomez-Sanchez, "Voltage control assessment of
wind energy harvesting networks", IET Renewable Power Generation. vol. 8, no. 8, pp.
915-924, Noviembre 2014. [Online: Junio 2014] CIRC: EX

E. Séaiz-Marin, P. Cuffe, A. Keane, E. Lobato, I. Egido, "Offline Tuning of Dynamic
Settings Considering an Online Central Controller ", accepted for its publication IET
Renewable Power Generation CIRC: EX

Conference publications

E. Saiz-Marin, E. Lobato, I. Egido, L. Rouco, "Power losses minimization within Spanish
wind farms evacuation networks", 2013 IEEE Power and Energy Society General
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Meeting - IEEE PES 2013. ISBN: 978-1-4799-1301-5, Vancouver, Canada, 21-25 Julio
2013

7.4. FUTURE RESEARCH

Despite the huge literature available concerning voltage control, further research
should be carried out. The main areas in which further research can be made are: (a)
expand the results to other systems, e.g., DNets, isolated systems or smart grid (b)
integration of type C control strategy into the TNet hierarchical control, (c) experimental
validation of the control schemes proposed and (d) definition of a proper regulation
framework and grid codes. Each of these specific topics are briefly expanded in the
subsequent subsections.

7.4.1. REPLICABILITY AND SCALABILITY

The results presented in this thesis can be expanded to other systems such as
microgrids, smart grid or DNets where reactive power management is essential. In those
cases, as has been done for a HNet, centralized and decentralized control schemes can be
suggested considering also different control strategies whose selection may be done in
accordance with the three relevant indexes here proposed: PQ chart, power losses and
voltage margins. In addition, in these systems the FACTs and STORAGE devices may
play an important role and thus, their incorporation in any control strategy is crucial.

7.4.2. HNET INTEGRATION INTO A TNET HIERARCHICAL VOLTAGE CONTROL

At the end, those HNet plants should be coordinated within the whole TNet. This fact
can be done in two different manners as has been already stated within the thesis. On one
hand, the TSO can directly give a set-point. On the other hand, the HNet can be integrated
in a TNet hierarchical control scheme and hence automatically receive set-points from
its higher loop (secondary voltage control loop). As a result, the required information that
the TSO needs for providing the set-points must be defined.

7.4.3. EXPERIMENTAL VALIDATION OF THE CONTROL SCHEMES PROPOSED

This thesis has provided tangible simulation results, which as has been emphasized in
the document, will not differ significantly from more realistic approaches such as
hardware-on-the-loop. However, its real implementation should be studied in detail
analyzing all practical issues that can arise which may be translated into control
adjustments and improvements.

7.4.4. REGULATIONS AND GRID CODE PROPOSAL

Finally, this thesis has provided an important know-how of voltage control which
could be used in the design of regulation measures or grid codes.
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APPENDIX A

TEST NETWORKS EVALUATED

Eight different HNets have been used throughout this thesis for showing the adequacy
of different voltage control schemes depending on their characteristics. Two of them have
been evaluated in more detail in Chapter 3. In this appendix their characteristics and one-

line diagrams are provided.

The first HNet analyzed is a radial one containing short feeders. This network contains
11 wind farms and a solar thermal plant which maintains a unity power factor in Chapter
3. Nonetheless, subsequent chapters will assume that this plant provides also reactive
power/voltage control. The installed active power of all wind farms and the solar thermal
plant within HNetl is presented in Table A-1. The one-line diagram of this network is

depicted in Figure A-1 in which the solar plant is depicted with dotted lines.

Table A-1. Installed active power of each wind farm within HNetl

Wind farms

1

2

3

4

5

6

7

8

9

10

11

Solar plant

| Power (MW)

24

20

50

28

12

16

26

50

50

50

50

100

The second HNet has 13 wind farms. This network is partially meshed and
representative of long lines. The total installed power of each wind farm in HNet2 is
presented in Table A-2 and its one-line diagram is depicted in Figure A-2.

Table A-2. Installed active power of each wind farm within HNet2
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Test networks evaluated
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Figure A-1 First wind energy HNet evaluated (HNet1)
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Figure A-2 Second wind energy HNet evaluated (HNet2).

In both networks, TNet is represented with the Thevenin equivalent (Rthev+jXthev),
where Xthev is the inverse of the short-circuit power assuming (Zhev =XThev) and Rhey is
evaluated in accordance with the X/R ratio. Within this thesis the mean values (year
2010) of these magnitudes for the real networks are used. On one hand, the mean yearly
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short-circuit power is 5065 MVA for HNetl and 8033MVA for HNet2. On the other
hand, the mean yearly X/R ratio is 11.4 for HNet1 and 11.2 for HNet2.

Wind farm capabilities have been defined in accordance with the proposal P.O. 7.5
[REE 2011] which demands more controllability. In this proposal the reactive power
constraints are defined with the PQ chart next depicted in Figure A-3. As can be seen,
those requirements lineally increase from 0 to 20% of total installed active power
neglecting the lagging effect of discharging lines. Once that this active power level is
reached, constant limits (30%) are considered, which are reduced for the lagging
component when the wind farm is highly loaded. In addition, the QV chart is also
provided in Figure A-4 where the Spanish and the ENTSO-E charts are compared.
Focusing on the Spanish grid code (first subplot), a lineal relationship between Q and V
has been established. Nonetheless, other relationship more demanding could be
established always that not exceed the ENTSO-E inner envelope [ENTSO-E 2013].
Based on that, this thesis has considered that wind farms have reactive power capabilities
in all voltage range 0.95-1.05 p.u.

P (%oPmax)

100%
80%

20%

30% 0 20% 30% Q (%Pmax)

Consumption (lead) Production (lag)

Figure A-3 PQ chart at wind farms connection bus [REE 2011]
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Test networks evaluated
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Figure A-4 QVchart at wind farms connection bus [REE 2011, ENTSO-E 2013]
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APPENDIX B

QV RELATIONSHIP AND LOCAL HOSTING
CAPACITY

This appendix presents the QV relationship outlining the important role of the X/R
ratio, parameter that affects the possible rise or decrease of voltages when active power
is increased. Moreover, how the local hosting capacity can be increased thanks to voltage
control provision is discussed considering simplified models. Note that the proper area
analysis is included in Chapter 3.

B.1 VOLTAGE RISE EFFECT

From the transmission network perspective, voltage drop (which could be the origin
of voltage collapse) is the most risky situation. However, [Masters 2002] states that in
distribution network the voltage rise is a major issue which appears before. This different
behaviour is due to the X/R ratio. On one hand, transmission network typically presents
high X/R ratio, which means that are inductive networks. On the other hand, distribution
network are more characterised for having low X/R meaning that are network with a high
resistive component. HNets, which are the focus of this thesis, resembles distribution
networks presenting also a high resistive component. This section addressed this issue
which is complemented with examples in the next section and is ended with a
mathematical demonstration. The first network model evaluated depicted in Figure B-1,
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is a very simplified one. As can be seen the aggregate model of the HNet is connected to
TNet through its thevenin equivalent (voltage source and thevenin impedance).

VHNEet, V1 VTNet, V2
HNet R+jX

I

Figure B-1 Simplified network model of both HNet and TNet

Taking into account this model a graphical analysis of the R impact has been done
which later is expanded with examples and mathematically demonstrated. In case (a),
only a reactance is considered. Hence, V1 (HNet voltage) is perpendicular to jXI and V>
corresponds to the circle diagonal. This fact means that always V2 (TNet voltage) will be
higher than V1. In the event of considering V> constant, Vi is allocated always in the
circumference. On the contrary, in case (b), a resistance has been added. In this situation
V1 is out of the circle, meaning that depending on the size of this component V2 will be
higher or lower than V;

@ T TS

V2:constant

\ 4

V2=constant

Figure B-2 Graphical analysis of the R impact

B.2 LOCAL HOSTING CAPACITY

Using the simplified model of both TNet and HNet (as was outlined in the previous
subsection), this section explains how steady-state voltage boundaries may limit wind
hosting capacity and how the use of wind farms’ reactive power capabilities delays the
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appearance of this type of constraints. Considering steady-state bus voltage constraints,
Figure B-3 shows an example of the increase in local hosting capacity that can be gained
with the provision of voltage control. In this figure, the SCC is fixed to 4000 MVA
(which is a representative low value and thus, an unfavourable one) and an initial voltage
of Vnet=1.00 p.u is used. The PV curves have been obtained for a low (2) and a
considerably high (30) X/R ratio in two situations. The first situation, assumes that wind
farms maintain a fixed power factor equal to one whereas the second situation takes into
account the HNet reactive power capabilities to maintain an adequate voltage profile.

The PQ chart of the HNet in this simplified model is represented by a linear function
of the hosting capacity, obtained extrapolating the wind turbines capabilities as shows
Figure B-4. In this figure three PQ charts are depicted, for 1 wind turbine, 2 wind turbines
and for 3 wind turbines assuming a typical wind turbine of 2MW (with reactive power
capabilities of £0.65MVAR), in order to show how reactive power capabilities increase
with the addition of wind power installation capacity. In addition, a continuous thick line
indicates the reactive capability in case of taking into account that the wind active power
penetration increment means an increment in the installed capacity. This hypothesis,
which corresponds with the most unfavourable situation, will be used throughout the
appendix.

When the X/R ratio is small, the rise in voltage is significant and the production of
wind power could be limited due to over-voltages (voltages over 1.05 p.u.) as can be seen
in Figure B-3. In case of providing voltage control, the rise in voltage decreases
significantly and the hosting capacity limit resulting from overvoltage disappears. As a
result, the hosting capacity increases significantly. When the ratio is large, the hosting
capacity is limited because of voltage under the admissible value (0.95 p.u.). In this case,
thanks to the voltage control provision, the hosting capacity is increased. Nevertheless,
the hosting capacity increment is significantly lower when the limitation on the hosting
capacity is caused by voltages under the limit value than when it is caused by overvoltage,
as can be observed in Figure B-3. In addition, reactive power capabilities might not be
sufficient to maintain Vet at a fixed value as can be seen in the first subplot of Figure
B-3 between 0 and 1000 MW. In that period as can be contrasted in Figure B-5 the
maximum reactive power is delivered.
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Figure B-4 Wind turbines extrapolated PQ chart

In Figure B-5 (first subplot), the reactive power delivered by the wind farm if it
provides voltage control is presented for the two cases analyzed above (X/R =2 and X/R
= 30). For a low X/R ratio the wind farm consumes reactive power in order to mitigate
the voltage rise effect (between 0 and 3500MW). For a high X/R ratio, the wind farm
always generates reactive power, reaching the reactive capability limit above 2500 MW.
Thus, the hosting capacity increment that could be obtained thanks to the provision of
voltage control is lower than for a low ratio (see Figure B-3). The second subplot within
Figure B-5 presents the reactive power that must be provided by the rest of the system.
Note that the difference in the quantity of the reactive power provided by the rest of the
system with and without control is equal to the reactive power provided by wind farms
(in the event of providing this control) plus the difference of reactive power losses.
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Figure B-5 Reactive power for two different ratios (SCC=4000 MVA, VTNet=1.00 p.u.) in two
situations

For evaluating the short-circuit power (SCC) influence in the voltage rise effect,
Figure B-6 is presented. In this figure the reactive power and the voltage are depicted for
several SCC maintaining the ratio X/R fixed to 2. It could be appreciated how the
maximum values of the voltage are the same for all different short-circuit powers
analyzed. Hence, the voltage rise limit depends on the X/R ratio whereas the SCC
imposed where this limit is reached. The mathematical demonstration of this fact is
provided for the simplified model in the last section of this appendix.

In Figure B-7 the same curves as in Figure B-3 are presented. Nevertheless, in this
figure the ratio has been fixed (X/R = 6) and two different values of Vrnet have been
evaluated (1.00 p.u. and 1.04 p.u.). In this figure it can be seen that if the initial value of
Vet is high and wind farms do not provide voltage control, the hosting capacity could
be promptly limited due to overvoltage.
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Figure B-6 Reactive power and voltage for a ratio equal to 2 and different SCC when the wind farm
provides voltage control

However, if wind farms provide voltage control, the hosting capacity is limited,
because of voltage under the admissible value (0.95 p.u.), leading to a substantial hosting
capacity increment of 3200 MW. For the initial value of Vrnet = 1.00 p.u., the hosting
capacity is limited because of voltage under the admissible value in both situations (with
and without voltage control). Contrairly when Vet is equal to 1.04 p.u. the hosting
capacity is limited becase of overvoltage in the event that reactive power support is not

paid.
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Figure B-7 Voltage for two different VTNet (1.00 p.u. and 1.04 p.u.) maintaining the SCC and the
X/IR ratio at a fixed value (SCC=4000 MVA X/R=6)
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Figure B-8 Summary of the hosting capacity limit without control and the increment of the hosting
capacity thanks to the voltage control provision

These results are very valuable for both wind farm owners and system operators,
indicating the wind farm capability of removing steady-state bus voltage limitations and
enhancing the flexibility of the system. Having evaluated different situations in detail,
Figure B-8 plotted the wind power limitation without providing voltage control and the
increment achieved thanks to the voltage control provision for three different values of
V1net. FOr most values (Vrnet, SCC) steady-state voltage limitations appear for a hosting
capacity higher than 2000 MW which, although they are theoretical limits, they are not
realistic according to the Spanish power system in which, it is not possible to install more
than 2000 MW in a single bus [REE 2005]. Since this thesis has paid an especial attention
to the Spanish power system, the value of 2000MW has been selected as the maximum
potential value of realistic hosting capacity; otherwise the limitation is not effective.
However, before reaching this value, the hosting capacity could be limited because of
transmission capacity constraints as has been clearly seen in Chapter 3. In all cases a
considerable increment in hosting capacity can be achieved, being very significant for
low X/R ratio.
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and local hosting capacity

B.3 SPANISH LOCAL CAPACITY EVALUATION

In order to analyze how relevant the unfavourable cases are, a statistical analysis of
the Spanish system using data from year 2010 has been carried out. In Figure B-9 the
histogram of the mean, maximum and minimum SCC and X/R ratios in all 400kV buses
within the Spanish power system are presented. The same information is provided in
Figure B-10 for 220 kV buses. Concerning this last voltage level, most of the buses have
a mean SCC between 3000 MVVA and 6000 MVA and the X/R ratio is between 6 and 10.
With respect to the 400 kV buses, most of them have a mean SCC between 7000 MVA

and 13000 MVA and the X/R ratio is between 10 and 14.
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Figure B-9 Statistical data of SCC and X/R ratio 400 kV buses within the Spanish system (year 2010)

This information is numerically summarized in Table B-1for the mean and also the
minimum distributions of X/R ratio and SCC. In all cases, the cumulative distribution is
evaluated in order to obtain the values that correspond to the percentiles 25% (low), 50%

Maximum short circuit(MVA)

(mean) and 75% (high).
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Figure B-10 Statistical data of SCC and X/R ratio 220kV buses within the Spanish system (year

2010)

Table B-1. Spanish TNet statistical data

XIR ratio SCC (MVA)
Mean |Minimum| Mean |Minimum
High 10 9 7015 3853
220 kV Mean 9 7 5136 2495
Low 8 5.5 4000 1439
High 14 11.5 11742 6106
400 kV Mean 12 10.5 9669 4762
Low 11 9.5 7595 3419

Using the mean values of X/R ratio and SCC, Table B-2 presents the limitations of
hosting capacity imposed by steady-state voltage constraints if the wind farm does not
provide voltage control for each combination of values.

As explained in the previous section, the value of 2000MW is considered as the
maximum potential value of realistic hosting capacity. Evaluating the results provided in
this table (considering mean values), it can be concluded that the hosting capacity will
not be limited because of steady-state voltage constraints. In these cases the hosting
capacity could be limited due to other reasons such as system capacity, dynamic
performance, frequency control or transmission capacity constraints. However, the
system operator should consider not only mean values, but also minimum values. Next,
Table B-3 presents the hosting capacity limitations without voltage control, for the
minimum values of X/R ratio and SCC. For these values the hosting capacity is limited
in a greater number of cases. Nevertheless, for most TNet buses, using the reactive power
available from the HNet doubled the permissible hosting capacities surpassing the
2000MW limitation imposed by the Spanish grid code.
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Table B-2. Summary of wind power limitations (MW) considering mean

Low | Nominal [ High
V Thet V et V et

0.97 p.u. | 1.00 p.u. | 1.03 p.u.
High SCC 2063 2776 3339
High X/R ratio |Mean SCC | 1481 2009 2391
§ Low SCC 1152 1545 1843
3 High SCC 2204 2926 3479
z Mean X/R ratio |Mean SCC | 1580 2103 2500
=2 Low SCC 1232 1639 1929
N High SCC 2496 3184 3685
Low X/R ratio |Mean SCC | 1793 2284 2621
Low SCC 1395 1782 2007
High SCC 3064 4315 5488
High X/R ratio |Mean SCC | 2529 3561 4525
8 LowSCC | 1973 | 2777 | 3527
a High SCC 3230 4465 5385
i Mean X/R ratio |Mean SCC | 2665 3684 4447
o Low SCC 2080 2874 3470
= High SCC | 3338 | 4561 | 5237
Low X/R ratio [Mean SCC | 2754 3764 4317
Low SCC 2148 2935 3364

Table B-3. Summary of wind power limitations (MW) considering minimum values

Low | Nominal | High
Vinet | Vnet V et

0.97 p.u. [1.00 p.u. | 1.03 p.u.
High SCC 1192 1578 1877
High X/R ratio |Mean SCC | 767 1018 1213
3 LowSCC | 442 587 688
_8 High SCC 1350 1717 2007
i Mean X/R ratio [Mean SCC | 867 1104 1292
2 Low SCC 491 630 750
N High SCC 1545 1974 2167
Low X/R ratio {Mean SCC 993 1267 1393
Low SCC 569 732 788
High SCC 1699 2458 2818
High X/R ratio |Mean SCC | 1327 1919 2199
§ Low SCC 950 1378 1578
a High SCC 1761 2393 2871
i Mean X/R ratio |Mean SCC | 1375 1865 2243
o Low SCC 985 1343 1609
= High SCC 1836 2336 2933
Low X/R ratio |Mean SCC | 1432 1824 2289
Low SCC 1030 1309 1649

In buses affected with low SCC, steady-state voltage limits justified the legislation
changes, in which TSOs are imposing wind farms voltage control (Spain [REE 2011],
Denmark, [Energinet 2010] and Ireland [Eirgrid et al. 2012, Eirgrid et al. 2013]). In
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addition, voltage control is also justified because the dynamic and stability performance
of the power system is improved. Further evidence to support the need for legislation for
TSOs is provided in Chapter 3 where the importance of the local nature of reactive power
IS seen.

This simplified model can be enriched taking into account the real HNet PQ chart as
was done in Chapter 3, computed maximizing the reactive power delivered and absorbed.
Considering that real PQ chart the local hosting capacity limits have been updated,
identifying that moving from idealized to realistic PQ charts tends to reduce the hosting
capacity by about 30% as can be derived from Table B-4. Nevertheless, there still are
significant increments in the hosting capacity due to the voltage control provision.

Table B-4. Hosting capacity increment comparison

SCC (MVA)

4000 | 6000 | 8000 | 10000 [ 12000 | 14000 | 16000 | 18000 | 20000

Hosting capacity increment using ideal PQ chart
2 4325 6588 8852 10316 12578 14842 17105 19368 21132
6 1616 2162 3213 3768 4819 5370 6425 6978 8032
10 1410 2114 2819 3524 4726 5430 6137 6841 7546
15 1356 2381 3057 3732 4756 5432 6111 7136 7813
° 20 1424 2133 2845 3903 4614 5323 6036 7096 7807
i 30 1491 2232 2978 3720 4463 5207 6301 7046 7790

o Hosting capacity increment using real PQ chart
X 2 2957 4314 5983 7030 9001 10083 11131 13348 14346
6 204 371 526 685 834 961 1096 1238 1381
10 207 347 487 626 765 896 1018 1145 1273
15 195 357 466 585 719 841 957 1083 1208
20 200 334 445 581 689 808 933 1043 1166
30 214 307 441 547 667 781 892 1010 1119

Finally, in order to analyze the accuracy of the simplified model, the wind power
limitations with an ideal control scheme and assuming a fixed power factor equal to one
were also obtained using the full model of the Spanish power system. In this case, the
hosting capacity was increased in one bus and proportionally reduced in the rest of the
generating buses of the whole Spanish system in accordance with their reactive power
reserves, until bus voltages reached their maximum limits. The results obtained from the
full model are compared with those obtained with the simplified model (the actual SCC,
X/R ratio and Vnet for each bus are interpolated, taking into account the regression line
that approximates the simplified results). Figure B-11 shows how the results obtained
with the simplified model of both TNet and HNet are quite similar to the results obtained
with the full model in most of the cases. However, when SCC increases, the accuracy of
the simplified model diminishes.
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Figure B-11 Comparison of simplified and detailed models of TNet

The Spanish power system is very meshed guaranteeing that the operation is quite
linear and far away from voltage collapse for actual values of demand. Thus, the
simplified model gives a good indication of local hosting capacities imposed by steady-
state voltage limits.

B.4 MATHEMATICAL DEMONSTRATION

In Figure B-6 the reactive power and the voltage are depicted for several short-circuit
powers maintaining the ratio X/R fixed to 2. In this figure it can be appreciated how the
maximum values of the voltages are the same for all the different short-circuit powers
analyzed. The mathematical demonstration of this fact is next presented in this section.

In this simplified model, V2 is the voltage of Ve and V1 is the voltage of the bus
where the wind farm is connected as can be shown in Figure B-1. The voltage that has
been fixed is V1 and V2 is computed. The reason of this consideration is that if V1 is fixed
the current can be easily obtained and the relation V2/V1 is the same independently of the
voltage considered.

p_i
Vi
P—jQ .
Vo=V, — 7, (R +jX) B-1
PR + QX PX — QR
vV, =V, — -
2 1 v, ] v,

In order to determine the maximum value of the voltage, it is first necessary to
determine where the maximum is achieved. Thus the derivative of V, with respect to P
must be calculated. Because the maximums of V2 and V>? are located at the same P values,
the derivative of V.2 with respect P is calculated due to the fact that it is easy to compute.
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In addition, the maximum always is achieved when the wind farm is consuming the
maximum reactive power (Q=—0.33-P).

V2= {V PR - 0.3313)(}2 N {O.SBPR + PX}Z

dv? PR—0.33PX)/ R 033X
el 0
dP 2 22

, {0.33PR + PX} (0.33R N X) B

V1 oo/
Ifv; =1
2
dv; 5.2

—2 = (=R 4 0.33X)(1 — PR + 0.33PX)

dP
+ (0.33PR + PX)(0.33R+X) =0
R—-033X
~ 1.11R? + 1.11x2
IfRatiog =2
_ R-0332R _ 0.0612
"~ 1.11R2+1.11-(2R)?2 R

P

Replacing P, the maximum value of V> is computed.

V2 — {V PR - 0.3319)(}2 N {0.33PR + PX}Z
2 1 Vl Vl
Ifv; =1

V2 =1+ (PR)? + (0.33PX)? — 2PR0.33PX — 2(PR — 0.33PX)

+ (0.33PR)% + (PX)? + 2PR0.33PX

0.0612 \? 0.0612 2 }
ZR) B-3

R) + (0.33

0.0612 0.0612 \?
-2 ( R—0.33 ZR)

V22:1+<

2

0.0612 \? /0.0612
# (0332222 R) 4 (2222 p)

It can be appreciated that this value is constant and independently on the short-circuit
power V, = 0.9895

In this analysis the voltage that has been fixed is V2 =Vtnet = 1.00 p.u. As a result, Vi
can be computed as:

v, = =1.0106
27 0.9895

It can be observed that this value corresponds to the maximum value obtained in
Figure B-6
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APPENDIX C

SENSITIVITY MATRIXES

For implementing an optimal voltage control scheme in real time, the sensitivity
vectors are required (vector calculated using the linear model of the power system). This
appendix presents the HNet model used in this thesis and the assumptions considered in
order to compute the sensitivity matrix.

C.1 HNET LINEAL MODEL

Any power system can be modelled with the linear power flow equations next
presented. In order to simplify its formulation the different derivative terms are named
(H, N, M and L) where AP vector dimention is equal to the number of generator (g) plus
the number of loads (1) i.e., (ng+ni) x 1 whereas AQ vector dimention is nj x 1
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5
(Apj: s Va—v [ AQ } (H Nj[ A0 j
AQ)”|Q ZQ AVG) T Im LAYy, (C-1)

[Hgg Hgl Ngg Ngl] A9 AP

| Hy Hy Nyg Ny | Aﬁlj [API] (C-2)
[Mgg Mgt Lgg Lgi| AQq

My, My L, Lyl lav] lag,]

Next, the different terms are enumerated:

IF i=j
P o,
Hi= 50 = ae{v‘ ;vj (G, cos 6, +B,send, )J =-Q,-V/B,
N, =V, S\F;i _y, O (v >V, (6, cos6, +B,seng, )j: P +V. G,
| (C-3)
M, = =20 (V ZV G;;sené; — B, cos b )} P -V G,
Q, _Q -V’B.
L, =V, o=t o =V, N (v > V,(G;send, - B cos g, )j_Qi V/’B,
IFi#]
P 0
Hij = 66;1. = <36j(\/ivj (Gij cosHij + Bijseneij )):vivj (Gijsenaij - Bij cos@ij)
N; =V, 2\7 =V, a?/ (viv;(G; cos 8, + B;seng, ))=V,v, (G, cosd, + B;send);)
oQ | 0 (C-4)
M, = aef :ﬁ(vivj(Gijseneij -B; cos&ij)):—vivj (Gij cos @ + Bijsenﬁij)z—Nij
J J
L; =V, ZS =V, a%(VV (G send; — By, cos G; )) ViVj(Gijseneij—Bij cos@ij)z
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Considering this formulation, it can be derived that the voltage deviation is affected
by both reactive and active power (see next formula).

[SLg Szg] [AVz] ﬁ%ﬂ [Tlg Tlg] [APJ (C-5)

Due to the P-V relationship is not significant for typical X/R ratios when the system
is far away voltage collapse as has been seen in the previous appendix, an assumption
widely used is that the P-6 and Q-V relationship are decoupled. Hence, the voltage
deviation is assumed directly proportionally to the reactive deviation S AV = AQ. This
thesis considers a semi-decoupled approach as was also adopted in [de la Fuente 1997].
This means that although the active power deviation effect is depreciated, the active
power flows are considered when S is evaluated as is next shown.

(1 _6)

[77:915 %zl]=]]fj ]]fll][ng le]

C.2SENSITIVITY MATRIX USED

Recalling section 6.3, the HNet control determines the set-point of each wind farm in
order to fulfil the required voltage set-point at the pilot bus. Hence, the sensitivity matrix
that relates both magnitudes is used.

AQg]

SZg SZg] [AVJ [AQl (C-7)

Assuming the general case in which there are both PQ and PV buses the next relation
is obtaining

Sig AV, + Sy AV, = AQ, — AV, =S,7'AQ, — Sy~ 'S,AY, (C-8)

It can be appreciated that the voltage deviation of the load buses (being the pilot bus
one of them) depends on the reactive power injections at the PQ buses and the deviation
on the voltage set-points of the generators (PV buses). In the HNets evaluated no
demands are located. Consequently, the set-points received by wind farms impose the
type of bus that should be considered, PV or PQ. In this thesis both, voltage and reactive
power set-points have been analyzed being the latter the one selected owing to the reasons
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explained in Chapter 6. Nonetheless, next the sensitivity matrixes in both cases are
outlined.

_ “1e . _ -1 _
Msensitivity Pv = =51~ Sig 5 Msensitivity PQ = —Su (C-9)

Finally, in order to just considered the voltage deviation at the pilot bus C matrix is
added, indicating which load bus is considered a pilot bus. In this matrix the number of
rows corresponds to the number of pilot buses (in the particular case of a HNet just one
hence a vector is obtained) whereas the columns correspond to all load buses (n,, x n;).
Thus, all terms of the matrix are cero except the ones in which the pilot and load buses
coincides.

AVp =C Msensitivity PQ AQ, (C-lO)

Hence the following notation has been used throughout the thesis vS,, =
c Msensitivity PQ

When a significant voltage deviation of the pilot bus is seen the voltage set-points of
the OLTC transformers are updated. Thus theirs sensitivity matrixes are required AV, =

Sct AV \Where S, is calculated as follows, taking into account that a tap position change
means a voltage increase/decrease (TV%) of 1%.

ao\* 90
Set = (W) o TV (C-11)
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APPENDIX D

SIMULATORS

In order to study the dynamic performance of any control scheme a simulator is
required. In that respect two bespoke tools have been developed in the context of this
thesis. The first one, which is employed throughout Chapters 5 and 6, simulates the
performance of the whole HNet considering an aggregate model of each wind farm. The
second one focuses on a specific wind farm, being used for evaluating the limitations of
it providing this service, results that are later explained in Appendix I.

D.1 HNET SIMULATOR

The simulator, whose structure is presented in Figure D-1, is composed of the
following components: a model of the network, a power flow solver, and a dynamic
voltage control model. In addition, it should be emphasized that any control scheme rely
on some specific settings (e.g., voltage/reactive power set-points, droop ...) which can be
fixed (see Chapter 5) or adaptive (see Chapter 6). In the first case, those values are
computed offline with an AC multi-period OPF. In the second case a central controller
computes online those values. In that sense, an optimization problem is solved by
quadratic programming every period. Finally, some input data (transmission bus voltage,
and wind farm active power time evolution patterns) are required.
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Figure D-1 Simulator used for evaluating the performance of each control

The response of that central controller or directly the fixed settings (considering also
the first order lag and the tap changes perform after a certain time delay and dead band)
is applied to the network load flow model, which is resolved every second. This general
sample time has been fixed to one as the wind farms historic power is also available at
that granularity. Hence, the controller set-points (voltages or reactive power) can be
compared with the real measurement, representing the error signals to be compensated.
However, the voltage controllers require communications which are not continuously
available. Hence, the sample time for voltage controllers should be defined. Recalling
Chapter 2, the HNet voltage control could be considered as the secondary control loop
of a typical TNet hierarchical control, where the sample time commonly is ten seconds
[de la Fuente 1997]. During this ten second interval the control actions (tap position and
reactive power operating points) are fixed, being therefore discrete variables.

In this hierarchical control scheme the plant and primary control loops correspond to
wind farms and wind turbines control loops respectively. Both, wind farms and wind
turbines controllers have not been considered within the simulator assuming ideal
response; the wind farm reactive power dynamic is modelled as a one second delay.
Simplification made in accordance with the current status of some relevant grid codes
[ENTSO-E 2012] which demands that the 90% of the reactive power should be provided
before one second. In addition, this assumption was validated by the results provided in
[Azpiri et al. 2013]. In that document the internal wind farm control (which has been
avoided) was proved showing how fast can it be. This fact, jointly with the sample time
considered by the central controller (which is significantly higher than the possible
communication delays), make no necessary the consideration of more realistic
approaches such as hardware-in-the-loop [Xiaohu Liu et al. 2012].
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D.2 WIND FARM SPECIFIC SIMULATOR

In Figure D-2 the specific wind farm simulator (taking into account its internal grid)
is presented outlining the data received from the HNet control loop. One one hand, the
OLTC transformer voltage set-point. On the other hand, the wind farm reactive power
set-point. This last set-point should be distributed among all wind turbines. For this task
many control schemes can be considered: a simple proportional control, control rules or
solving an optimization problem. However the design of this control scheme is not the
purpose of the thesis and hence, a simple proportional control has been assumed.

HNet voltage OLTC transformers voltage set-point N
control -
Clock
Reaszttl\lljeopi)rc])glver Wind turbines active power @)
. —_— -
LL
(@)
<
v o
i ; )
. V\I’:]’:Srf:glm Qurbine ™ _{ Wind turbines Qurbine J <
controller response é
o
1s ¥ E
| compensation 2
i required
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Figure D-2 Internal wind farm simulator

Subsequently, the wind turbines response should be evaluated taking into account the
reactive power limitations principally imposed by the QV chart. This chart highly
depends on the wind turbine technology. In this thesis a sensible assumption has been
made, the maximum reactive power is available within steady-state limits (0.95 — 1.05
p.u.) and then is linearly decreased until 0.9 or 1.1. Nonetheless, note that current
technology already expand the boundaries here proposed. In the event that wind turbines
are not able to fulfil the wind farm reactive power requirement a compensation element
should be added.

The sample time considered for the whole simulator is one second assuming
instantaneous wind turbine response.
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APPENDIX E

WIND FARMS SCENARIOS

In the thesis different wind farm scenearios have been considered e.g., totally random
or considering the same active power level of utilization. These scenarios are accuarate
enough for computing limits or evaluating the most unfavourable situations. However, a
more realistic approach is demanded in those applications that highly rely on active
power scenarios such as the AC multi-period OPF. In this case more sophisticated
scenarios considering also their occurrence probability are required. In addition, for the
dynamic analyses carried out in Chapters 5 and 6, temporal evolution patterns are
required. This appendix explains both cases. Subsection E.1 evaluates the correlation
between wind farms considering real data. This result is employed for creating the multi-
period scenarios employed in Chapters 5. Subsequently, subsection E.2 presents the
temporal dimension required for dynamic studies.

E.1 CORRELATION WIND FARM DATA

For creating active power scenarios it is essential to know the correlation between the
wind farms within the HNet. For this purpose the measure of the active power of two
wind farms has been recorded for one week every ten seconds. These data have been
interpolated, considering one second sample, for performing an adequate correlation. In
Figure E-1 the difference between both wind farms level of utilization is presented
showing that the difference of most data bins is within £0.2 p.u.
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Figure E-1 Wind farms distribution function.

Consequently, the multi-scenario optimization considered that for a global level of
utilization of the whole HNet wind farms could deviate +0.2 p.u. in accordance with a
uniform distribution for the sake of simplicity. Each one of these scenarios should be
weighted within the objective function. In that respect, their occurrence probability is
essential. For clarifying this process Figure E-2 has been included. For a certain global
level of utilization, wind farms could present different individual level of utilization. In
the event of a 0.4 global level of utilization, the specific wind farm level of utilization
can be between 0.2 and 0.6 as is depicted in this figure. It must be noted that two different
scenarios of the same global level of utilization do not produce the same total active
power as were depicted in Figure 5-4 for explanatory purposes owing to the different
wind farms’ rate powers. In addition each scenario has a weight depending on its
frequency.
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Figure E-2 Process of creating scenarios
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This figure depicts the specific weight for the 0.4 and 0.8 global level of utilization
scenarios based on an annual distribution function. As can be seen, a significant higher
weigh is assigned for the 0.4 global scenario because its occurrence probability is higher.
In this thesis the same weights used for performing [Cuffe et al. 2014a] were adopted due
to the lack of accurate data. In order to extrapolate these data to the network evaluated,
the relationship between the active power and the weights is derived, obtaining a
distribution function as is depicted in Figure E-2. Then, the total power is computed and
a certain weight is assigned interpolating in the distribution function obtained based on
[Cuffe et al. 2014a] data. In total, 300 active power scenarios have been evaluated,
scenarios that can be spitted in 11 global level of utilization scenarios.

E.2 WIND FARMS TIME EVOLUTION PATTERNS

Whereas for the steady-state analysis just the active power correlation among the
different wind farms was needed, in the dynamic analysis its time evolution is also
required. Thus, the evaluation of wind farm time evolution patterns is demanded. For
carrying out this previous analysis real data of the active power of two wind farms is used
as was already done for the steady-state analysis. For classifying these data a cluster
analysis has been carried out. Hence, the data are categorized in different subsets or
clusters which are supposed to share some common characteristics, and also differ from
the others clusters, being the fuzzy c-means [Windham 1982] the algorithm selected.

Within this study, two approaches were followed. In the first one, the active power
level was the main driver. In the second approach the active power profiles were

normalized (xx_ﬂ) and hence, the classification is performed in accordance with

max~ Xmin
theirs shapes. Moreover, for the first assessment the two wind farms data have been used
without considering any correlation aspect, i.e., all profiles have been considered
separately. For the second assessment, the data of the two wind farms have been
considered jointly, hence the active time evolution correlation between the two of them
can be also seen.

Figure E-3 depicts the clusters obtained depending on the active power level
considering the first approach. As can be seen, three clusters have been identified. Each
one has been depicted with a different colour. For each cluster its centre has been outlined
(dark blue line). However, wind farm variability is not appropriately caught and hence
cannot be used as a pattern.
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Figure E-3 Active power profile categorization

One possibility for avoiding this drawback is the selection of the most representative
pattern within the cluster, measure provided by the fuzzy c-means algorithms. In Figure
E-3, those patterns, one for each cluster have been also included, which as can be seen
correspond to the nearest ones to the centres. In this thesis, the most unfavourable
situation from the voltage perspective, i.e., the highest load scenario is evaluated. Note
that for the same set-point, the voltage deviation at Pcc increases when the load also
increases demanding more reactive power. Thus the active power profile has been
selected among the cluster with the highest active power level. Moreover, instead of
considering the most relevant pattern the one with the highest difference to the centre of
the cluster is selected guarantying a high load. Next, Figure E-4 presents the final pattern
selected, which has a significant short-term variability reinforcing the unfavourable
situation selected.
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Figure E-4 Active power profile selected

Subsequently, how to extrapolate the pattern selected to the other wind farms within
the HNet must be addressed. In that sense, the second approach, i.e., the classification is
performed in accordance with theirs shapes, was carried out. Figure E-5 depicts the
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centres of the shape clusters, each wind farm with a different colour. As can be seen four
different behaviours can be identified. In the first one, it is appreciated how both wind
farms have a similar performance although each wind farm has its own variability. Thus,
this cluster has been named constant. The next two clusters correspond to a decreasing
and increasing performance presenting a significant long-term variability. Nonetheless,
for the dynamic settings tuning process the main concern is the short-term variability due
to that could be the origin of unnecessary tap changes. The last one corresponds to an
oscillatory performance among wind farms. Because this thesis focuses on the most
unfavorable scenario, in which the network is more loaded during all the period studied,
the constant approach is selected keeping the short-term variability (see Figure E-4).
Consequently, the wind farms’ patterns have been built around the active profile depicted
in Figure E-4 assuming a constant shape.
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Figure E-5 Shape clusters
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APPENDIX F

METAHEURISC ALGORITHMS

Recently methauristic algorithms have gain relevance, being used in innumerable
problems. One reason behind their suscess is that they are easily integrated with
simulations [Dominguez 2013] as is required in this thesis. Among the metaheuristic
algorithms different approaches have been used: heuristic search, simulated annealing,
swarm intelligence and evolutionary algorithm [Yang 2008]. Although any of these
approaches could be used, this thesis has focused on the last two ones; specifically, in the
genetic and the particle swarm algorithms in its multiple version (MOPSO) which are
explained respectively in sections F.1 and F.2.

F.1 GENETIC ALGORITHM

This algorithm was first proposed by [Holland 1992] and subsequently several
proposals (NSGA-11 [Deb et al. 2002] and DNSGA-II [Deb, et al. 2007]) have been made
to cope with multi-objective problems and environmental changes. Nonetheless, those
extensions have not considered within the thesis.

The idea behind this algorithm takes inspiration from the evolution of the species: the
strongest individuals are those who survive. Thus, an initial population evolves with each
iteration (generation) until the optimal solution is achieved. The population is formed by
M individuals. Typically the number of individuals is determined by trial- and-error
methods. In addition, the initial population is randomly created. Each individual is
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formed by chromosomes corresponding to the variables to be obtained. In order to
measure the “strentgh” of each individual, the objective function, also named fitness in
this context, must be evaluated. This evaluation must be performed in all iterations
(generations) for every individual in the population. In each generation the evolutionary
process is as follows: (a) selection of M individuals that go to the matting pool, (b)
crossover of couples of individuals of the matting pool, (c) mutation of individuals with
the intention of exploring new areas trying not to become stuck at a local optimum.

The idea of the selection in a genetic algorithm is that the best individuals have more
possibilities to be selected. In this analysis the best individual is always selected into the
matting pool, and the rest (M-1) are selected according to the roulette wheel. For
constructing the roulette wheel, firstly, the probability of each individual is calculated in
accordance with the following formula:

1
> 1/ )
' /E

where P; is the probability of i individual and F; is the fitness of that individual. The
square of the fitness is considered for prioritizing the selection of the best individuals.
Once that the probabilities are calculated they are sorted and the cumulative probability
is obtained. Then (M-1) random numbers are generated and the (M-1) individuals are
selected. The idea of the crossover is generating individuals that are similar to their
parents. First, two parents are determined randomly from the selected population.
Another number is then generated randomly and if it is less or equal than the crossover
probability, the parents are crossed obtaining two sons. The two sons are obtained
according to the following formulas:

P; (F-1)

Xison1=0.5Xiparent1+0.5Xiparent2

F-2
Xison2=0.8Xiparent1 + 0.2 Xiparent2 ( )

where X corresponds to chromosome i of the individual. That process is repeated until
the whole population is replaced.

The mutation is done for introducing new “genetic material”. First, one individual is
chosen randomly from the resulting crossed population within the iteration. A random
number is generated and if this number is lower or equal than the mutation probability
the individual is mutated. The chromosome of the individual to be mutated is chosen with
another random number between zero and the number of chromosomes N. In this analysis
a linear decreasing mutation probability within each iteration is employed to enhance the
performance of the genetic algorithm. This process must be repeated the necessary
number of generations for achieving convergence. The optimal generation in which the
algorithm should be interrupted is the one that corresponds to the bend point of the
evolution of the mean fitness. This point is known “a posteriori”. Hence, the number of
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generations should be large enough for guarantying that this point has been reached, in
this first example 100 generations have been considered.

F.2 MOPSO

Among the different multi-objective algorithms, the MOPSO [Coello, et al. 2002,
Lechuga 2006] has been proven as a reliable option as identified in [Dominguez 2013].
This algorithm is an extension of the traditional PSO [Kennedy, et al. 1995], which took
the inspiration from the collective behaviour of animals (e.g., fish shoals or bird flocks).
This collective behaviour has been studied by biologists [Wilson 1975] suggesting that
there are social sharing of information among swarms. This fact means that the individual
members take advantage of its own and also global (shoal, flock) experience during the
search of food. This hypothesis, as the authors recognized in [Kennedy, et al. 1995], was
fundamental for the development of PSO.

Focusing on the algorithm itself a swarm of particles moves within the search space
memorizing which is the best value of the objective function that they have found, both
from the individual and global perspective. These values are used as a reference and will
conduct the search. In order to see graphically how this algorithm works, Figure F-1
depicts the behaviour of one particle (with two components) located in xi(t) base on its
known best experience (pbest) and the global best (ghest) assuming that the position is
equal to the objective for facilitating its interpretation.

Objective1/x,

gbest : x(t)
b V() ¢1 11 (pbest; - xi(t) )

X (t+1) W) Cy Iy (ghest - X;(t) )
@ pbest

Objective2/ x,
Figure F-1 Behaviour of one particle base on its known best experience

Note that normally xi(t) have more than two dimensions (e.g., dynamic settings) and
the objectives are obtained after simulated a specific position performance, consequently
objectives and position differ. The new position of this particle xi(t +1) is equal to its
current position plus the velocity vector (xi(t) + vi(t)), vector that is built in accordance
with its current velocity and the distance of this particle to its pbest and gbest as is next
presented:
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vi(t + 1) = w vi(t) + c1 1 (pbesti - xi(t) ) + c2 r2 (gbest - xi(t) ) F3

Where c1 and c are positive constants (both fixed to one in this case) that indicate the
maximum influence of pbest and gbest respectively, ri and r, are random numbers
between 0 and 1 and w is the inertial weigh. This last parameter has a similar function as
the mutation parameter of the genetic algorithm (which recalling previous section its
function is “exploring new areas”) and consequently is treated in a similar way. A high
inertial weight is good for a global search whereas a low inertial weight is more adequate
for a local one. Consequently, firstly a high weight is desired for obtaining the whole
Pareto frontier which should be decreased with the iterations. In this thesis an initial value
of 0.9 has been considered which has been linearly decreased with the iteration until 0.2
as suggested [Dominguez 2013].

Taking into account this equation, it can be easily surmised that the evaluation of pbest
and gbest is a key issue in this algorithm. On one hand, each particle updates its pbest. If
the new particle position provides better results in all objectives the current pbest is a
dominated solution and hence is substituted as it is outlined in Figure F-2.

9 @ < (b)
b b
2 >
5] 5]
% dominated solutions v %
(©) [~ ©)
""ﬂ.,,ppesti 50%
N gzt S0%
Objective2/ x, Obijective2/ x,

Figure F-2 Evolution of wind farms control time constant of the reactive power control of wind farms
(Local and remote voltage control)

However, what happens if the new particle position only provides better results in one
objective? In this situation the probability of replacing the pbest typically depends on the
number of objectives (50% for 2 objectives, 33,33% for 3 objectives and so on). In these
cases a random number is created and if it is higher than the probability defined pbest is
replaced by xi(t +1).

On the other hand, gbest is selected among all non-dominated solutions. Note that the
number of non-dominated solutions varies with the iterations. In the event of just
considering one random particle from this file the algorithm works. However, the Pareto
set obtained may not be uniform. Thus, the crowing distant (CD) concept was also
incorporated [Raquel, et al. 2005]. In this case two more parameters are needed, Top
select (6%) and Top select probability (98%) values selected in accordance with
[Dominguez 2013]. Firstly, all non-dominated solutions are sorted in accordance with
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CD [Deb et al. 2002], which provides an estimation of the density of the solutions
surrounding a particular one. Focusing on a specific particle j, the cuboid formed when
the nearest neighbours (j+1 and j-1) are considered as vertices, is evaluated (see in Figure
F-2, subplot (b)). For guarantying a uniform Pareto frontier, an extremely large CD is
assigned to those extreme solutions, i.e., solution in which one of the objective is
minimum (in a minimization problem such the one under study). Then the elite, which
correspond to the best Top solutions select (the 6% with higher crowing distance) is
constituted. Finally, one individual is selected with Top select probability (98%) among
the elite and with just a 2% probability among the others non-dominated solutions.
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APPENDIX G

DETAIL COMPARISON AMONG CONTROL
SCHEMES

In Chapter 5 the possibility of employing fit-and-forget settings is discussed for four
different control schemes, reference, power factor, local voltage, and remote voltage
control. From the steady-state analysis the best one is the remote voltage control scheme.
Consequently, for no bothering and distracting the reader only this scheme has been
expanded in the dynamic analysis in that chapter. Nonetheless, this appendix presents the
results for the other schemes being structured as follows. Firstly, the control scheme
performance is evaluated in section G.1. Subsequently, dynamic settings tendency,
obtained with the genetic algorithm, is addressed in section G.2. In addition, the
improvements obtained with respect to the sensible current practice (downward
transformer time delay 20-40s higher than the upward one) are elucidated. Finally, in
section G.3 both solutions (initial and the one obtained with the genetic algorithm) are
located within the search space visualizing the margin for improvement.

G.1 CONTROL SCHEME PERFORMANCE

The dynamic performance is depicted in Figure G-1, Figure G-2 and Figure G-3 for
the reference, power factor and local voltage control schemes respectively. In all cases,
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transmission voltage step excursions of +/- 3% and the active power pattern selected (see
Appendix E), have been considered.

All the figures previously enumerated have three subplots. In the first subplot,
voltages at various buses are depicted in light blue. The voltage at the common coupling
bus is presented in red, and the voltage of the transmission network is presented with a
wide dark blue line. The second subplot presents the reactive power delivered by all wind
farms. Where the reactive power provided by WF12 is presented in a different colour for
outlining that the limits depicted in this subplot correspond to this specific wind farm.
Finally, in the last subplot the winding ratio (i.e., tap setting) of the five transformers
within the HNet is presented.

Focusing on the reference control scheme (see Figure G-1) it can be seen that the
reactive power delivered by every wind farm is zero, as the power factor of all wind farms
is one. As a result, a considerable voltage deviation between TNet voltage and the voltage
at the common coupling bus is seen. In this control scheme, only the OLTC transformers
are in charge of the voltage regulation function. Thus, a significant number of tap changes
are seen after each transmission network voltage step.
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Figure G-1 Reference control scheme dynamic performance

In the power factor control scheme (see Figure G-2) the wind farms provide a certain
amount of reactive power in accordance with the optimal power factor obtained in the
steady-state assessment. Thanks to this provision the voltage deviation is compensated.
In addition, it can be seen how the OLTC transformers control strategy can be maintained
without obtaining any oscillatory performance. Moreover, it should be emphasized that
tap changes can appear when steady-state is already achieved for certain dynamic setting
values. These tap changes are originated because steady-state is reached near to the dead
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band limit which may be surpassed owing to the active power variability which also
implies reactive power variability.
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Figure G-2 Power factor control scheme dynamic performance

The local voltage control scheme is next presented in Figure G-3, showing how
oscillations appear as several devices control the same bus. These oscillations are caused
by the small droop value resulted from the AC multi-period OPF, drawback that can be
solved limiting its minimum value. Nonetheless this means deteriorate its steady-state
performance. Consequently, an adequate trade-off must be found. In the event of
implementing this control scheme, when a voltage excursion appears wind farms inject
a large amount of reactive power due to the steady-state objective function (minimizing
the voltage set-point deviation) used for determining the droop. This fact may incur in a
higher voltage variation than the desired. Hence, in the next control action wind farms
consume reactive power. These oscillations can be also mitigated increasing wind farm
controller dead band. However, this setting has not been considered in the optimization
process because usually is a TSO requirement (see [REE 2010a]) which cannot be
employed for coordination purposes. In fact, the value considered within the TWENTIES
project was adopted, which was doubled for the local voltage control after identified the
oscillations. Thus, the possibility of slowing the control actions by increasing wind
farms’ time constants (first-order lag included within the central controller) is discussed.
These problematic oscillations further undermine the attractiveness of local control
mode, which objective function computation (see Table 5-2) was worse than more
readily-implementable power factor control schemes.
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Figure G-3 Local voltage control scheme dynamic performance

In order to better understand the nature of the aforementioned oscillations and how
they can be damped changing the droop or wind farms’ time constants Figure G-4 and
Figure G-5 are presented respectively. In both cases, the initial droops are the ones
previously calculated in the steady-state assessment and a time constant of 40 seconds
have been assumed for all wind farm controllers.

Figure G-4 is related to the droop impact, where in addition to the initial simulation
two additional ones have been added in which droops have been doubled successively.
Regarding this initial simulation, if all droops are doubled a better dynamic performance
is appreciated although not all oscillations have been eliminated; fact that is reached
when droops are doubled again. Nonetheless, these actions are not free implying a worst
performance from the steady-state perspective. This drawback is more significant in
those periods where the transmission voltage differ from its nominal one reducing the
reactive power support provided.
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)

Figure G-4 Impact of the proportional slope on the dynamic performance
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Similar conclusions can be derived from Figure G-5 where instead of increasing the
droops, the wind farms’ controller time constants are doubled successively. Hence, in
this case the oscillations are mitigated considering slower wind farms’ reactive power
response. Contrary to the previous example the same steady-state is reached, representing
the option selected within this thesis. Nonetheless, an unpredictable response can be
obtained as can be seen in the last subplot for WF12 around 1000s. Thus, these constants,
which no necessary are the same for all wind farms, should be optimally determined.

)

)

Figure G-5 Impact of wind farms’ time constants
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G.2 DYNAMIC SETTINGS TUNING

Recalling Chapter 5, several objectives should be considered in the optimization
process for appropriately tuning the dynamic settings. Table G-1 reminds these
objectives, indicating the relevant ones for each control scheme. Moreover, the dynamic
settings evaluated in each control scheme are also outlined.

Table G-1. Objective to be minimized and dynamic settings to be tuned

Objectives Transformers Wind
farms
Tap changes Transformers Voltage Oscillations Time Dead Time
voltage breaches delay band constant
Reference
control X X X B X X B
Power factor
control X X X B X X B
Local voltage
control B B B X B B X
Remote voltage

control X X X - X X X

G.2.1. GENETIC ALGORITHM PENALTY FACTORS SELECTED

In the event of a simple genetic algorithm the trade-off among objectives should be
determined in advance. For assessing their impact the reference control scheme has been
first evaluated considering just one of the objectives. In other words, all weight factors
are zero expect the one corresponding to the objective evaluated. Figure G-6 shows the
tendency (corresponding to the mean values along the generations) of the time delay and
dead band of all the transformers within HNet2. It should be emphasized that the
population spread diminishes with the algorithm generations. Thus, the mean and optimal
settings are quite similar at the end of the process. For understanding the tendencies
obtained it should be recalled that the network analyzed is HNet2 (see Figure A-2). Thus,
T1 is the bulk transformers (400/220kV) whereas (T2 to T5) correspond to wind farms
transformers (220/30kV).
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Figure G-6 Time delay and dead band for the reference control in the event that just one term of the
objective function is minimized

The dead band tendency is really flat (i.e., all transformers have a similar dead band,
which do not evolve with the generations) except when the voltage deviation term is
optimized. This fact is due to the impact of the dead band on the other terms/objectives
(tap changes, and voltage out of dynamic limits) is negligible in this control scheme
compared to the time delay impact. Thus, for a correct evaluation of the dead band a
significant weight of the transformer voltage deviations term is demanded. In the event
of just optimizing this term it can be seen how T1 dead band should be lower than the
dead band of the other transformers. Focusing on the time delay, the same conclusion
can be obtained for all terms optimized; T1 should act fastest than the downstream
transformers, changing the specific values depending on the term optimized. It can be
seen that if the time in which voltages are out of dynamic limits is minimized, T1 should
act as quick as possible. However, the other transformers should have a higher time delay
for avoiding unnecessary tap changes. If the voltage deviation is minimized T1 time delay
increased up to 20 seconds and up to 40-70 seconds for the other transformers. Finally,
if tap changes are minimized T1 time delay increased up to 40 seconds whereas the
downstream transformers time delay is 60 seconds. This value decreases when voltage
breaches are considered. Table G-2 gathers the different fitness terms or objectives in the
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event of optimizing one of these objectives. Note that the appearance of decimals is
because mean values are evaluated.

Table G-2. Terms evaluated depending on the optimized term

voltage deviation | voltages outside
Tap changes . S

1) of the set-point |the dynamic limits
(©2) (©3)
© 7 01 19.82 0.098 6.50
= S 02 20.87 0.085 8.06
55 03 25.60 0.104 3.33

© °  [To1+50702+03 20.81 0.086 5.76 |

In addition, the weight factors finally selected in order to obtain an adequate trade-off
among the objectives has been included (W1=1, W2=50, W3=1). These weight factors
are also used for the power factor control scheme whereas for the remote voltage control
scheme a higher value has been assigned to the tap changes. This decision has been done
owing to the dramatically increase of tap changes in this control scheme.

Changing the penalty factors the Pareto set can be obtained helping its selection.
Nonetheless, this process is very time consuming. Consequently, a multi-objective
algorithm, more suitable for evaluating the non-dominated solutions, has also been
developed and will be compared with these results in section G. 3.

G.2.2. DYNAMIC SETTINGS TENDENCY, GENETIC ALGORITHM RESULTS

For all control schemes the fitness and dynamic settings evolution are next presented
comparing the results among schemes. In Figure G-7 the fitness evolution (which has

been normalized, i.e., %for comparison purposes) is depicted. As can be seen the
genetic algorithm has a prompt convergence in all cases evaluated obtaining the fastest
convergence for the local voltage control scheme in which the OLTC transformers are
not involved and thus only wind farms’ controller time constants (one for each wind
farm) are optimized. Note that despite the remote voltage control scheme has more
variables to be selected a faster convergence than for the reference or power factor
control schemes has been obtained. This fact is because the population has been increased

up to 150 individuals increasing also the search space.
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Figure G-7 Fitness evolution for different controls evaluated

In Figure G-8 transformers time delays are presented for all control schemes expect
the local voltage control scheme. In all of them, T1 (presented in red and dotted lines)
has a lower time delay than the rest of the transformers, as was expected. In fact it reaches
the minimum value defined, 10 second. In addition, when the remote voltage control
scheme is incorporated these time delays are decreased significantly to reduce the time
in which voltages are out of dynamic limits. Moreover, analyzing this figure jointly with
Figure G-7 it can be seen than a similar fitness can be achieved for different time delays.
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Figure G-8 Transformers time delay for the different controls evaluated

In Figure G-9 the transformers dead band for the reference, the power factor and the
remote voltage control schemes are presented over each generation. It can be seen that
T1 (also presented in red and dotted lines) has a slightly lower dead band in all cases.
Nonetheless, in the event of a power factor control scheme all values are increased for
avoiding unnecessary tap changes related with the active power variability.
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Figure G-9 Transformers dead band (Transformer and Power factor control)

The evolution of wind farms’ controller time constants is shown in Figure G-10.
Concerning the remote voltage control scheme it can be noted a wide spread (between
25 and 85 seconds) being WF12 (presented in red and dotted line) the fastest wind farm
corresponding to the nearest one to the TNet. This can be observed also for the local
voltage control scheme. Nonetheless, a slower response for all wind farms is demanded
in this scheme for avoiding oscillations.

Local voltage control Remote voltage control
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Figure G-10 Evolution of wind farms control time constant of the reactive power control of wind
farms (Local and remote voltage control)

G.2.3. TUNED VS INITIAL DYNAMIC SETTINGS

In order to clearly see the improvements obtained tuning the dynamic settings Figure
G-11, Figure G-12, Figure G-13 and Figure 5-13 are provided for the reference, power
factor, and local voltage schemes respectively (remote voltage control is presented in
Chapter 5). In all these figures the control scheme performance with the tuned settings
(the mean dynamic settings obtained with the genetic algorithm) is compared with an
initial sensible set selected based on [Van Cutsem, et al. 1998]. This book suggest 20s
for the EHV/HV transformer (in our case 400kV/220kV) and 50s for HV/MV
transformers (in our case 220/30kV). Moreover, a dead band of 1.35% for all
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transformers and a time constant of 65s for all wind farm controllers have been
considered.

In the first subplot of all figures, the voltage of one bus where a wind farm is connected
and hence, is more vulnerable to reactive power changes is depicted. In addition, Vet
has been included showing where a fast action of the OLTC transformers is essential for
mitigating voltage breaches. Then depending on the control scheme one or two other
subplots have been added where the most relevant magnitudes are included. On one hand,
in those schemes where the reactive power is fixed, i.e., reference and power factor
schemes the transformer ratio has been included. On the other hand, in the event of a
local voltage control scheme the reactive power, which is the driver of the control has
been added. All these magnitudes do not correspond to the same bus. Hence, a
transformer tap movement may not correspond to a voltage variation. In all cases it can
be concluded that the control performance can be widely improved tuning adequately the
dynamic settings. Indeed, in the most unfavourable case 4 tap movements* are avoided
in 1 hour, reducing also voltage breaches and transformer voltage deviations.

Initial settings —— Tuned settings —— VTNet

=
[

\Y

max

0.95-

=
o
al

Voltage (p.u.)

1.05-

Taps (p.u.)

0.95-

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Time (s)

Figure G-11 Reference control scheme. Initial settings vs final settings

1% In accordance with [Erlich, et al. 2011] each tap movement is valorated in 10c€
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Figure G-13 Local voltage control scheme. Initial settings vs final settings

Finally, all control schemes, considering the tuned settings, have been jointly depicted
in Figure G-14. From this figure, it can be derived that the remote voltage control scheme
presents an opposite behaviour compared to the reference and power factor control
schemes from the voltage point of view (see t=2200s). In addition, highly increases the
tap changes as has been seen throughout the chapter. In the middle it can be seen the
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local voltage control scheme where the voltage breaches are not relevant due to the
reactive power support is very limited undermining the adequacy of this scheme.
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Figure G-14 Tuned schemes comparison

G.3. MARGIN VISUALIZATION

Both dynamic setting sets, initial and tuned, are located within the search space and
compared with the Pareto frontier identified with the MOPSO algorithm. Figure G-15
(for the reference control scheme), Figure G-16 (for the power factor control scheme)
and Figure G-17 for the (remote voltage control scheme) depict the first three terms of
the fitness function (tap changes, transformers voltage deviation and voltages out of
limits) in pairs. Note that the oscillation term is not included because only appears in the
local control.

In all schemes the current practice is not senseless. However there are margin for the
improvement as was presented in the previous subsection (in the worst-case 4 unnecesary
tap changes are avoided in one hour). Moreover, the Pareto frontier provides useful
information for defining the trade-off among objectives.
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Figure G-17 Algorithm comparison. Remote voltage control
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APPENDIX H

NECESSITY OF ADAPTIVE SETTINGS AND
ADEQUACY OF THE CONTROL SCHEMES
PROPOSED

Two different approaches have been explained throughout the thesis: fit-and-forget
(Chapter 5) and adaptive (Chapter 6) settings. The former eschews online computation
avoiding communication. Nonetheless, for a pro-active strategy this approach is not
enough as is discussed in section H.1. In order to implement this strategy, several control
schemes have been proposed, especially in transmission network. The adequacy of those
schemes and the comparison with the central controller presented in this thesis are
explained in section H.2.

H.1. NECCESITY OF ADAPTING THE SETTINGS IN REAL TIME
OPERATION

Due to considering the same settings for all wind production scenarios the
performance of the control is eroded compared to the possibility of taking into account
the optimal settings in each scenario. This fact was clearly stated in Chapter 3 where it
was seen how a droop depending on active power scenarios was needed in order to take
advantage of the maximum PQ chart.
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Necessity of adaptive settings and adequacy of the control schemes proposed

In the event of considering a pro-active voltage control strategy (i.e., the whole HNet
resembles a conventional plant which could be integrated in the TNet hierarchical
control) a rapid response to Vsetoint Changes is demanded. This fact represents a key
difference with respect to the approach presented in Chapter 5. In that approach the aim
of all control schemes evaluated were just minimize the HNet impact on TNet. Hence, a
single Veetpoint €qual to the most probable Vnet was assigned. Nonetheless, Vrnet
disturbances were considered for coordinating all devices involved by means of the
dynamic settings. In those periods, reactive power support was provided especially in the
remote voltage control scheme. Nonetheless, its provision could differ from the optimal
one as is going to be explained.

For analyzing how the objective function value of the AC multi-period OPF used in
Chapter 5 and the settings obtained vary for Vsempoint Changes, three different values (0.97,
1.00 and 1.03 p.u.) have been considered, assuming a constant value of the transmission
network voltage equal to 1.00 p.u.. In this case it is expected that static settings change
considerably. This fact happens when Vsetpoint is lower than Vrnet as can be seen in Table
H-1 and Table H-2. However, if Vsetpoint IS equal to Vet the reactive consumption of the
whole harvesting network is not compensated for all wind production scenarios. Hence,
the voltage at the common coupling bus differs from Vsetpoint. Any increase of Vsetpoint 0NNy
changes the value of the objective function.

In the event of a remote voltage control scheme there are infeasibilities when Vsetpoint
differs from Vrnet The reason of these infeasibilities is that large droop values are
demanded in order to be feasible in all scenarios. However, the approximation employed
for linearizing the droop avoiding the discontinuities caused by the machine capabilities
limits [Cuffe et al. 2014a], is not adequate enough for extremely large or small droops.
Consequently, a higher voltage set-point does not change the static settings. On the
contrary, for a set-point lower than Vrnet the reactive consumption can be increased
significantly especially for the power factor control scheme, meaning that the voltage at
the common coupling bus can be reduced as is desired. However, although its
performance is increased, having fixed settings notably erodes the controls capabilities.

Table H-1. Optimal settings for different values of Veepoint fOr reference and power factor control

Transformers control
v=388kV | v=400kv | v=412kv |v=388kV| V=400kV [v=412kV
Voltage Setting Voltage Setting
& T1 0.950 1.048 1.048 1.049 1.046 1.046
2 T2 0.950 1.050 1.050 1.050 1.050 1.050
g T3 0.950 1.050 1.050 1.050 1.050 1.050
Z T4 0.950 1.050 1.050 1.050 1.050 1.050
= T5 0.950 1.050 1.050 1.050 1.050 1.050
Power factor Power factor
2 WF 1-3 1.00 1.00 1.00 1() 1(+) 1(+)
z WF 4-7 1.00 1.00 1.00 0,99 (1) 1(+) 1(+)
5 WF 8-9 1.00 1.00 1.00 0,97 () 0,97 (+) 0,97 (+)
= WF 10-11 1.00 1.00 1.00 1(-) 1(+) 1(+)
= [ wrr 1.00 1.00 1.00 10 0.95(1) | 0,95 (4)
[oBEcTvEFUNCTION|  29209.91 | 242950 | 59955.23 [23995.55] 30536 | 43873.76

198



Voltage Control Design of Wind Energy Harvesting Networks

Table H-2. Optimal settings for different values of Vsetpoint for local and remote voltage control

Local voltage contro
Vsetpoint: 0.97 p.u. Vsetpoint =1 p.u. Vsetpoint = 1.03 p.u. \:SE(;‘TLS;‘ Vsetpnin! =1 p.u. \:SE;-‘?S;‘
Ratio Voltage Setting
T1 1.018 0.955 0.955 @ 1.042 @
o T2 0.936 1.007 1.007 e 31.50 e
g T3 0.936 1.002 1.002 e 31.50 e
T4 0.936 1.008 1.008 8 31.50 8
T5 0.936 1.006 1.006 5 31.50 S
\Voltage Setting| Droop |Voltage Setting [ Droop |Voltage Setting [ Droop < |\Voltage Setting | Droop =
g [ WF13 1.011 2.39 1.050 2.39 1.050 239 | £ 239 | £
z WF 4-7 1.010 3.17 1.050 2.39 1.050 2.74 s 2.39 £
= WF 8-9 1.009 2.91 1.050 2.91 1.050 291 g Vset-point 2.91 g
B WF 10-11 1.013 2.91 1.050 2.91 1.050 2.91 2.91
= WF12 0.955 1.04 1.046 1.00 1.046 1.00 1.00
[ OBJECTIVE FUNCTION | 17366.36 [ 34357 [ 39063.22 | ] 5.23 | ]

Those schemes have been also compared with the central controller (adaptive settings
approach) from a dynamic perspective. In that sense the objectives evaluated for tuning
the dynamic settings have been adressed. These objectives are transformers voltage
deviation, voltages out of limits and tap changes. These objectives have been minimized
in all cases thanks to a MOPSO algorithm. The results are summarised in Figure H-1
where the non-dominated solutions of the central controller are depicted jointly with the
ones obtained for the reference and remote voltage control schemes. The latter, recalling
Chapter 5, presents a similar performance than the central controller. The reference
control scheme is only included as a reference as its name indicated. However in this
control scheme the wind farm do not provide any reactive power support. As was
expected the central controller also increases the tap changes with respect to the reference
and power factor control (not included in this figure) schemes. Nonetheless, for many
non-dominated solutions the central controller presents less tap changes than the remote
voltage control. Fact due to OLTC transformers voltage set-points change in accordance
with the central controller. Moreover, a decrement of the spread of the voltage out of
limits objective is seen owing to the dead band incorporation in the central controller
constraints.

{ ©  Reference control Central controller ©  Remote voltage control {
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_ 2500; 37 3f
S )
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E %) 25¢ « 25 ©
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Figure H-1 Search space of reference control (Chapter 5), remote voltage control (Chapter 6) and
central controller
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Necessity of adaptive settings and adequacy of the control schemes proposed

H.2. TNET VOLTAGE CONTROL ADEQUACY

The participation of wind generation in the voltage control should not change its
philosophy. Nonetheless, the characteristics of this technology, which are related with
the generation itself (such as its variability) and the nature of the networks where it is
located, should be taken into account. Concerning the last fact, it should be reminded that
a common scheme in the HNet is that several wind farms of different owners share the
HNet connection point, in which also the OLTC transformer plays an important role.
Hence, some considerations on the control should be performed.

Recalling section 2.3, in which some already implemented TNet hierarchical control
schemes were explained, in order to fulfil the voltage set-point of the pilot bus, individual
voltage set-points were given to the plants. In the case under study, these plants
correspond to wind farms and the pilot bus to the HNet common coupling point (Pcc).
Thus, giving a voltage set-point to each one considering an integral control is not an
option due to the possible hunting?® effect. This fact leaves two alternatives. On one hand,
providing reactive power set-points, on the other hand, still considering a voltage set-
point including another loop for coordinating the wind farms connected in the same bus.
Both alternatives present advantages and disadvantages. On one hand, controlling the
reactive power and not the voltage increases the interactions risk among generators [de
la Fuente 1997], it should be noted that the PV buses absorb the reactive power
perturbations avoiding dynamic couplings. On the other hand, the addition of a new loop
makes the control slower. This thesis has focused on the first alternative once confirmed
the no appearance of interactions after tuning the central controller parameters.

Moreover, in these networks there are cascade transformers. Those devices were
traditionally evaluated in the tertiary loop. However, in HNets a more rapid actuation is
required. In that sense, the tertiary loop is avoided proposing a decentralized operation
of the OLTC transformers supervised by the central controller explained in the
subsequent section.

15 One wind farms may produce the maximum whereas other consumes the maximum reactive power
and the TNet voltage remains equal.
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Table H-3. Secondary voltage control formulation

CSvC J.1. de la Fuente 1997 J. Alonso 2001 Proposal
2

o o | [vla (5 = 100) =5, auco] +) 2 f o
= re 2 Ayref _ _ . ref . ref _ _ re
55| fwlle (@ - 0) - e + { o (57 = 00) =5 -2 o]+ } 5wyt @9 | 1707 7 H0) 350 20 )|
=2 = ref e 2 osses margins Qmar ins
82 W, - ||a-(vjef _ Vc(k)) _AVC(k)HZ wg - fla- ([0 + S d()] = Qc(k)) — A - AV ()| !
o , —Ayn < AV (k) < —Avmer
% chm < ([]/{C)(k) + AVC(k)(kS) ymax chin < V.(k) + AVCref (];) < ymax Vp(k) + AVp (k) < meax
=] VSmm = V; + SSC ’ AVC = Vsmax anin < Qc(k) + Acc ) AVcre (k) < anax min ref max min _ ref max __
2| 0 (QuUO+ A AL(O) + b AV() S Sl <dio <1 o < g ey g |2 T @ E A0S0
8 Vsmin < Vs(k) + Ssc . AVC‘fef (k) < Vsmax 4 == c cc [ = Y¥c¢
= 2
é— ?'; I/)-Dref' Qgef ) Vzef Vpref’ szef meax Vpref
5
g AV (k) AV, (), d(k) AV, (k) AQ." (k)
O
> In charge of evaluating: .
E §' e Optimal voltage profile In charge .Of e\éiggti'\?eg' oWer management Can be avoided Can be avoided
= e Reactive power management P g

= Imposed by «
L g Note that Im d by the first order lag included
= posed by the first order lag include
= g Imposed by « Imposed by « e Gk + 1) =

© V" (k) + a AV (k)
< 0 q S
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APPENDIX |

OLTC TRANSFORMERS STRATEGY FOR
MAXIMIZING THE REACTIVE POWER
DELIVERED BY WIND FARMS

Throughout the thesis it has been assumed that wind farms fulfil the requirements
presented in P.O. 7.5 (recall PQ chart Appendix A). Thus, all assessments have focused
on the HNet without taken into consideration the internal wind farm infrastructure.
However, as it is outlined in [Arlaban, et al. 2012] not all current wind farms fulfil these
requirements without adding additional devices. In those cases, the OLTC transformers
can be used for minimizing the size of the reactive compensation element added. This
appendix intimates this alternative strategy using real data of one wind farm (internal
infrastructure and active power profiles). This consideration does not change the
methodologies explained trough the thesis affecting only to the voltage limits considered
in those buses where the OLTC transformers are located.

Wind turbines’ reactive power capabilities depend on the voltage and hence, on where
each turbine is located within the feeder. In Figure I-1 this fact is outlined. As can be
seen, if wind turbines absorb reactive power, voltages decrease along the feeder whereas
the opposite effect is seen when wind turbines inject reactive power. These decrements
or increments could mean that a certain wind turbine surpassed the limits and hence the
reactive power is limited (recall PQV chart). Consequently, the initial feeder voltage
(imposed by the 20 — 30kV/132 -220kV OLTC transformers) plays an important role.
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Figure 1-1 wind farm grid voltage impact (simplified model)

This effect has been measured for a real wind farm considering also real active power
data. For that purpose, the maximum wind farm reactive power set-point (absorb/inject)
has been considered, which is proportionally distributed among wind turbines. The
difference between the first and last wind turbine of a specific feeder is presented in
Figure 1-2 assuming a constant OLTC transformer voltage set-point equal to 1.02 p.u.. In
this figure two subplots can be seen. In the first one, the reactive power provided and its
respective set-point is depicted for both wind turbines. In the second one the voltage at
those buses are depicted. As can be seen, those voltages surpassed 1.05 p.u. value above
the reactive power is limited (a zoom of that area is provided). Thus, the reactive power
provided differs from their set-points.
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Figure 1-2 Reactive power depending on the wind turbine feeder location

This simulation is repeated for several OLTC transformer voltage set-points (0.9 p.u.
— 1.1p.u.) computing the maximum reactive compensation and the oscillations that arise
which are calculated as follows:
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t=tss

Z abs(Qracr(t) — meanQpacr) (D-1)

t=toss

Those results are summarized in Figure 1-3 where each point corresponds to a whole
simulation as the one presented in Figure 1-2. As can be appreciated in this figure no VAr
compensation is requerid when the OLTC transformer voltage set-point is between
[0.975-1 p.u.]. Nonetheless, the VAr compensation increases under/above this margin.
In addition it is important to note the appearance of oscillations which dramatically
increase for voltages under 0.925 p.u. and above 1.05 p.u..
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Figure 1-3 Impact of changing OLTC transformers voltage set-point
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