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Don Quijote:

La ventura va guiando nuestras cosas mejor de lo que acertaramos a de-
sear; porque ves alli, amigo Sancho Panza, donde se descubren treinta

0 pocos mas desaforados gigantes, con quien pienso hacer batalla y
quitarles a todos las vidas, con cuyos despojos comenzaremos a enri-
quecer; que ésta es buena guerra, y es gran servicio de Dios quitar tan
mala simiente de sobre la faz de la tierra.

Sancho Panza: ¢Qué gigantes?

Miguel de Cervantes






Abstract

In this work, the process of designing a wind power plant composed of doubly fed induc-
tion generators, a static compensator unit, mechanically switched capacitors, and on-load tap
changer, for voltage control is shown. The selected control structure is based on a decentral-
ized system, since it offers very fast system response to grid disturbances and lower
sensitivity to the grid impedance, and moreover this control structure releases the central
control of having grid impedance estimation techniques or adaptive control methods.

The difference between the required reactive power and the one supplied by the doubly
fed induction generator wind turbines is overcome by installing a reactive power compensa-
tor, i.e. a static compensator unit, which is coordinated with the plant control by a specific
dispatcher. This dispatcher is set according to the result of the wind power plant load flow.

To release the operation of the converters during steady-state voltage disturbances and to
reduce electrical losses, mechanically switched capacitors are installed in the wind power
plant, which due to their characteristics, they are appropriate for permanent disturbances
compensation. The mechanically switched capacitors are controlled to allow the reactive
power operation of the converters, in steady-state, within a maximum band of 10 %.

It is clear that an on-load tap changer system will help to keep the stator voltage close to
its nominal value, but the action of the mechanically switched capacitors is badly influencing
the on-load tap changer line drop calculation. It is proposed to coordinate the on-load tap
changer system with the main substation control. By exchanging the information related to the
mechanically switched capacitors switch status, the current injected from the mechanically
switched capacitors can be removed from the total measured current at medium voltage, thus
reducing the tap moving operations.

Finally, due to the wind power plant reactive power is sized for maximum active power
level, it is expected that a big amount of reactive power remains unused most of the time due
to the wind power generation characteristics. Hence, a VAr reserve concept system is pro-
posed and applied, thereby the grid can be benefited from this extra available reactive power.
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Chapter 1

Introduction

This thesis describes the design and validation through simulations of a voltage control
scheme for a wind power plant, composed of double fed induction generator (DFIG) wind
turbines, mechanically switched capacitor banks (MSCs), static compensator (STATCOM)
and an on-load tap changer (OLTC). This chapter provides the overview and an introduction
to voltage control, and also presents and identifies some of the shortcomings. Finally, a
problem definition is given and the objectives and outline of the thesis are presented.

1.1 Background

The following paragraph summarizes, in a very clear manner, some of the main topics re-
lated to reactive power and voltage control: “...the transmission of active power requires a
difference in angular phase between voltages at the sending and receiving points (which is
feasible within wide limits), whereas the transmission of reactive power requires a difference
in magnitude of these same voltages (which is feasible only within very narrow limits). But
why should we want to transmit reactive power anyway? Is it not just a troublesome concept,
invented by the theoreticians, that is best disregarded? The answer is that reactive power is
consumed not only by most of the network elements, but also by most of the consumer loads,
so it must be supplied somewhere. If we can’t transmit it very easily, then it ought to be
generated where is needed.” [1].

Hence, it can be extracted the following three main conclusions:

* The reactive power is needed in an AC system.

» The flowing of reactive power changes the node voltage amplitude.

» The reactive power should be generated as close as possible to where is needed,
due to changes in the voltage and losses.

Due to this reactive power flow in the system, demanded by the network elements and the
loads, it is necessary a control system which can ensure that this flow does not disturb the
normal operation voltage limits, and transfer power capability of the grid.

It is possible to say, that the main goals of the reactive power and voltage control are the
stabilization of the node voltage, and avoidance of violation of the maximum and minimum
voltage levels. Therefore, the reactive power sources in the system should provide in every
moment enough reactive power to keep the voltage close to its rated value; moreover the
system should be able to cope with unexpected disturbances, which requires a provision of
rapidly adjustable reactive power in case these disturbances happen.



Chapter 1

The voltage stability of a power system can be understood as the ability to maintain
steady acceptable voltages in the buses of the system under normal operating conditions and
after being subjected to a disturbance [2].

One of the main factors causing voltage instability is the inability of the power system to
meet the demand for reactive power [3]. Thus, the voltage stability margin of a node depends
on the availability to support the system with reactive power [2], [4]. Even if this instability
can be spread to a wide area in the power system, it is considered a local phenomenon [5], [6].
Therefore, by controlling the voltage of the nodes by adequate reactive power supply in every
moment, transient (concerned with the ability of the system to control the voltage following
large disturbances, such as short-circuits) and small voltage stability (concerned with the
ability of the system to control the voltage after small perturbations) can be ensured [3].

The provision and planning of the reactive power needed is a challenging task of the grid
operator, which also normally dictates the preferred method for voltage control to be applied
by the equipments (i.e. synchronous generators) connected to the transmission and sub-
transmission system.

In the literature, reactive power, as an ancillary service, has been mainly examined in the
context of conventional generators. In many applications, the conventional generators are not
used as a perfect terminal voltage regulator, but rather the terminal voltage is allowed to vary
proportionally with the reactive current, this kind of control is often called slope voltage
control [7].

There are several reasons for using this control type, e.g.: the linear operation range of the
control can be extended if a voltage regulation with slope characteristics is used, allowing the
voltage at point of common coupling (PCC) to be smaller for full capacitive compensation
and, conversely to be higher for high inductive compensation levels; if no slope regulation is
used and the system impedance is low, the voltage control loop could cause oscillatory
behavior, and finally the slope regulation allows automatic reactive power load sharing
between the voltage devices connected to the same area.

Voltage control, apart from traditional synchronous generators (SGs), is effectuated by
dispersed devices throughout the network, since reactive power should not be transmitted over
long distances.

SGs can generate or absorb reactive power according to the level of excitation, controlled
by its automatic voltage regulator, which continuously controls this level to adjust the stator
voltage; however this control is not perfect and have some limitations. SGs have differing
VAr (VAr is the reactive or imaginary power) abilities depending on a number of factors such
as: stator ampere rating, exciter system DC field current rating, AC terminal high voltage
limit, actual MW output of the prime mover compared to generator rated power factor, control
system variations, equipment changes due to age, etc.

Synchronous condensers are also used for voltage regulation; basically, they are synchro-
nous machines without prime mover.

Apart from the SGs, some of the most common devices used for voltage control are listed
below.

Shunt devices, i.e. reactors and capacitors are widely used to compensate for line capaci-
tance and for reactive power losses due to active power transportation, respectively. Both
devices are used in transmission and distribution levels. The combination of these devices
controlled by static switches, it is also known as SVC. SVCs were first developed in the late
1960s for the compensation of large, fluctuating industrial loads, such as electric arc furnaces.
By the late 1970s it became evident that dynamic compensation of electric power transmis-
sion systems was needed to achieve better utilization of existing generation and transmission
facilities. SVCs were devised for this purpose [8]. Usually, the primary purpose of SVCs in
power systems is rapid control of voltage at weak points in a network. Installation locations
may be the midpoint of transmission interconnections or in load areas [9]. The main disadvan-
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tage of the SVC is that the delivered maximum reactive power is dependant on the supplied
voltage.

Additionally, series capacitors or thyristor controlled series capacitors, are used in trans-
mission levels, to compensate for the inductive reactance of the line; in this case the reactive
power supplied depends on the line current. The disadvantages of this device are possible
resonances to happen with the SGs (sub-synchronous resonances) [10], and being series
connected element has to be designed for maximum short-circuit current of the system
(usually it is connected directly at extra high voltage or ultra high voltage levels).

Very commonly used, transformers with tap-changing facilities constitute an important
means of controlling the voltage throughout the system at all voltage levels. And finally, static
compensators (STATCOM) have to be included, which have been found of increasing utiliza-
tion due to the decreasing price in electronic converters and their ability to provide continuous
and rapid control of reactive power and voltage [11]. They are able to control individual phase
voltages of the buses to which they are connected, and ideally their maximum current output
is independent on the supplied voltage level, these static VAr systems are quite often used in
sub-transmission and distribution system levels.

Since the voltage control can be considered a local issue, most of the utilities around the
world are doing voltage control by manually controlling the reactive power sources [12], [13].

Depending on the countries, different strategies are used for controlling and coordinating
voltage maps. Primary voltage controls fitted on the generating units are commonplace, and
do provide local control, but broader-scale voltage control, capable of coordinating compensa-
tion systems, is not yet widespread [14].

In some countries, defining some superior voltage control hierarchical levels is normally
used as a way to optimize the resources, and to enhance the overall system voltage profile. In
this regulation scheme, the device controlling the voltage of its own monitored bus is called
primary level, the following upwards level is monitoring a selected number of buses called
pilot buses, and according to this measured voltage, references are dispatched to the devices
around the area (secondary level) of this pilot bus.

The pilot bus is chosen so as to be representative for a whole voltage area. These, areas
are assumed to be theoretically independent from each other [15]. That means that there is no
significant permanent reactive power transit between adjacent areas [16]. Finally, the third
level is altering the references of the secondary level voltage controllers, by considering an
optimal load flow of the whole system [13]. Each control level is acting with a different time
constant, i.e. primary level within a few seconds, secondary level below 1 minute, and the
third level between 10-30 minutes.

Whereas secondary voltage control system has been broadly in operation since the early
1980s, tertiary control was introduced in the latest 1990s [14] - [17].

1.2 Voltage Control with Wind Power Plants

The traditional electrical grid, in which the power is produced at centralized power plants
and delivered to the customers through transmission and distribution networks, is greatly
challenged by the deregulation of the power system and the connection of wind power genera-
tion [19] - [21].

In the past, requirements for wind turbines generators (WTGs), if any, mainly were fo-
cused on protecting the system from the poor performance of the WTGs, and did not consider
the effect on the power system operation, since the penetration level of wind power was quite
low. However, this situation is changing drastically, and wind power is reaching high levels of
penetration. The high penetration ratio (the wind power plants (WPPs) affect the power flows
and hence the node voltages [5]) together with the fact, that at some moments WPPs replace
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conventional generators which do voltage control, makes necessary that WPPs also contribute
to voltage control.

Technical regulation requirements for wind power generation are growing at the same
rate at its installation [20]. Hence, these requirements are not static, and they have upgrading
versions almost yearly. A recent effort is taken in Europe (under the EWEA organization
[18]) to create a uniform format for the wind power requirements, and also to create future
requirements for the generators connected to the European transmission system (ENTSO-E
[22]).

Grid codes in relation to wind power first became an issue from 1997 and ahead, being
Denmark one of the pioneers. In the 1990s, wind turbines were passive elements solely
connected in the distribution grids. The main topics were inrush current, power limitation
(design on the electrical side), power quality (flicker, harmonics), power factor, and protec-
tion. The codes to be fulfilled were related to typical distribution aspects, and a typical
example of such a code is the DEFU distribution code second edition in 1998.

It also can be found, that one of the first requirements for reactive power control was to
set the power factor to one [23], in this case no consumption/absorption of reactive power was
done. Lately, other complex power factor control schemes appeared, such as power factor
scheduling according to the grid location area and time-table [24].

As wind power penetration was continuously increasing, harder requirements appeared in
countries with considerable wind power generation, i.e. low voltage ride through performance
(LVRT), firstly to stay connected to the grid during and after grid disturbances (time versus
voltage profile), and secondly whenever it is possible the WTGs should supply reactive
current to the system to support the voltage level (voltage level versus reactive current in-
jected profile). Nowadays, the profile of non-disconnection during faults is required by most
of the grid codes related to wind [25] - [28]. The main reason for that is that even if the faults
and voltage disturbances can be considered as a local phenomenon, the sudden disconnection
of production units will be translated to an angle and frequency problems, being these global
quantities, thus affecting huge portions of the network.

Additionally, in the recent years, some voltage capability regulation has been introduced
in some of the grid codes around the world. Typically, this voltage regulation is linked to the
reactive power provision, which is also specified in the grid code, normally by means of a
power factor requirement or a required active-reactive power chart.

Utilizing the reactive power capability regulation of the WTGs is a natural consequence
to further enhance the interaction between the grid and WPPs.

However, there are some challenges related to the voltage control operation of a WPP
composed of DFIG turbines. On the one hand, DFIGs can provide reactive power regulation
to the grid, by means of their electronic converters, and on the other hand the DFIG converter
size exhibits a clear limitation in the capability regarding reactive power injection, compared
to what usually it is required. This situation, often forces the WPPs to have installed some
extra reactive power compensators.

In addition, wind power plants comprise a large amount of small generation units, which
need to be fully controlled and monitored; this large computational and communication effort
could make the plant control to have a slow response nature according to current technologies
(hundreds of milliseconds).

Usually, another inconvenient is that the PCC is located at the primary side of the main
substation transformer, thus, having two serial transformer between the generator terminals
and the PCC, being the amount of reactive power losses and the voltage changes at WTG
stator terminals bigger than in conventional plants, which are connected to the grid by means
of one transformer.

It is well known that the dynamic behavior of the voltage control is a function of the sys-
tem impedance. This means that the time response, and thus the stability of the control are
dependant on the system impedance. For this reason normally the control is optimized for the
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maximum expected system impedance, thus avoiding instability in any case [29]. It is impor-
tant to bear in mind that the SCR is changing constantly and unexpectedly.

Voltage step responses, with the same regulator but at different system strength, show
that the control can not be applicable to all the systems; the weaker the system is, the greater
the tendency to instability. It can be found that the weakest system has higher DC gain and
wider bandwidth, consequently with faster response but less phase margin.

The communication control delay, between the wind turbine generators and the plant
control, is a source of possible instability when adjusting the controllers with the wrong
parameters. In most of the publications dealing with delays in controlled systems related to
power plants, fuzzy-based and predictive controls were proposed [30] - [36].

Additionally, one option to achieve enhanced performance is to use a gain supervisor.
The gain supervisor can promise faster response for normal system configuration without
having to worry about instability for degraded conditions [37]. Such function, however,
should be regarded as protection, which is milder on the power system than a trip, rather than
control strategy. This protection cannot ensure a fast response during emergencies [38]. It is
also noticeable that, usually, these methods use special hardware dedicated devices, and
typically, involving large mathematical calculations [39] - [42].

Another peculiarity of the wind generation is its intermittent nature [43]. The power ver-
sus time profile of a WPP is quite different compared with traditional generators, most of the
time it is below rated power (generally speaking, only 10% of the time above 90% of its
active power). This intermittent behavior can be used to benefit the system voltage, i.c.,
making a reactive power provision for maximum active power injection level will offer more
VAr than required most of the time. An appropriate control in the WPP should use this
characteristic.

The aforementioned shortcomings and peculiarities could have an impact for grid code
fulfillment, becoming a challenge when designing the voltage control of the wind power
plant. All these aspects need a special consideration when trying to design the wind power
plant voltage control.

1.3 Project Motivation and Objectives

The main purpose of this thesis is to investigate and design a plant voltage control for a
generic DFIG wind power plant type, connected to the sub-transmission level, subjected to
performance requirements extracted from different grid codes. Furthermore, this control
should include features found in other AC voltage compensators.

As discussed, the design of a voltage control offers many choices, being the selection
driver the lack of complexity and design fulfillment.

The main challenges are the following:

» Usually, the DFIG reactive power capability makes necessary to add reactive power
compensators, which have to be integrated and coordinated with the WTGs for voltage
regulation purposes.

» The plant control has to coordinate, besides the WTGs, with “slow” compensators,
such as MSCs and OLTC, and also with a very fast one, such as a STATCOM.

= The control should be designed to accommodate all the possible short-circuit ratios
that could be presented in the grid of consideration.
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= The control should be designed to fulfill a collection of grid code requirements regard-
ing voltage control. In particular, the control has to be designed by using simple and
traditional control structures, which require low computational efforts.

= Moreover, the performance and control analysis during faults has to be included, since
this can be considered as a voltage requirement during contingency conditions, thus,
being important to understand the nature and capabilities of the DFIG during faults.

= Finally, a goal is to create a management system for using the remaining VAr capacity
installed in the WPP. Owing to the low utilization rate of the wind turbines, and the
fact that the reactive power of the WPP is sized for the worst case (rated active
power), most of the time the available reactive power exceeds what is required by the
transmission system operator (TSO).

1.4 Scope of the Work and Limitations

The WPP considered in the present work is connected to the sub-transmission system
(this classification is country dependant, and comprises the voltage levels between the distri-
bution and transmission system, which typically ranks between 69 kV to 138 kV). At this
voltage level is where preferably small and medium generation plants are connected [1]. The
size of the wind power plant to be studied is 46 MW. The layout is based on a existing
project, deemed as representative for what is being installed and connected nowadays to the
sub-transmission levels.

The PCC, which is the physical point in the grid where the power has to be delivered fol-
lowing the grid code, is considered to be in the primary side of the main substation
transformer, since this is the most common location.

The slope or gain of the voltage controller is considered fixed, since it is given by the
TSO and its change is a known action, in opposite to the grid impedance value, which is
suffering unexpected changes. In some cases, the TSO could decide to change the predefined
slope to another value, but since it is a known process, the controller can be adapted with new
constants according to the new slope gain.

It should be noted once again, that the node voltage is a local quantity, as opposed to fre-
quency, which is a system wide quantity. It is, therefore, not possible to control the voltage at
a certain node from any point in the system, meaning that, the voltage of certain node should
be controlled by the reactive power compensators located in the nearby area. Based on that,
and for the sake of a generic approach, the network which the WPP is connected with is
simplified, and represented as a Thevenin impedance [44], [45].

The interaction between the voltage controller and active power transient events is be-
yond the scope of this work. Hence, power system stabilizer and frequency excursions, which
are related more to the nature of the control and flowing of active power into the system are
not included.

Voltage collapse and islanding phenomenon are not considered either. The first issue is a
phenomenon related to the lack of reactive power, linked to the active power flow, and it
deals with the generator dispatching, switching and load shedding, and planning for the
reactive power provision, this situation is related to steady-state load flow of the area of
concerning [46] - [47]. Looking at the WPP from the point of view of thermal limits or
steady-state voltage stability, WPP is like any other type of power generation, hence the same
approach than traditional studies can be applied [5].

The islanding phenomenon is more related to the protection systems rather than control.
It is of utmost importance to ensure fast, reliable and well coordinated fault current interrup-
tion in the connecting network, in the collector bus, as well as within the wind turbines.

6
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Besides power system faults, characterized by a primary system fault current, the protection
system also has to detect other types of abnormal conditions, such as high or low voltage,
high or low frequency, out of synchronism, island operation, etc. Some of the protection
systems have to be set according to what is specified in the grid codes, specially the protec-
tions related to over-/undervoltage and over-/underfrequency.

In general, and according to the relevant grid code, the WTGs and the WPP shall have
such tolerance towards variations in voltage and frequency that they can handle the most
common types of grid fault without being tripped or damaged. Thus, the protection schemes
are out of the scope of this work.

Finally, the WTG control is based on giving priority to P over Q during normal voltage
grid conditions (voltage variations of 0.1 pu). Hence, the limits of the injected Q follow the
programmed P-Q chart, and only during faults Q has been given priority over P.

1.4.1 Simulation Tools and Models

The selected simulation software for investigating the electrical performance is PSCAD
(also known as PSCAD/EMTDC [48]). Used for transient studies, PSCAD is a powerful time
domain electromagnetic transient simulation environment and study tool. It solves the power
system differential equations with trapezoidal integration techniques with fixed time step. The
software was developed by the Manitoba HVDC Research Centre. PSCAD allows program-
ming modules in Fortran code, which permits to interface with discrete models created for
control purpose.

The crucial models are the WTG, STATCOM, MSCs, OLTC and plant control. The
DFIG WTG model is already known in the literature and will not be explained here, except
what is related to voltage/reactive control. The WTG model includes all mechanical and
electrical components that have been considered representative in the literature to study this
kind of phenomenon, such as: drive train, aerodynamic curves, pitch control, power and speed
control, generator, converters, DC-link, and their controls. The cables, over-head line (OVL),
generator, and transformer models are taken from the PSCAD library. The STATCOM model
is quite similar to the grid-connected converter part of the WTG.

No aggregation for representing the WTGs has been used, except when it is mentioned.

For frequency domain response, and more advanced mathematical analysis, MATLAB
has been used.

The WTG model has been validated with some field tests, where the reactive control im-
plemented in the simulation was modeled according to the existing WTG. It is expected that
the performance validation can be extrapolated to the proposed reactive power control.

1.5 Outline of the thesis

The organization of the thesis and some of the original contributions are presented in the
following points. The list of the author’s publications is given in the publication section (last
chapter).

The introduction chapter is followed by the main body thesis.

* Chapter 2: A brief overview about voltage control and grid code requirements is pre-
sented, which will be used as design requirements. Additionally, the control type for
the plant is discussed.

= Chapter 3: Some generic characteristics of the main wind power plant components and
their characteristics, regarding voltage control and reactive power are presented. The
control candidates are presented in this chapter.
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= Chapter 4: The stability and control analysis of the WPP is studied, also two different
structures for voltage control are analyzed, i.e. distributed and centralized [A.1.]. To
do this study, the WTG is linearized and represented as transfer functions; this work
has been published in [A.6.]. Finally, a selection of the distributed control is done,
based on lower SCR dependency and lower time response than the centralized control.

= Chapter 5: The interactions between different voltage controls using slope control are
discussed, to conclude with the proposal of a new design for the WTG and plant volt-
age controls, which are designed according to the previous discussion. Fully
fulfillment of the design requirements within the whole possible SCR range, which in-
cludes the contingency level, has been achieved [A.8.], [A.9.].

= Chapter 6: The integration in the system of the STATCOM, MSCs and OLTC are pre-
sented. In order these equipments get integrated with the plant control, a new
dispatcher strategy for the STATCOM and a new control philosophy for the MSCs,
are proposed. Moreover, the OLTC which is running independently of the plant con-
trol is improved by a new control method [A.7.].

= Chapter 7: Some validation tests for the WTG and grid models are shown. All pro-
posed control designs are validated through extensive simulations, which are followed
by an overview of the simulation results for small grid transients.

= Chapter 8: Describes the basic of the DFIG performance during faults and its similari-
ties with conventional SGs, this work has been published in [A.5.]. Additionally,
short-circuit current comparison between different generators is shown in [A.3.]. To
achieve high reactive current injection at PCC during severe faults, a new control is
proposed, which is based on off-line data of the WPP. This new control has been pub-
lished in [A.4.]. Finally, the plant control and operation during faults are analyzed.

= Chapter 9: WPPs are perfect candidates to implement a VAr reserve due to their low
ratio of produced energy per installed power. The concept of VAr reserve for a WPP
and two different ways of implementing it are proposed. This work has been sent for
publication [A.2.].

= Chapter 10: The extracted relevant conclusions and proposals for future research are
summarized.
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Voltage Control, an Overview

The purpose of this chapter is to introduce and discuss the basics of the voltage control,
including the selection of the plant voltage control type. Additionally, the control design
requirements, which are a collection of the most demanding grid code requirements found in
the literature, related to voltage performance, are introduced.

2.1 Introduction

In an AC electrical system, the voltage is controlled by actuating in the reactive power
flow, whereas the frequency is actuated by the active power balance between the generators
and loads in the system. Being a mayor difference between them, that voltage control is a
local phenomenon, and frequency is a system global wise variable.

Replacing conventional generators with their respective automatic voltage regulator
(AVR) makes necessary to increase the demands for WPP regarding voltage control. With
increasing penetration of wind power generation, the requirements for the connection of wind
power plants to the electrical grid are defined by the new and emerging grid connection codes.

The grid connection requirements vary in different parts of the world, but they share
common aims, such as permitting the development, maintenance and operation of a coordi-
nated, reliable and economical transmission or distribution system.

Generally, the new requirements demand that wind power plants provide ancillary ser-
vices to support the network in which they are connected [26] - [34].

The performance during faults has been considered critical, and is quite related with the
transient stability of the system. A local phenomenon such a grid fault can be translated to a
global problem (frequency stability). For this reason, fault performance was considered earlier
by the TSOs. The performance during faults can be classified as a kind of voltage regulation
that has to be applied during severe transients.

The selection of the plant voltage control law is imposed by the TSO in most of the cases,
being the proportional control one of the most demanded. One of the main reasons for being
the proportional control the most preferred is given in the following sections, i.e., it allows
paralleling generators, with individual voltage controllers, without hunting phenomena or
instability.
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2.2 Sign Convention

The sign convention applied during the whole work for the flowing power is as follows:
reactive power injected by the WPP (capacitive) is considered positive, and injected active
power (generation) is also considered positive.

When using d-q quantities, the q axis is in quadrature with the voltage vector and the d
axis is aligned with the voltage vector. Thus, the q axis is linked with reactive power and d
axis with the active power.

2.3 Plant Voltage Control

Figure 2.1 represents a simplified WPP connected to the grid. For the sake of simplifica-
tion the WTGs are represented as an aggregated single unit (WTG). Zwrgr is the wind turbine
transformer impedance; Zwppr and Zgrip are the wind power plant transformer and the grid
impedance, respectively. The grid impedance indicates the strength of the system, and is the
inverse in [pu] of the SCR, which is the ratio between the installed power and the grid short-
circuit capacity.

The WTGs are controlled by their own “WTG control”, which is commanded by the
“Plant control”, which allocates the outer control loops, including the voltage control. As it
can be seen in Figure 2.1, the plant control feedbacks are the measurements of the CTs and
VTs located at the PCC.

WPP

lq wra GRID

WTG
control

Plant
control

references

......................

A

Figure 2.1. Simplified system single line diagram overview.

Basically, two main control concepts can be used for the plant AVR, i.e. a proportional
(slope control) and a control with proportional and integral components (PI control). When
choosing the voltage control for the plant, attention should be drawn to the use of the control-
ler with integral action, since the SCR, and the impedance values between the generator
terminals and the PCC, will dictate the validity of this control, i.e. high SCRs could drive to a
constant saturation of the controllers, and low SCRs could induce high over-/under-voltages at
generator terminals.

To represent the operational area of a generic PI voltage control, it is considered that the
voltage at the PCC can be moved at least 5% of its rated value, by the reactive power injection
of the WPP, and the voltage at the generator terminals can not be higher/lower than 10% of its
rated value. Hence, by neglecting the impedance resistances and considering a constant grid
voltage, the following equations can be obtained.

5%

2.1
Vipe 1 qX orip T Vorp = AVppe = A qX GrID 2 AVPCCﬁmin 1)
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10%

—— (2.2)
VWTG ~ ] q (X WTGT + X WPPT +X GRI[) + V;?RID:AVWT G ~ Nq (X WTGT + X WPPT + X GRI[) S AI/WTGimax

Therefore, the following inequality is obtained, which can be used to represent the opera-
tional are of a generic PI voltage control.

A VWTG max
(Xyror + Xyppr) < X rip AV —-1 (2.3)
PCC _min
50—
401 (X X, y<x. [9L_)
+ < —_—
WTGT wPPT GRID 005
o 30
O Area for typical WPP
» 201 transformers data
101
0 ' o,:14 ' 0323 '
0 0,1 0,2 0,3 0,4

(Xwppt + XwreT) [PU]

Figure 2.2. Operational area of a pure PI control for voltage control.

Figure 2.2 shows the PI control operational area (grey area) where the conditions, previ-
ously listed, are fulfilled. Moreover, considering typical transformer impedance values for
WTGs (from 0.06 to 0.09 pu) and WPPs (from 0.08 to 0.14 pu), the possible operational area
is reduced to the green area of the figure. It can be seen how a voltage controller with a pure
integral controller is only recommended for wind power plants with low SCRs.

Finally, PI for voltage control is not very commonly used in power system due to its flat
characteristic, see Figure 2.3, which at some extend could present hunting phenomenon if
other plants are controlling voltage nearby.

\%
Vref

-

Q

Figure 2.3. Characteristics of the PI voltage control.
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2.3.1 Plant Voltage Control: Slope and PI with Line Drop Compensation

Taking into consideration the aforementioned limitations, a pure PI will unlikely be used
as a voltage control scheme for WPP connected to strong grids”; however, the PI can be used
in combination with a feedback of its output (PI with line drop compensation, see Figure 2.4-
(b)), which offers a similar response in the frequency of interest than a proportional control
(Figure 2.4-(a)). See the appendix A.

These two schemes (Figure 2.4-(a)-(b)) are the predominant in power system for voltage
control, as it can be observed in the IEEE std. [35].

Therefore, in the following sections of this work, PI with line drop compensation control
could be used instead of slope or proportional control indistinctly. See the equivalence
between these two controls in the appendix A.

AVR
K|_ <
- Kp +
Vref + + ¥ Qref:
- 1 i +
Vm STi
(a) (b)

Figure 2.4. Case (a): Slope or proportional control. Case (b): PI with line drop compensa-
tion.

In Figure 2.4-(a) Kpo is the gain of the voltage controller, and defines the ratio between
the measured voltage and the injected Q (see Figure 2.5), and Tpo should be used to respect
the bandwidth of the inner loop controllers.

Figure 2.5. Characteristics of the slope control.
2.3.2 Slope Control Response

Figure 2.6 can be used as an illustrative example of the slope control performance. The
grid voltage is stepped from 1 pu to 0.9 pu, and back to 1pu.

* The connection of a plant to the grid can be considered weak, when the power of the plant is at least 15% of the short circuit power of
the grid [5].

12
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Figure 2.6. Characteristics of the slope control. Xyppr +Xwrer=0.31pu and Kpo=20 pu.

Figure 2.6 shows the equilibrium point (point 1) after stepping down the grid voltage, and
the equilibrium point (point 0) when setting the voltage of the grid to 1 pu again. The horizon-
tal axis shows the magnitude of the reactive power and the vertical axis displays the voltage.
The equilibrium points are located at the intersection of the system and slope control charac-
teristics. The reactive power trajectory during the transient event from point 0 to 1 and from 1
to 0, is depicted with a green line.

Figure 2.7, exemplified the aforementioned problems about the influence of the SCR
when doing voltage control. The following figures show the performance of the slope control
depicted in Figure 2.4 (tuned for a SCR of 25) for two different SCRs. The voltage of the grid
is stepped down from 1 pu to 0.9 pu, at time equal to 10 s.

1,6
1,00
1.2
2, 0,96 2
o - 0,8
0 e
> 0,92 —SCR=25] © 04
------- SCR=10
0,88 T T T T T 00 T
9 10 11 12 13 14 15 9 10 11 12 13 14 15
Time [s] Time [s]

Figure 2.7. Slope control performance under different SCRs.

It can be observed how the performance of the system is degraded when the SCR is dif-
ferent to what it was planned.

2.4 Basics of Voltage Control

Figure 2.8 can be used to understand the nature and peculiarities of the voltage control
and reactive power flow. In this figure, two generators (Gj, G;) and one load are connected
through lines.

The injected reactive power from the node i to the node j, can be expressed as (2.4). Of-
ten this term can be simplified, by neglecting the resistances connecting the nodes, i.e. the
X/R ratio is very high for transformers and lines in the transmission and sub-transmission
levels [49].

13
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Figure 2.8. Simple grid for reactive power exchange study.

Since the angle change across the lines are usually small, cos(40) can be approximated by
1, thus, being obvious that the reactive power flow of the system is controlled by the differ-
ence in the voltage magnitudes, or vice versa, the voltage magnitudes are controlled by the
reactive power flow.

It should be noted, that there is a coupling between the active flow in the system and the
voltage magnitude change. This can be appreciated by looking at (2.5), which represents the
voltage drop across the impedance Z;. For the same reasons given previously, the voltage
drop can be simplified and represented only in terms of reactive power transfer.

_RF+ X0y X F - ROy R E + X0, X0,

R 7 I RN 7 @9
The reactive power flow absorbed by the load (Q;) can be represented as follows:

O, ==01,; =05 + Qs (2.6)

0. = VIcOSB) VA U=V ViVieos(d,=8) V7 4 (0 =) on

X13 X23

Easily, it can be noticed how the reactive power injected from the different generators to
the load is inversely proportional to the magnitude of the impedance that is linking them to
the load node. The closest generators to the event/load will supply most of the reactive power
demanded.

For the sake of illustration, only small changes in the voltage generator terminals and
small angles difference between nodes are considered. Based on that, and for a change of 5%
in V; (load node), Figure 2.9 is depicted, which shows the reactive power injection from node
i to j, as a function of the node impedance which connects them.

The different curves show the generator performance when using a proportional control-
ler with different control gains (Kpo), see control in Figure 2.4. As it was expected, the higher
the gain the bigger the Q injection is. Moreover, it can be appreciated how the longer the
distance to the load node, the lower the impact in the generator is. It can be concluded, that
voltage disturbances in the nodes can be considered as a local effect.

14
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Q; [pu]
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Figure 2.9. Q injection according to the controller gain and connection impedance.

This is especially clear in radial grids, whereas in meshed grids the addition of lines be-
tween nodes tend to decrease the node connecting impedance, making voltage events less
local than in radial grids.

2.5 Grid Code Survey

WPP Voltage control requirements are specifically mentioned in several grid codes, but
in most of them is considered as a “should” or a “possibility” and not as a “must”, moreover,
no details about this specification and/or the application description is given, e.g., Nordel,
Ireland, France [50] - [52]. However, in some of them some specifics details about the ex-
pected performance are mentioned [24] - [28].

TABLE I
DESIGN REQUIREMENTS FOR VOLTAGE CONTROL

Parameter Value Unit
Overshoot 0.050 [pu]
Band for settling time 0.025 [pu]
tq 0.200 [s]

t, 1.000 [s]

t, Not defined” [s]

ty 2.000 [s]

The most demanding indices related to voltage control are extracted from different grid
codes, and compiled in Table I.

The indices listed in Table I will be used in the following sections as the control design
criteria. The referred indices are used to evaluate the measured output at the PCC. Step
response indices are classified following IEEE standard [53]. See appendix A.

Small-signal performance measures provide a means of evaluating the response of the
closed-loop excitation control systems to incremental changes in system conditions. In
addition, small-signal performance characteristics provide a convenient means for determin-
ing or verifying excitation system model parameters for system studies. Small-signal
performance may be expressed in terms of performance indices used in feedback control

* None of the examined grid codes make any mention to this parameter.
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system theory. For a time response output, the associated indices of interest are the following:
rise time (t;), overshoot, settling time (t;), and delay time response (tg) [53].

When tuning the voltage regulator, an improvement to one index will most likely be to
the detriment of other indices.

The reactive power provision for the WPP is to be considered as a voltage requirement,
since, as it was mentioned, the voltage control will be actuated by the reactive power. The
reactive power capability offered by the plant is often translated in a requirement in terms of
power factor or P-Q charts. The most typical requirement for power factor is + 0.95. But this
requirement is quite dependent on the specifics of the grid, being cases where 0.90 capacitive
is required, e.g., Canada-CanWEA, Germany-VDN [34].

Even though, the system has voltage controllers at several locations in the network, it is
not possible to offer an uniform and constant voltage value in every node, as it was explained,
voltage variation are of local nature. For this reason, usually the steady state node voltage is
allowed to deviate from rated a maximum value; the most common band is + 10%. It can be
considered normal operation if the voltage level is inside this voltage range.

Regarding the wind power plant voltage control, the most demanded control scheme is
the slope control, with a slope gain ranking from 2% to 25% [24]. A slope of 4% has been
considered for the rest of the work, since this one is explicitly mentioned to be the preferred in
NGCE [26].

Performance during faults was introduced much earlier than voltage control, since it is
related to a possible massive loss of wind production at the same time, making possible the
whole system to collapse. What it is most demanded is a voltage profile for non-
disconnection; see Figure 2.10, being this profile quite country dependant.

A

\Y
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First Back-up System
protection protection recovery

(F—>

Time

Figure 2.10. Non-disconnection profile.

In some cases, it is also demanded that the WPP supplies reactive current according to the
severity of the fault. This injection helps the system in pushing up the voltage during the fault.
The current injection level requirement during faults ranks from very high values in some
countries, e.g., 0.9 pu at PCC [54], to other countries where it is not clearly specified, just it is
mentioned that the WPP should collaborate as much as possible, e.g. [26].

2.6 Conclusions

The voltage plant control scheme is selected for the rest of the work, which is based on a
slope control. Besides its characteristic, it is the most demanded scheme by the TSOs. Hence,
being the selected plant AVR a proportional controller. Additionally, the requirements that
apply for voltage control, including performance during faults (also called LVRT), are shown.
These are collected from different grid codes and will drive the control design.
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Wind Power Plant Components

In this chapter, it is introduced an overview of the characteristics of the main WPP compo-
nents involved in the voltage/reactive power control. The WPP is composed by many more
components than the ones mentioned here, but the main focus of this work is to address the
voltage performance, therefore only the main components that are part of the V and Q control
are shown. Additionally, the single-line electrical diagram, communication layout of the
selected WPP, and the control candidates are presented.

3.1 Introduction

The most common WTG used in the industry so far, is based on the DFIG type [55]. This
type of WTG offers high output controllability with low amount of power converter. The
DFIG converters only need to handle a fraction (0.25 — 0.30 pu) of the total power to achieve
full control of the generator [56]. On the other hand, this low amount of installed power
converters is the cause of lacking capacitive reactive power injection at high active power
levels, which usually makes necessary the installation of extra reactive compensation equip-
ments at substation level.

The most common reactive compensation equipments used in WPPs are the MSCs (static
compensation) and the STATCOM (dynamic compensation) [57] - [59]. Moreover, the WPPs
can include an OLTC system in the substation transformer to keep the MV of the plant close
to its rated value, independently of the grid voltage and wind conditions [60], [61]. All these
elements should be coordinated by the plant control to avoid counteractions.

3.2 Doubly Fed Induction Generator

The variable speed DFIG, see Figure 3.1, allows full control of generator active and reac-
tive power using the rotor-connected frequency converter. Operating both with sub- and
super-synchronous speed, the power can be fed both in and out of the rotor circuit.

The rotor-connected converter can employ various power dissipation solutions during se-
vere transients, sometimes referred to as an active crowbar, which is located at the rotor
terminals [62], [63], or as a chopper in the DC-link, Ry, in Figure 3.1.

The grid converter is used to regulate the voltage level of the DC-link, whereas the rotor
converter regulates the P and Q at the stator terminals.
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The WTG control calculates or receives power references from an external controller,
(Pret, g-axisyer). Usually the Py is calculated by the speed control of the WTG, which also
calculates the pitch angle reference (Bref).

€L, |

WTGT

Rotor Grid
converter b jink  converter

AC/TRaE _L_|bc

DC 1 1/ Ac
i T
ref_ex; g-axisSre

{ WTG control }( ..........................

Brcf

Figure 3.1. DFIG simplified single line electrical diagram.

The g-axis control loop could have different forms according to the reference sent by the
plant control. The most common is that q-axisr is set as “Qf” [64], [65]. Hence, being the
WTG g-axis outer control a reactive power control (AQR). However, it can also take the form
of'a “V,f’, being the control loop a voltage control (AVR) [66], [67].

<BFL\ Power Control Current Control (CC)
o ' I ~ ~
5 ™| Speed | | | { ; | Va ref
m |
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| | | -
Pref ! . . | Wrotorl PWM
rei_ex : | | | rotorl-lq ref Rotor
| | |
I I I I converter
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) [ | | | A
Q-axXISref + ! q_axis outer | [ | + Vq ref
: control loop |1 I I C
-7 N ! N _ /l +
feedback U)rotorl—ld ref

Figure 3.2. Simplified DFIG control diagram for the rotor-connected converter.

The simplified control of the rotor converter is depicted in Figure 3.2, where the active
and reactive power are controlled using the d and q axis respectively [68] - [70].

Rotor current limit

Q [pu]

Mechanical _
power limit

fF//
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Figure 3.3. P-Q DFIG chart.
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Figure 3.3 shows the P-Q chart of a DFIG machine. The P-Q chart programmed in the
WTG is a consequence of the linearization of the WTG physical limits, i.e. mechanical and
thermal (dotted lines in Figure 3.3), [71].

The control of the grid converter is not depicted here, since in this thesis it is not used for
reactive power injection. It is used for keeping the DC-link voltage constant, by using a
traditional d-q control aligned with the grid voltage.

3.3 Static Compensator

Flexible AC transmission systems based on voltage-source converter, such as
STATCOM, are found increasing utilization in power systems because of their ability to
provide improved performance for voltage support [72] - [77]. The single line diagram of the
STATCOM for reactive power supply to the system is shown in Figure 3.4, where Viy is the
voltage of the bus-bar which is connected to, and Vgr is the controllable output voltage.

DC-link T

Rché . L™ N
[a]
~ T AC

daxis 10 FILTER
............ .5 STATCOM control ]

Figure 3.4. STATCOM simplified single line electrical diagram.
The DC-link voltage (Vpc) and the reactive power injection can be regulated by the d-

axis current (I4) and the g-axis current (Iy) respectively. The overall control scheme consists of
two cascaded PI control loops, similar to what it is shown in Figure 3.2.

I [pu]

V [pu]

Figure 3.5. V-1 STATCOM chart.

The outer control loops regulate independently the reactive power injection and the DC-
link voltage of the STATCOM; whereas the inner current control loops generate the d-q
voltage references [76], which are used by the PWM module to create the gate control signals
to the converter to generate the desired voltage at the AC-side of the converter.

The STATCOM can be operated all over its full output current range even at very low
system voltage levels. In other words, the output current can be maintained almost independ-
ently from the AC system voltage. The Q generation or absorption changes linearly with the
system voltage. Figure 3.5 represents the typical V-I chart for a STATCOM [75]. Basically,
the operation limits are defined by the maximum apparent current.
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3.4 Mechanically Switched Capacitor Banks

The MSCs, used in this document, are to be connected to the MV bus-bar of the WPP.

The advantages of using MSC compared to other reactive power compensation equip-
ment are: reasonably priced, less complex and fewer components in the design, and the
disadvantages are: its output depends on the voltage level, the number of switching operations
is limited to a few times per day, and the time between switching is rather long, thus it can be
classified as a slow time response compensator.

The MSCs are connected to the MV bus-bar via a disconnector, a circuit breaker and a
load switch. Additionally, MSCs include: a current limiting device, which is most likely a
reactor, and a discharging resistor.

3.5 Remote Terminal Unit

Usually, a substation RTU monitors the field digital and analog parameters received from
the different elements composing the substation, and transmits relevant data to communicate
to other RTUs and control centers, as well as it is able to execute simple supervisory tasks
related to protection. The gathering of direct-wired process information and its transfer to a
higher level control system is one of the major tasks of the remote control application; RTUs
usually communicate with other RTUs or dispatcher centers. The concentration of several
functions on a central communication gateway reduces the number of required communica-
tion lines to higher control level. The RTU, used in this WPP, monitors the transformer tap
position and the status of the capacitor breakers and contactors, and receives the switching
commands to the capacitors, sent by the WPPC. The RTU will transfer these commands to the
capacitor switches when the security and integrity checking has been done [78].

3.6 On-Load Tap Changer

OLTC system is a very common and effective tool for steady state voltage control. This
system is considered a slow device, since it is actuated mechanically, and frequent regulations
accelerate the wear of the moving parts. Basically, the OLTC modifies the ratio winding of
the transformer [79], [80].

Since the allowed PCC voltage deviation is = 10%, it is clear that an OLTC system will
help avoiding the violation of the maximum and minimum generator voltage levels. Being
this the reason why usually wind power plant transformer includes an OLTC and its voltage
control. The OLTC voltage control commands the transformer tap changer, so that the con-
trolled voltage, in this case the medium voltage (the OLTC measurement sensors are located
at medium voltage side of the transformer) is practically constant, independently from the
wind speed level and grid voltage conditions. An important requirement for tap control is,
however, not only to keep the voltage profile but also to suppress the frequency of operations
to the lowest possible (similar requirement than the MSCs). A compromise is needed, since
these requirements basically contradict each other; frequent operations are usually needed to
perform a high quality of voltage regulation.
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3.7 Wind Power Plant Control

The wind power plant control (WPPC) receives the references and feedback (measure-
ments), and outputs the turbines and STATCOM set-points, as well as the capacitor banks
switching commands. This plant control includes a measurement device (see appendix B),
which senses the currents and voltages at the PCC, and provides the feedback signals for
control. This device samples at very high frequency values the output of the CTs and VTs,
located at the PCC. This meter processes the signals by first calculating one cycle rms value
of the signals, and then filtering for anti-aliasing. The plant control also includes, a dedicated
computer which allocates the control and dispatcher algorithms, and a communication hub.
This communication hub collects all the feedbacks, packs and sends all the necessary refer-
ences for the correct operation of the WT'Gs, STATCOM and capacitor banks, using for that
purpose the communication WPP Ethernet network and specific protocols.

The main purpose of the WPPC is to maintain the output of the plant as close to the re-
quired settings as possible. The basic method for maintaining the output is by means of a
feedback controller. A feedback controller compares the actual production with the requested
production, and instructs the controllable units by means of new set points.

The core control algorithms for a typical power plant are the active and reactive power
loops, which can be actuated by different controllers: Q loop can be actuated by either a
power factor, either a reactive power or a voltage control, and P loop can be actuated by either
a frequency or an active power control. In Figure 3.6 voltage and frequency controls are used,
which create the WTG references for the q and d axis, respectively.

Additionally, a grid fault detection logic scheme can be included (State Machine), which
can be used to trigger the desired performance during faults (Fault mode), see Figure 3.6.

The following figure represents the simplified diagram of a wind power plant control.

The communication module represents the packing and protocol writing functions when
sending the references, this action introduce delays in the system according to the selected

hardware.
frer + frequency P T
control dispatcher
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@
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control dispatcher
Figure 3.6. Wind power plant diagram overview.
3.7.1 Wind Power Plant Voltage Control

The voltage plant control used in this work is based on a proportional controller, also
called slope control. This voltage controller causes the injection of reactive power proportion-
ally to variation of voltage levels. Normally, the gain of the voltage controller (Ksjope) and the
plant voltage reference (Vrer plant) are defined by the TSO.

The plant control gain, which is the inverse of the slope, can be defined as (3.1).

__ A
e Slope AV e

(3.1)
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The references calculated by the plant voltage control to be sent to the dynamic reactive
power actuators (WTGs and STATCOM), basically can be based on two forms:
= Reactive power references: if the plant control sends reactive power references, the
WTGs should have implemented, as an outer g-control, a reactive power control
(AQR).
= Voltage references: in this case the WTGs should have implemented a voltage control
(AVR), to accommodate these references.
These two main concepts are based on the idea of a central and distributed (similar to the
secondary voltage control scheme) voltage control systems, respectively.

3.8 Wind Power Plant Configuration

This section presents the single line electrical diagram and communication network of the
WPP; moreover, some control options for the plant and WTG are presented.

3.8.1 Wind Power Plant Layout

The electrical single-line diagram of the considered WPP, with all the main components,
is given in Figure 3.7.

In this figure, it can be seen how the main components are linked with a dotted line, rep-
resenting the communication plant networks. This communication link is used by the plant
control, among other things, to command the operation of the MSCs (On/Off), WTGs and
STATCOM (References). The wind power plant is composed by 23 DFIG WTGs, which are
distributed in 4 feeders, having: 6, 7, 6 and 4 units respectively.
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&« e
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~—4 WTGs— g
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~
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On/Off

RTU To upstream
T control level

References

Figure 3.7. Single line diagram of the generic WPP.
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These WTGs are connected through a step-up transformer to the collector bus (MV) by
means of subterranean cables. The collector bus voltage is stepped up to the high voltage
level, by means of the substation transformer (WPPT).

The main substation transformer includes an OLTC which is controlled locally. The high
voltage terminal of this transformer is connected to the next substation through an overhead
line (OVL). Upstream of this point, the whole electrical system is reduced to an equivalent

grid, defined by its SCR and X/R.
3.8.2 Voltage Control Configuration

Following to what was exposed, several permutations according to the possible configu-
rations of the plant and WTG control are presented. Every option offers different
characteristics regarding time response and SCR sensitivity. The selection of one control
configuration is needed and will be discussed in the following chapters.

Voltage Plant Control g-axis WTG Control

AVR | AQRe ]—reif

(i) v

. b

(i) v,, £5) ref pal AVRurs > AQRurs | @ Y
+

pm'_-g;;;jg ~ S

d)
(iif) +

s ARuns 00 (O
\h{ AVR AQRs | ) ref - .
P P

ref . ' | (e)

Figure 3.8. Candidate configurations regarding plant and WTG controls.

The scheme control options that include as a first WTG outer control loop an AVR, can
be called distributed voltage control (options including (b) and (d) structures), whereas the
other options can be classified as centralized voltage controls (options including (a), (c) and
(e) structures).

It should be noticed that the voltage plant control has to compensate for the internal reac-
tive power park losses, for such purpose option (i) includes an AQR, also this can be achieved
by using a model of the park (ii), this model could be as simple as a quadratic function which
can be adjusted by the voltage and the injected active power level at PCC. A feed-forward can
be added to increase the time response of the control (iii).

Some of the previous schemes ((c) and (d)) have already been presented in the literature,
but under different plant control concepts to what is considered here. Whereas most research-
ers are concerned with time delay reduction, none have presented the control selection
according to the sensitivity to the grid impedance, [64] - [67], [81], [82], where the right
combination of the plant and WTG control may play an important role. The sensitivity and
robustness for different grid impedances are an important matter that should impact on the
selection of the control scheme, and are at least as important as grid code fulfillment.
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3.9 Summary

In this chapter it is presented the main components of a typical WPP related to reac-
tive/voltage control. The chosen WTG technology is the DFIG, since it is the most extended
in the market and used so far.

The main WPP components regarding voltage/reactive control are presented, which basi-
cally can be grouped according to their time response in: dynamic (with fast response), i.e.
WTGs and STATCOM, and static (with a slow response), such as the OLTC and the MSCs.

Finally, the possible voltage control candidates for the WTG and plant, based on distrib-
uted and centralized concepts, are shown.
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Wind Power Plant Control Analysis for

Small Disturbances

This chapter is devoted to create linear models of the WPP components for small signal
voltage control analysis. Small signal analysis, using linear techniques, is suited for analyz-
ing stability and control problems. This type of study gives valuable information about the
stability margin of the system according to its gain. Based on these studies, preliminary
design of the plant control can be done. Additionally, these simplified models can be used to
evaluate the selection of the voltage control strategy to be used in the WPP, i.e., distributed or
centralized.

4.1 Introduction

It is known that the voltage performance of a power plant depends on the grid impedance.
Additionally, the stability of the controllers depends upon the grid impedance as the grid
impedance is serial addition to the other main transformers. The driving point impedance at
fundamental frequency, as viewed from the PCC location, is an important parameter in the
voltage control loop since it determines how much the voltage can be changed when a certain
amount of reactive current is injected to the system.

It is clear that for high system gains (small slope and SCR values) the system becomes
more difficult to be controlled, moreover, the delays in the communication processes reduce
the control stability margin when the gain of the system increases.

The tuning objective of the control, among other things is to achieve a response time of
less than 1 s, an overshoot below 5 % (see Table I), and even more important to preserve
stability for all realistically probable network conditions [38]. Therefore, the voltage regulator
settings should be dictated by the most limiting operating condition, such as the system
configuration with the lowest short-circuit power (contingency condition) [75]. However, this
tuning may cause relatively long response for higher SCRs (normal operation), where the best
performance of the system is most required. Delay time is a critical parameter, since it can be
linked to the control hardware and software.

An appropriate tuning and selection of the voltage control allow the fulfillment of the de-
sign criteria in all the operation range: contingency operation (minimum SCR), normal
operation (SCR percentile 95 %) and maximum SCR. In the present case, the SCR range is
within 5 to 25.
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4.2 Simplified Representation of the System for Control Studies

To provide further understanding of the voltage regulator parameters, the system
strength, and delays on the system stability, root locus analysis should be performed, which
provides the critical gains [84]. To do that, it is needed to represent the elements composing
the system as transfer functions, whereas the pole-zero map can be easily extracted.

In the following sections, it is defined how the main elements can be represented by their
simplified transfer functions.

421 WTG Model

The WTG model for voltage control has to be simplified in order it can be represented by
a simple transfer function.

Having the WTG a d-q control, allows independent control of the reactive and active
power injected at stator terminals. Thus, the components of the wind turbine related to me-
chanical performance, such as the drive train, the blades and the active power control loop can
be neglected. The decoupling is considered ideal, hence, only the g-axes related components,
which are affecting the reactive current injection, are represented.

The simplified WTG transfer functions, which include the terms related to reactive power
and current control (Plg and PJ; respectively), generator transfer functions (G, Gs), converter
transfer function (G¢) and feedback filters (F; and Fg), are depicted in Figure 4.1. The detailed
description of the transfer functions can be found in [A.6.].

Disturbances
QWTG Iref Converter \Y, Generator +
+ + +
ref 3, Plg —= Pl G Lyl GGy
Generator
I(Lr
Fi < G1 <
I(LS

Fa

A

Figure 4.1. Simplified representation of the WTG for Q injection.

Since the system dynamic response is dictated by the poles closest to the origin, and for
the sake of simplification and linearization, the obtained high order WTG transfer function
can be simplified further. By doing so, the reactive power response of the WTG can be
represented by a first order function (characterized by Tyr), with the same bandwidth and
gain as the high order transfer function, see (4.1).

The resulting transfer function is as follows (more details can be found in [A.6.]).

Simplified function
—
Ore PI,PIG,GG, 1 (4.1)

Q% "1+ FPIG.G, + FyPLPI,G.GG,  1+5T

Turbine(s)=

In this case, it is shown the transfer function of a WTG which includes an AQR. Similar
process can be used when the WTG is using an AVR, see [A.1].

26



Chapter 4

4.2.2 Grid Model

The impedances representing the grid are considered as an Lgrip and Rgrip system, thus
the small capacitances are neglected. For small disturbances, we can assume the following
approximation:

‘K“‘M‘ = \/(V+AVd)2 +AVq2 *V+AV, =V +Roppl, +XGRIDIq (4.2)

Furthermore, the Rgripls term can be considered as a perturbation to the voltage control.
Therefore, the gain of the grid, valid for small signal analysis, is obtained.

AV = XGR[DIq 4.3)

4.2.3 Plant Control Model

The gain (Kgiope) for the plant control is shown in (3.1). The plant control model has to in-
clude the time delays associated to the communication (T¢omm) and sampling (Ts) processes.
These are not negligible, and they could be in the range of hundred of milliseconds (according
to the control hardware platform). The measurement system or “grid meter” can be repre-
sented by a first order function with a time constant Ty, [1].

4.2.4 System Model

All the previous models have been linked together coherently according to the previous
figures.

The exponential function representing the time delays should be linearized when doing
the control analysis, e.g., by using Pade approximation.

Control

Plant gain Sampling Communication WIG Turbine Grid
Vref + K -sTs | -STcomm Q ref N 1 + X, |
slope q e 2 e 1+STWTG GRID
- +
PCC
\Ys
. m AQdisturbance
Grid Meter
1+sTh
i Vece ) + AV
+ +
VGRID AVdisturbance

Figure 4.2. Simplified representation of the WPP, including the grid and voltage control.

This simplified model has some application boundaries. The use of this simplified model
is not suitable for high SCRs where the current injection limitation of the converters or
generator could be presented, and during low SCR conditions, where the assumption of a
perfect decoupling between P-Q is not valid anymore [A.6.].

4.3 System Gain Analysis

Using the representation shown in Figure 4.2, it is possible to investigate the influence of
the slope and SCR on the system stability. With high SCR, the grid becomes less sensitive to
the plant operation, but also less dependent.
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The open loop gain (K7) is defined in (4.4).

X

T = XGRIDKslope -

K GRID (44)

Slope

By grouping together the communication and sampling times, the total time delay (7) can
be defined.

T=05T+T,, (4.5)

m

To extract the zero-pole map of the system, e*' is replaced with the Pade approximation,
thus the linearization of F(s) is obtained. Using the assumption of 7,,<<Twr¢, the following
transfer function can be obtained.

Linearized function

Veee . Ky (1+5sT,) o K, (1+sT,)(1-50.5T) (4.6)

= e ~
VI (L 5Type) + K e (1+5T,,5)(1+50.5T) + K, (1-50.5T)

F(s)=

The transfer function F(s) is characterized by three parameters: the static gain K7, the
time constant 7yrg, and the dead time 7. The parameters 7" and Tyrc are often called the
apparent dead time and the apparent time constant, respectively. The ratio dt = T/(Twrc+T7), is
called the normalized dead time. This quantity can be used to characterize the difficulty of
controlling a process. Generally speaking, processes with small dt are easy to control, and the
difficulty in controlling the system increases as df increases [84].

For the sake of illustration, the following typical data have been used throughout the
document: 7;, = 15 ms, Ty = 160 ms, and 7 = 150 ms (calculated by using 7¢omm = 100 ms
and 7= 100 ms).

By analyzing the pole location of the system, a clear picture can be done about the stabil-
ity of the system for different control gains and SCRs. The following figure includes this
relationship.

15
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Figure 4.3. Stability area in terms of slope and SCR.

It is clear that for high system gains (small slope and SCR values), the system becomes
more difficult to be controlled. In order to expand the stable area of the system, a lag compen-
sator will be added to the plant control.

The tuning requirements for the control, i.e., the settling time and the overshoot, contra-
dict each other. Higher gains will make the system faster, but at the same time the overshoot
will be increased, in the other hand lower gains make the overshoot smaller but the time
response 1s increased.
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If the gain of the grid decreases, meaning that the SCR increases, one of the poles moves
toward the right half plane, slowing the system. In the root locus figure (see Figure 4.4) the
colored areas delimit the forbidden area for placing the poles of the system in order the
control design criteria is fulfilled.

The settling time (t;) is a vertical line which appears on the root locus plot at the pole lo-
cations, associated with the settling time value provided. This vertical line is exact for a
second order system. Specifying the percent of overshoot (OS) in the continuous-time root
locus causes two rays, starting at the root locus origin, to appear. These rays are the locus of
poles associated with the percent value, using a second-order approximation too.
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N

Imaginary Axis
o o
-

N
o

25 20 -15 -10 -5 0
Real Axis

Figure 4.4. Root locus map of the system represented in Figure 4.2.

Therefore, when placing the poles of the system it can be defined a maximum gain (K4,
which is obtained due to the overshoot requirement), and a minimum one (K,;,, which is
obtained due to the settling time requirement) for fulfilling the design conditions. Moreover, it
is possible to find the gain which makes the system unstable (K,;;).

Kmin < KslopeXGRID < Kmax <Kuns (47)
[]A
L1B
= C
STABLE

AREA

Slope [%]

Figure 4.5. Stability (a) and design fulfillment (b) areas according to the SCR, for three set
of control settings.

Figure 4.5 shows the stability area (Figure 4.5-(a)), and the fulfillment area of the design
requirements (Figure 4.5-(b), within the colored surfaces), for three different control settings,
which are calculated for three different SCRes, i.e., setting for curve A is optimized for a SCR
equal to 5, curve B for 15, and curve C for 25. It can be observed that if the settings for case A
or B are used, as it should be since these can ensure the stability operation within all the SCR
range of interest, then the fulfillment area of the design requirements is quite reduced.
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4.4 Central and Distributed Voltage Control

If the outer g-axis control loop of the WTGs is used as an AQR, two drawbacks are seen.
Firstly, three set of control settings are needed to fulfill the design requirements for the whole
SCR range of interest (between 5 and 25). Secondly, the fulfillment of the delay time (tq)
requirement could be physically impossible to achieve, regardless of the control, if the total
sampling and communication control delays and WTG time response is bigger than the
required tg.

When the g-axis control loop of the WTGs is used as an AVR, the aforementioned two
problems are solved. It is clear that changing the WTG g-axis control from being an AQR to
an AVR, very fast system reactions are achieved for voltage disturbances. Besides, the
fulfillment of the design requirements is extended to a wide range of SCRs, since the local
voltage controllers are less dependant on the SCR.

This can be seen in the following figure, where the design fulfillment area is depicted
(grey area in Figure 4.6) for a WPP where the WTGs are using an AVR. The system has been

tuned for an optimal response when using a slope of 4% (marked with a dotted line in Figure
4.6) and SCR 5.
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Figure 4.6. Design fulfillment area for a WPP with an AVR in the WTGs.

By looking into more details of the system transfer functions, it is possible to see where
the main differences are. If the WTGs are controlled with an AQR, the aforementioned
turbine transfer function is obtained (4.1).

Turbine(s) = Qvgg  AQRy 1
Qref 1+ AQRWTG 1+ STWTG

(4.8)

It can be appreciated that the transfer function, which has been linearized, ideally is not
depending on the grid gain.

Neglecting the sensors, time delays and WTG small time constants, and using the turbine
transfer function shown in (4.8), the following structure representing the system is obtained
(Figure 4.7).
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Vref +

[ (AQRwio)AGRS) x
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Figure 4.7. System representation when the WTGs include an AQR. Central scheme concept.
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If the WTG includes an AVR, then the diagram depicted in Figure 4.8 is obtained, where
Xwrp 1s the sum of the substation (Xwppr) and WTG (Xwrgr) transformer positive imped-
ances, and T is the time constant of the first order transfer function between the rotor g-axis

reference (/ (;efr ) and the reactive current in the stator (/, ).

Plant Turbine
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Plant WTG ref
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Grid Meter +
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VeriD
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AVdistu rbance

Figure 4.8. System representation for the WI'Gs with AVR.

The transfer function between the reactive current reference and the stator reactive cur-
rent is defined in (4.9). More details can be found in [A.6.].

I, ,  PLG.GG, M 1
e ~ (4.9)

1Y, 1+ PI,G.GF, \NM+L,))1+sT,

It should be pointed, that in Figure 4.8 the rotor control gains of the AVRw1g has been
translated to stator quantities by using:

M rotor
A VRWTG = (WJA VRWZt"G (4 1 O)

By neglecting the T, and T, time constants, the turbine transfer function when including
an AVR (the one shown in the Figure 2.4-(a)) is obtained (4.11).

QWTG ~ AVR WTG — KPO
VWTG 1 + AVR WTG (XWPP + XGRID) 1 + STPO + KPO (XWPP + XGRID)

Turbine(s) = (4.11)

By using Figure 4.8 and neglecting the small time constants, it is possible to obtain the
structure depicted in Figure 4.9.

At first glance, it can be seen how the transfer function depicted in Figure 4.9 includes in
the denominator a function of the Xgrip, which will make the system at the end less sensitive
to Xgrip changes.
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VPlant +
ref AVRp | (AVRwtc)(AQRp) L Xerp

1+(AVRwrc)(Xwpp+Xarip) +H(AQRpP)(AVRwra)

Figure 4.9. Simplified system representation for the WTGs with an AVR. Distributed voltage
control scheme.

4.4.1 Sensitivity Analysis

The system sensitivity to a paremeter can be defined as the ratio of the percentage change
in the system transfer function to the change of a parameter for a small incremental change. A
sensitivity analysis is done to compare the influence of the Xgrip in the configurations de-
picted in Figure 4.7 (where its close loop transfer function is called Gieupar) and Figure 4.8
(where its close loop transfer function is called Gispipured)-

If the influence of Xgrip is bigger in the Genes than in the Guispriburea, then its sensitivity

term (.S**” ) will also be bigger. Thus, the condition shown in (4.12) needs to be verified.

SXGRID < SXGRID (412)

distributed central

Where the sensitivity of the previous transfer functions respect to Xgrip, 1s defined as fol-
lows:

G X

aGcentral XGRID

Sd)f;ﬁfgl‘ o = distributed GRID , Sé;,[ifgl — (4 1 3)
t aX GRID distributed t aX GRID Gcentml
Thereby, obtaining the following results:
Xerip 1 + AQRWTG (1 + AQRP)
Sdistribut@d = (4 1 4)
1+ AQRy16(1+AQR;, + AQR,AVR, X )
Xorp — 1+ AVRWTG (XWPP + AQRP) (4 1 5)

central 1+ AVRWTG (XWPP + XGR[D -I-AQRP +AQRPXGRID)

For the sake of simplicity, similar gains of the plant reactive power control are used in
both configurations, and also a gain of 1 is used for the AVRp. By replacing the gains of the
turbine transfer functions, AQRwrg and AVRwrg (1 and Kpp respectively), the following is
obtained.

2 1

AQR, K,

(4.16)

wep <

For a typical WPP, the Xwpp has a value of approximately 0.2 pu and the local WTG
slope gain (Kpp) will be always bigger than 1, which confirms that (4.16) is, by far, always
fulfilled. Hence, being more sensitive to Xgrmp changes the central control configuration
(WTG with AQR) than the distributed one (WTG with AVR).
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4.4.2 Step Response

To validate the above conclusions, and using the aforementioned diagrams, the step re-
sponses, for a grid voltage change of 10% under different SCRs, are depicted.

The following figures show the step response of the system when the grid voltage is
stepped down at time equal to 10 s. The curves show the WPP reactive power output when the
WTG includes an AVR (AVRw1g), and when includes an AQR (AQRwrg), for the maximum
and minimum SCR of interest. Both cases have been tuned for a SCR equal to 5.

It should be noticed that the curve AQRwrg rr 1s representing a similar plant control to
the AQRwrg, but with the addition of a feed-forward loop, with a maximum gain (Kgr)
defined by the maximum allowed overshoot, see Figure 3.8.
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Figure 4.10. System step response of the diagram represented in Figure 4.8, where the tur-
bine transfer function is replaced by (4.8) for the AQRyrc curve, and (4.11) for
the AVRyrg curve. In the case of AORyrg rr the plant control is provided with a
fed-forward loop.

It can be checked that the WTG with an AVR has almost instantaneous response, and the
t4, tr and ts requirements are fulfilled for maximum and minimum SCR cases. However, for
the case of the WTG with an AQR, t4 is not fulfilled, and t; and t; are only fulfilled for the
“SCR 5” case. Additionally, it can be seen that, the impact of the SCR is much higher in the
case of the WTG when using an AQR configuration.

It is clear that bypassing the AQRp with a fed-forward, will easily make the system tend
to overshoot. The AVR option is even more sensitive to this bypass than the AQR, since the
WTG reference is calculated in terms of voltage, and is multiplied by the AVRwrg gain (Kpo).
Therefore, the feed-forward in a plant control which commands the WTGs with an AVR is
not considered.

4.5 Conclusions

In this chapter, it is shown how the main elements of the wind power plant can be trans-
lated to a simple transfer function in order the pole-zero map can be extracted, making
possible to select the gains that fulfill the design requirements. Moreover, it is discussed the
benefits of using a distributed voltage control system by having the g-axis of the WTG
actuated by an AVR. By doing so, very fast system response is achieved and the plant control
is easier to tune, since the system dependency on the SCR is reduced compared to a WPP with
an AQR in the WTGs. Therefore, the design of the WPP control will be based on a structure
where the g-axis of the WTGs is controlled by an AVR.
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Chapter 5

Control Design

This chapter deals with the design of the plant and WTGs voltage control. Furthermore, to
understand and reach the appropriate control structure, possible interactions between
different WPPs, and also between different voltage controllers within the WPPs, are analyzed.
Finally, a new plant and WTG controls are proposed, which are based on a decentralized
structure, but performs as a centralized one during steady-state.

5.1 Introduction

By placing a voltage control in the WTGs, which follows the voltage references sent by
the plant control, the secondary voltage control concept is applied. The secondary voltage
control concept is well known in the literature. The main thrust of the secondary voltage
control scheme is to counteract in real time, reactive power flow changes in the system, by
adjusting terminal voltage of generators system-wide. The amount of voltage adjustment is
proportional to the voltage derivations at monitored buses [12], [85], and [86]. This concept
can be applied to a wind power plant, where the pilot bus is located at the PCC bus, and the
wind turbines include their own voltage controller.

As it was mentioned, slope voltage control is widely used in power system applications
since it allows paralleling generators with individual voltage slope controllers without hunting
phenomena or instability.

When there is high SCR, as in most of the cases in the transmission system, a slope con-
troller will offer the best solution. Slope control provides a coordinated reactive power
system, since the equilibrium point will be known for every voltage disturbance, independ-
ently of the controller time reaction and the Q compensator type. Therefore, it is easy to
manage how the generators will share the reactive power injection for a certain voltage
disturbance.

The control law that is applied for the slope concept can be defined, in a generic way, as
follows:

Q. =0, +( j(Vr(,,» =V.) (5.1)

Slope

Adding a certain offset to the slope controller (Qo), or changing the voltage reference
(Vrep), 1t 1s possible to regulate the Q injection of the plant.
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5.2 Interaction between Different Slope Voltage Controllers

It is important to study the interactions that could occur between different slope controls
of different WPPs located in the same area, and also it is of interest the control interaction
inside the WPP, between the different generation units.

The following sections analyze these interactions.

5.2.1 Interaction between Wind Power Plants with Slope Voltage Control

When different WPPs are connected to the same point in the network, and they have to
control the voltage at a remote location, different that the PoM* location, then current com-
pounding can be used as SGs do [87]. This compounding can be done to have a better
estimation of the voltage at the PCC.

However, this compounding could lead to instability if the settings of the control parame-
ters are not properly chosen. To study this phenomenon, two cases are found to be
representative enough. These two cases can be seen in Figure 5.1.

The WPPs can be linked tighter at the same bus-bar (Figure 5.1-(b)) or can be separated
by some impedance, which could represent the OVL or even another transformer (Figure 5.1-
(a)). Therefore, at some point of the system the WPPs are linked together, and evacuate the
power through the same impedance (Zgrip). The PCC is located within this Zgrip impedance.

If there is no current compounding, the wind power plants will share the amount of reac-
tive power to be delivered following their respective slope controls; this matter does not
require more explanations.

WPP 1 WPP 1
#1 Yeour e Vrowm1
+ ¥
SO o,
Vpce ~+PCC
Ulgeet | las v Dlgrrer | ot v
lgrrer ! T d  Yero | lgrrer ! - d  Yero
+ +
e o
WPP 2 — WPP 2 —
42 MPOMZ Iq_pcc GRID oy MPOMZ Iq_pcc GRID
+ +
@ Ctrl. @ I
| o ; NN
| lozret | a2 | logret | 102

(a) (b)

Figure 5.1. Two different interconnection configurations between different WPPs. Case A:
the WPPs are connected through some impedances, and case B: they are di-
rectly coupled to the same bus-bar.

As it has been explained earlier, the WPP voltage control is represented with a gain
(Ksrope1) and a time constant (T;). If a compounding of the reactive current injected by the
other plant is included in the control loop (Ky ), the following control structure is obtained.

" PoM is the point of measurement, which indicates the physical location of the CTs and VTs of the WPP, which normally is the same as the
PCC, but in some cases could differ.
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KSLOPE1 Iqref1
1+sT4

Figure 5.2. WPP slope control with current compounding from other WPP.

For the case represented in Figure 5.1-(a), the following steady state equation for the
WPPI control is obtained.

VoV _(1+KSLOPE2X2 _KLlelopeZKslopel(Xl _KLz)j [q71 (5 2)
ref1 POM1 — .
1+K SLOPEZX 27 KLIK SLOPE2 K SLOPE1
Hence, it is expected instable operation for Ky ; values close to:
K, = ! +X (5.3)
L1~ 2 .
KSLOPEZ
The current equilibrium point between these two WPPs is equal to:
Iq,l :K1(1+K2(X2+KL1)) (5.4)

1, , K(+K(X +K,,))

q

For the case represented in Figure 5.1-(b), the following steady state equation for the
WPPI control is obtained.

I_KLIKLZKSLOPEZK
1- KLIKSLOPEZ

SLOPElj ]q,l (5_5)
K

SLOPE1

Vrefl —Veor1 = (

The system could be instable for a Ky ; value close to:

1
K, = (5.6)
KSLOPE2
The current equilibrium point between these two WPPs is equal to:
I,y K(1+K,K,) 57)

I,, K,(1+KK,)

It should be noted that the stability of the plant depends on the control parameters of the
nearby WPPs.

5.2.2 Slope Voltage Control Interaction inside the Wind Power Plant

Considering a wind power plant composed by a large amount of generators, and everyone
having its own AVR, it is important to investigate the interaction between these controllers
and the central plant control.

For studding this interaction, a generic system formed by two units (WTG1 and WTG2)
and a central control (WPPC) is used. The central or plant control is placed to control the
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voltage at the PCC, by commanding these two units. The single line diagram of this system is
depicted in Figure 5.3.
The following equations show the control law applied to the individual controls.

Wicl= (., -V)K, =1, , (5.8)
WiG2= (v, -V))K, =1, , (5.9)
WPPC = (V,yes =Vecc ) Kpee =1, _pec (5.10)

Note that in the above equations, the voltage reference (V) is dictated by the plant con-
trol.

As it can be seen, these three controllers use different slope gains (K;, K, and Kpcc) when
controlling their local bus-bar voltage. This configuration offers a first and fast reaction to
grid disturbances from the individual unit controls, and later it is compensated by the slowest
central control unit. This central control unit sends voltage references to the units according to
the central slope characteristics (Kpcc).
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Figure 5.3. WPPC, secondary slope voltage control concept.

The characteristics of the controllers (WTG 1, WTG 2, WTG 1+2, and Ctrl PCC) and the
system, for two different voltages (PCC V=0.9 pu and PCC V=1 pu), are depicted in Figure
5.4.

¢ —— WIG2
1.064 WTG 1
’ PCC V=0.9 pu
—— Ctrl PCC
—o— WTG 1+
— EMTP
— 1,02 PCC V=1pu
>
&
>
0,98
0,94 ‘ ‘ :
-0,6 -0,3 0 0,3 0,6
lq [pu]

Figure 5.4. Characteristics of two generator units with slope voltage control and with a cen-
tral control.
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The equilibrium points are located in the intersection between the characteristic of the
central control (Ctrl PCC) and the system one (PCC V). The trajectory between the equilib-
rium points is depicted in red color (EMTP), which is obtained from an EMTP simulation
when stepping the grid voltage from 1 pu (point 1) to 0.9 pu (point 3) and back.

The followed 14-V trajectory shows several interesting points. Due to the communication
time delay between the central control with the local units, it can be seen how the first system
reaction is to reach their local controller equilibrium point (point 2), then the reference from
the central control arrives moving the equilibrium to point 3. After that, when the grid voltage
is stepped back to 1 pu, it is possible to see similar reaction; first reaction from point 3 to
point 4 is done by the local controls, and finally, point 4 is moved to 1 through the central
control action.

—-—-WTG 2
1,04 --WTG 1
PCC V=1 pu
1,02 1 ——WTG 1+2
= 1,00
> 0,98 i :
0,96 - | |
I I
0,94 | ' '
’ / 1! I 2!
0,92 VI ‘
-0,2 -0,1 0,0 0,1 0,2
lq [pu]

Figure 5.5. Active power effect in the equilibrium points.

Figure 5.5 shows how the resistance of the impedances Z; and Z,, and active power injec-
tion can affect the previous equilibrium points. In this case, the WTG #1 and #2 are injecting
the same active power level, but the resistance value connecting them to the PCC is different,
R; =2R,. As it can be seen, the effect of this active power injection is to displace the previous
equilibrium point 1 to a new position 1°, making /, ; inductive and /, » capacitive, for a grid
voltage equal to 1 pu. This offset could lead to undesired behavior when having a centralized
controller, since all the units should collaborate in the same reactive power direction. Addi-
tionally, it is clear that the amount of reactive power injection depends on the feeder position
and wind speed.

5.3 Control Scheme Selection

According to the previous analysis, the permutations of the aforementioned control op-
tions (see Figure 3.8) have been evaluated. In all the cases, there is an outermost voltage
control loop at PCC level, and in every case the plant controller specifies the references for
the WTGs. These references are translated by the AQRp to voltage or power references,
according to the outer WTG control loop.

The use of a mathematical model of the park internal network, which must accurately
compensate the VAr consumption inside park, in any case and circumstance, does not provide
the advantage of removing one lag from the plant control (the integral part of the AQRp). In
essence, to have stable operation the plant control has to be slowed down to have at least 5-10
times lower bandwidth than the WTG outer control loop, being worthless to replace the close
loop reactive power compensator by a predictive model.

The cases are characterized below, according to their SCR sensitivity and time response.
According to this evaluation, schemes 4 and 9 have been selected as good control candidates
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due to their fast response and low SCR dependency. Between these two candidates and based
on the aforementioned characteristics option 4 is the favorite one.

TABLE II
COMBINATIONS FOR WTG AND PLANT CONTROL

Scheme Plant  WTG Time” SCR Comments
control control response sensitivity
1 (1) (a) slow- high Outer WTG control is dictated by an AQR.
2 (1) (b) fast- low Two closed loops for reactive power compensation.
3 (1) () slow high Faster than (a), one fewer layer control.
4 @) (d) fast low Faster than (b), one fewer layer control.
5 (1) (e) slow high Faster than (a), two fewer layer controls.
6 (i) (a) slow- high Outer WTG control is dictated by an AQR.
7 (i1) (b) fast- low Two closed loops for reactive power compensation.
8 (i) () slow high Faster than (a), one fewer layer control.
9 (i1) (d) fast low Faster than (b), one fewer layer control.
10 (i1) (e) slow high Faster than (a), two fewer layer controls.
11 (iii) (a) slow high Two closed loops for reactive power compensation.
12 (iii) (©) slow+ high Faster than same option with ().
13 (iii) (e) slow+ high Faster than same option with (i).

5.4 Plant Control

According to the previous selection, the power plant structure can be designed. The pro-
posed structure of the plant controller is shown in Figure 5.6, where the voltage plant
controller (AVRyp) is extended with an inner plant reactive controller (AQRp) to compensate
for the internal reactive power losses that occur inside the plant. This controller ensures that

the injected Q"™ at the PCC is the one dictated by the AVRp in any circumstance.

ref

AVRp AQR
Plant
D.B.
Vref + Lk 1+sT, N ref
j% slope 1+ST1
VPCC -

m

Figure 5.6. Plant control structure.

5.5 Wind Turbine Generator Control

The proposed WTG rotor converter g-axis control is shown in Figure 5.7, where the reac-
tive current reference (Iqwr) is generated according to the difference between the stator turbine
terminal voltage, represented by Vy,, and the Vi sent by the WPPC. Therefore, the WTG
outer control loop is a local voltage control, which can be adjusted by an external set-point.

The main difference with other secondary controls shown in the literature [66], [67], [81]
is that this local voltage control will be active only during voltage transients.

In this voltage control, the WTG slope gain and time constant, Kwrg and Ts respectively,
are adjusted to provide fast reactions to voltage changes at generator terminals. The stator

" The time response is classified, from the slowest to the fastest, as follows: slow-, slow, slow+, fast-, fast
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voltage variations are filtered with a differential pole filter with a time constant T4, hence,
only reacting to changes on the stator voltage but not to steady state voltage errors. Thus,
removing the undesired voltage offset effect, caused for instance by the active power injection
and the resistance of the cables and transformers, see Figure 5.5.

By using a differential filter, it is possible to affirm that this voltage control is only active
during voltage transients, during steady-state the calculated reactive current reference (Iqrer) 1s
proportional to the one dictated by the plant control, and does not depend on the stator volt-
age, thus having all the units of the plant the same Iy.r, being loaded equally in terms of
reactive power injection.

The voltage control includes, as well, a protection against overvoltages, performed by the
Overvoltage Protection, and an over-under voltage protection (LOGIC), see Figure 5.7. The
protection LOGIC is as follows: the reference signals (Vi) is frozen if: the measured voltage
(Vm) is above the limits and the reference is capacitive increasing, or if it is below limits and
the reference is inductive increasing.

The I, limits are calculated according to the P-Q chart of the machine. The magnetization
current of the generator (I,g) 1s added to the loop, which is a function of the stator voltage.

The Decoupling term is calculated by using the diagram of the Figure 2.1, where it is
possible to calculate the terms affecting the variation of the voltage at the PCC. It can be seen
in (5.11), that the cause of this variation are the own WPP current injection (term 1), and the
grid voltage changes (term 2).

1

2
( )+ R )
AVPCC = XGRID AquWTG _XWPP (A] ) +RGRID A]deTG _RWPP (A]Wm) +AVGRID

wrG

(5.11)

If the grid voltage is kept constant (Vgrip = cfe) then it is possible to calculate the reac-
tive current (Iq wrg) that will compensate for the voltage variations at the PCC, due to the
flowing of active current. Thus, by replacing AVpcc =0, (5.12) is obtained.

K1 K2
/_/%
Al oo = [RGRIDRWPP + Xypp X Grip JNZ _ [ Rerip jAId e (5.12)
q_ W1G —
XGRID ‘ XGRID

By using the calculated Al wrg (called Decoupling in Figure 5.7) in the WTG voltage
control, the plant control is released of compensating voltage changes due to WTGs active
current flowing. Finally, the following voltage control can be depicted.
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Overvoltage protection F P-Q chart
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Figure 5.7. WTG voltage control.
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One should realize, that the injected Q at the PCC is the same with and without the “De-
coupling” term, since at the end the Q injected at the PCC is dictated by the AVRp. Two main
things can be achieved by placing this compensation inside the WTGs: more reliability, since
in case the plant control is out of operation, the WTGs still do this compensation, and sec-
ondly, the bandwidth of the system is improved, since this compensation is done locally at
WTG level, without using the “slow” plant control.

To avoid dependency on the grid parameters the term K, can be neglected (usually, is
very small compared with Kj).

After neglecting the resistances, a value of Xypp is obtained for K;. Xypp depends only on
the project data, and is equal to (5.13), where Ny is the number of WTGs in the plant.

X = Xyepr

wpPP —
N, WIG

+ Xyrer (5.13)

5.6 Conclusions

In this chapter a new decentralized voltage control scheme is presented, which offers a
combination of the central and distributed control scheme characteristics.

The control concept used in this PhD work is based on the secondary slope voltage con-
trol. As voltage control is actuated by reactive power, it is possible to affirm that the voltage
control design will cover an inner and fast reactive voltage control loop, located at turbine
level, and an outer voltage control loop, located at the PCC, where it is intended to control the
voltage.

The WTG voltage control is designed to be only active during transients to avoid the con-
sequence of some undesired offset, caused by the active power flowing. Thus, having the
advantages of a decentralized control (fast response), and removing its disadvantages (differ-
ent Q offsets).

Additionally, the WTG voltage control is designed to include a compensation term for the
variations of voltage due to the active power flowing, increasing the bandwidth and the
reliability.

The selected plant control is based on a cascade control, with an outer voltage control and
an inner reactive power control.
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Control and Integration of STATCOM,
Mechanically Switched Capacitors and On-

Load Tap Changer

This chapter describes the control integration of the STATCOM, MSCs and the OLTC. The
STATCOM is integrated by means of a dispatcher module, located in the plant control, which
uses the injected active power to level the STATCOM reactive power. The MSCs are installed
and controlled to release the use of the converters during permanent disturbances. The OLTC
system is voltage controlled locally, independently of the plant voltage control. The OLTC
performance is improved by coordinating its control with the central substation control, this
coordination includes the exchange of information about the status of the MSCs.

6.1 Introduction

Since most of the grid codes ask for having a voltage capability regulation within a
minimum power factor of 0.95, the limited DFIG Q injection during high active power levels,
implies that this requirement can not be fulfilled. To solve this situation, reactive power
compensation equipment can be installed in the wind power plant.

The amount of extra VAr can be calculated by means of a load flow analysis for different
active power production levels and grid voltages. The needed extra VAr can be supplied by a
STATCOM (if fast response time to disturbances is required) or by MSCs (if no time or very
slow response time is required), grid code play an essential role when selecting the compensa-
tion equipment. In the present case, the selection of the STATCOM is done based on grid
code requirements related to fast time response to grid disturbances, and it is sized based on
load flow calculations.

Voltage regulation including static converters, e.g., DFIG or STATCOM, is viewed pri-
marily as a fast VAr source to counteract rapid and unexpected voltage disturbances [88]. To
fulfill this condition, it is necessary to ensure that the converters will have sufficient VAr
capacity to handle unpredictable disturbances at any moment; for this reason, the proposed
WPP includes MSCs, thus keeping the dynamic capability of the converters to the maximum,
and also reducing the switching converter losses. It should be noted that the operation of these
switchable components is considered as a way to offset the operation level, and not as a
voltage regulation itself.
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Dynamic reactive resources are typically used to adapt to rapidly changing conditions on
the transmission system, such as sudden loss of generators or transmission facilities. In
contrast to switched static devices, which are typically used to adapt to slowly changing
system conditions. An appropriate combination of both static and dynamic resources is
needed to ensure reliable operation of the transmission system [29].

Moreover, OLTC systems are often employed in WPPs for offsetting the medium voltage
level, and similarly to the MSCs, they can not be considered as a dynamic compensator.

6.2 STATCOM Control

The implemented STATCOM voltage control is similar to the one shown in Figure 5.7,
with the particularity that the current limits are not dependant on the active power level (see
Figure 3.5), and consequently the compensation terms related to active power and Iy, are not
included.

The STATCOM is included in the loop as another WTG, which its primary function will
be to supply reactive power whenever the WTGs do not suffice by themselves.

Other strategies for using the STATCOM in the plant, such as:

= STATCOM and WTGs equally loaded in reactive power at any moment.

=  First STATCOM and second WTGs.
are not considered, the aim is to reduce the plant dependency on the STATCOM to the
maximum. Other strategy could be chosen based on electrical losses and/or service hours
requirements.

6.2.1 Dispatcher Function in the Plant Control

The strategy proposed in this document is based on using the STATCOM as the Q back-
up for the system, to be used when the reactive power injected by the WTGs is not enough for
grid code fulfillment. Therefore, the plant control should include a dispatching function to
handle this operation.

The dispatcher has the functionality of splitting the references calculated by the plant
control into the different elements composing the WPP according to the feedback received.

The following figure shows the dispatcher module in a schematic way, where the active
power measured at the PCC (P'“) is filtered with a low pass filter (LPF) and used for

calculating a K factor by means of a look-up table.

Look-up Table

PPCC K STATCOM
m LPF b 1—/— E,(Tf»\/mf

WTG
Vref V

5 ref
>

A4

Figure 6.1. Dispatcher module.

The settings of the look-up table are obtained from the load flow analysis shown in sec-
tion 6.4. Basically, the factor K remains zero below the active power level where the WTGs
suffice by themselves, and where the WTGs need the support of the STATCOM, K is ramped
to 1.

The gain factor (K) varies between 0 and 1, and multiplies the reference calculated by the

control (Vyer), thereby, the reference for the STATCOM ( VS[A“M) is obtained.
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6.3 Mechanically Switched Capacitor Control

Typically, MSCs can be used to reduce looses due to Q transportation and/or for compen-
sating permanent system disturbances, avoiding the use of dynamic compensators.

The proposed MSCs control strategy, is based on the idea that the steady-state operation
of the Q injected by the converters has to be inside of a predefined range (which can be called
steady-state converter operation band), thereby the step sizing of the capacitor banks, and its
control are designed accordingly. A band of + 0.1 pu has been chosen as a balance between
the number of switching and the remaining converter capacity installed in the WPP.

The maximum size of the capacitor steps has to be equal to the size of the chosen con-
verter operation band. One should realize that, the bigger the steady-state converter operation
band, the lower the amount of MSC switching operations, but the bigger the energy losses due
to the transportation of Q inside the plant and converter switching.

The integration of the capacitor control in the plant control is shown in Figure 6.2.

The output of the AQRp is the total reference to be sent to the WPP components
(Vrer tota1). Before this reference is sent to them, it is altered by the capacitor control, which
may subtract/add a fraction (AVc,p, which can be considered a feed forward action) to the
reference, if one of the capacitor steps is going to be connected/disconnected.

This is done to minimize the transient effect of the capacitor switching in the plant con-
trol. The effectiveness of this action is based on known system data, such as delay
communication time. Error in this information will reduce the switching transient compensa-
tion performance.

SW1 status . SW1 (On/Off)
— Capacitor —>
SW2 status, ~ Control SW2 (On/Off)

AVCap
VSTATCOM

ref
pCC |Dispacther WTG
Pm Vref

Figure 6.2. Plant voltage control, including the capacitor control.

Vref_total +

The proposed capacitor control is depicted in Figure 6.3, and uses as an input the Vi to
calculate the needed reactive power (Qref cap) by using (6.1), where Kyrg is the slope gain of
the local voltage control of the WTGs and STATCOM (see Figure 5.7).

(1 - I/ref )KWTG ~ Ql‘efﬁcap (61)

This Qe cap reference is compared with some threshold value (Converter operation
steady-state); if the reference is greater than this level, then the output is set to Qyer cap; Other-
wise it remains 0.

The Switching Logic module processes this signal, and decides which step to con-
nect/disconnect based on some timer functions and the current status of the capacitors, the
connection/disconnection commands are sent to the RTU. See appendix C for more details.

It should be noted that the discharging time of the capacitors (which normally is pro-
grammed in the capacitor switch) prevents the connection of the capacitor step without being
discharged to a residual level; this discharging action usually takes 5-10 minutes.

The RTU processes the feedback of these discharging timers, and monitors other breakers
status (i.e. main plant connection breakers) to decide whether or not to send the received
connection commands to the capacitor switches.
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SW1,SW2 status Capacitor
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Figure 6.3. Proposed capacitor control.

Due to this lagging time, the plant control has to verify that the switches are able to fol-
low the commands before they are sent, being needed to receive a feedback signal from the
RTU, with this status information.

Finally, the outputs of the module are the step switching commands sent to the RTU, and
the AV cqp, which will offset the Vier total.

The effect of AV, is to center the disturbance of the capacitor connection, thus decreas-
ing the peak value of the capacitor connection transient. This AV, is calculated based on
(6.1), and uses the Q value of the capacitor step that is going to be connected/disconnected.
Basically, the plant control starts decreasing/increasing the Q reference in a value equal to the
Q supplied by the capacitor step (Qumsc), before it is connected/disconnected, thus, this feed-
forward action minimizes the Q impact of the connection/disconnection. See following figure.

\_

A
Qrcc

1 MSC
\- | Control connected
| ramping
% »
Time

Figure 6.4. MSC connection process.
6.4 System Load Flow Analysis

The amount of VAr needed from the STATCOM can be calculated by means of a load
flow analysis for different wind level productions and grid voltages.

Figure 6.5 shows the load flow analysis of the WPP depicted in Figure 3.7, for different
Q operations of the WTGs. The curve lines show the load flow when the WTGs are operating
at PF equal to 1 at stator terminals, for different grid voltage levels. Thus, the reactive power
consumption of the WPP components, mainly the plant transformers, for different levels of
active power injection and grid voltage levels can be evaluated.

The dotted red lines show the inductive and capacitive P-Q chart for a PF = (0.95.

The blue dot shows the intersection between the Q produced at the PCC and the
PF = 0.95 capacitive requirement, when the turbines are operating at maximum capacitive
reactive power. Beyond this active power level, the DFIGs are not able to fulfill the PF
requirement by themselves. Therefore, this point determines when the STATCOM is starting
to be needed to fulfill the PF = 0.95 requirement.
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The green dot shows the maximum capacitive reactive power capability at the PCC when
the WTGs are injecting their maximum capacitive reactive power at maximum active power
injection. It can be used to determine the amount of VAr needed from the STATCOM.

The pink dot shows the maximum inductive reactive power capability at PCC when the
WTGs are injecting their maximum inductive reactive power at maximum active power
injection. Following to the load flow analysis, the amount of extra dynamic VAr needed from
the STATCOM is chosen to be 0.25 pu of the total plant power.

Qmax(PF=0.95) ~ .
0,25 |
PF=0.95
0,10 S
N Qmax(P max)
S 005 /7
Q Ttel
3 PF=0095;
O -0,20 r IO,
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—— Vgrid=1pu
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050 [ | == Vgrid=1.1 pu min(Prmax) -
Vgrid=0.9 pu L ]
-0,65 : !
0 0.2 0,4 0,6 08 1
Ppcc [pu]

Figure 6.5. Load flow analysis of the wind power plant at PCC bus, for different WTG Q in-
Jjections.

The following figure shows with a black line the combined operation of the DFIG and the
MSCs (two steps are considered) for the capacitive area. For the inductive area, only the
DFIG operation is considered. The dotted red line shows the chosen P-Q grid code require-
ments at PCC [26], and the dotted green lines show the P-Q profile obtained when the DFIGs
are operating at 0.1 pu capacitive and inductive. The flat green line shows the P-Q obtained
when the DFIGs are operating with a PF = 1, at generator terminals.

It can be seen in Figure 6.6, that at full power there is a lack of reactive power according
to the requirement, but one should realize that the reactive power of the STATCOM is not
included in this figure; therefore, the requirement can be fulfilled without any concern.
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Figure 6.6. Wind power plant load flow analysis at the PCC including WTG and MSCs, and
P-Q chart requirement.
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6.5 Proposed On-Load Tap Changer Voltage Control

In this section, an OLTC strategy for a wind power plant is proposed, where the line drop
compensator used in the tap control is dependant on the capacitor bank status. As a conse-
quence of that, better voltage regulation and lower tap movement actions are expected.

The line drop compensation function is to regulate the voltage at a remote point along the
feeder. This voltage is estimated by computing the voltage across a fictitious impedance (gain
Ky in Figure 6.7). By removing the capacitor current (Iy ¢) from the total MV current (I mv),
the line drop function estimates the voltage more accurately.

The reactive current injected by the MSCs is generated just at the MV bus-bar, thus is
distorting the voltage drop related to the real distance to the converters, which the line drop
should estimate.

The module called LOGIC (see Figure 6.7) includes the conditions to increase or de-
crease the tap position, and allocates a timer, which determines the duration of the voltage
error exceeding the dead band value (D), which at the end will dictate the action to change the
tap position. The timer is increased if the error is outside the dead band and it is reset if the
error is within the dead band, either if there is a tap change or if the error oscillates above and
below the dead band. Its operation is blocked in case that the voltage falls below some defined
limits, (under-voltage blocking), and also when voltage or current exceeds another user
defined limit (overvoltage or overcurrent blocking) [1], [89].

The DELAY module is used to prevent unnecessary tap changes in response to transient
voltage variations or self-correcting voltage variations, and to introduce the desired time delay
before a tap movement is commanded. The tap motor action is modeled as a pure delay with a
time constant [3].

One simple solution to remove the reactive current produced by the MSCs, from the
measured MV current without additional hardware requirements is to send to the OLTC
control the switch status (SW; and SW,) of the capacitor banks. This solution implies that the
RTU exchanges the needed data with the tap control, about the capacitor switch status, using
the existing communication link. Additionally, it is needed to add a simple algorithm inside
the OLTC control, which will translate the received signals into the current injected by the
connected capacitors (Iq ¢). This current is calculated based on the rated capacitance of the
capacitors and the measured voltage at medium side (Vuy).

l v G AVirop

p Current
Capacitor lge V + D
RTU -zapaorer > from - rated > LOGIC {—»{ DELAY TAP

switch status|”| pscs D | POSITION
Vv |

Figure 6.7. Proposed OLTC voltage control.
6.5.1 Interaction between the Plant and On-Load Tap Changer Controls

The voltage plant and voltage tap controllers can be considered ideally decoupled, for the
following two main reasons: very different control time response, and the OLTC controls the
voltage by changing the winding ratio, whereas the plant control is actuated by Q.

Basically, the tap controller is controlling the medium voltage side, by changing the
transformer winding ratio, whereas the WPPC is controlling the voltage at the high side of the
substation transformer, by injecting Q. Looking at the time response of these two controllers it
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can be said that the WTGs and STATCOM are used for dynamic voltage control while the
OLTC is used for steady-state voltage control.

Even that, since the OLTC and plant controls work independently, small interactions
among the control actions are a natural consequence. Following sections study the interactions
of the OLTC voltage regulator in the voltage plant control, and the voltage plant control in the
OLTC voltage regulator [A.7.].

6.5.1.1 Effect of the On-Load Tap Changer Voltage Control on the Voltage Plant
Control

A tap operation affects the medium bus voltage causing a consequent variation in the in-
jected current at high voltage side of the transformer, which will cause at the end a variation
in the voltage at the PCC. This is a clear counteraction between controllers, since an incre-
ment in the tap position to increase the MV will cause a decrement in the voltage at the PCC.

The coefficient which correlates the variation of the tap position (Ar) with the voltage
variation at the PCC (AVpcc) 1s shown in (6.2), where r reflects the tap position, being for the
neutral position r equal to 1. The sub-index 0 reflects the previous value to the disturbance.
See [A.7.] for more details.

"o X gripV pcco JA’, 6.2)

2
Xyppr + 1o X Grip

AVpee = _(

As it was expected, tap operations with high SCRs, and low transformer reactances are
translated in higher voltage changes at the PCC.
For values close to rated, it can be said that this coefficient is lower in magnitude than 1.

6.5.1.2  Effect of the Voltage Plant Control on the On-Load Tap Changer Voltage
Regulator

Additionally, it is important to analyze the effect of the plant voltage controller on the
voltage at medium side, where the OLTC control is located. Equation (6.3) shows how a
change in the PCC voltage is translated to the MV.

1+ X pp K

AVMV _ (l" XWPPTKs]npe ]AVPCC (6.3)
slope
It can be said that low slope gains make the ratio between AVyy and AVpcc less depend-
ant on the SCR, and higher slope gains make the ratio more dependant on the grid impedance.
For r values close to nominal and Xypp>Xgrip, the coefficient which correlates the change
in Vpcc and in MV, is bigger than 1 in absolute value. For more details see [A.7.].

6.6 Conclusions

In this chapter, it is proposed the integration and control of the MSCs, STATCOM and
OLTC. The MSCs are controlled by a novel capacitor control, which is integrated in the plant
controller, allowing the reduction of the capacitor switching transients and limiting the
converter operation for reactive power injection during steady-state. Moreover, the coordina-
tion of the STATCOM, WTGs and capacitor banks can be done in such way that the “steady-
state” reactive power usage of the converters is less than a desired band of 0.1 pu, which is a
compromise between switching converter losses and capacitor switching operations.
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The STATCOM is coordinated with the rest of the WTGs by using a new dispatcher
function, which uses the settings obtained from the load WPP flow analysis.

In the proposed OLTC control, the current injection from the capacitor banks is removed
from the line drop, thus the voltage performance is improved, and the amount of tap opera-
tions is reduced. To implement this concept, the proposed OLTC voltage control has to be
coordinated with the plant control to receive the information of the MSCs switch status.
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Simulations and Analysis of the Results

The principal purpose of this chapter is to present some of the most representative simulation
results, and to analyze the performance of the whole WPP during small disturbances in the
grid. The performance of the proposed controls, for the WI'G, OLTC, MSCs and WPP, are
shown in details.

7.1 Introduction

The WPP shown in Figure 3.7, which includes the aforementioned controllers, has been
tested through EMT simulations. The WPP is tested under different SCRs and active power
injection scenarios. For transient response analysis, the full WPP is modeled (simulations with
the time frame in seconds), and for the long term performance, an aggregated model of the
WTGs is used due to computational reasons (simulations with the time frame in hours).

The sizing of the MSCs and STATCOM is based on the previous load flow calculations.

The WPPC slope gain of the plant voltage control is chosen to be 4 % in all the simulated
cases, and the modeled plant layout and data are based on an existing installation.

7.2 Model Validation

In order to validate some of the simulation models, some tests were performed in a real
WPP. The real WTG, used for validation purposes, includes an AQR, thus the WTG model
has been programmed according to the same AQR. The same real WPP layout is used in the
simulations.

Figure 7.1 shows the step response comparison between the model and the real WTG. It
can be checked that the Q step response of the real WTG is similar to the simulated one. The
performance of the simulated model correlates with the real measurements. It is expected that
this validation can be extended to the WTG model which uses the proposed AVR.

Moreover, the simplified grid model (Thevenin equivalent) is verified by stepping the re-
active power injected of the WPP up and down, and comparing the voltages obtained at the
PCC in the real and in the simulated grid model. The model is fed with the real measured
active and reactive power data.

Unfortunately, during the tests no bigger changes than 1% in the voltage at PCC were al-
lowed by the TSO, so this validation only includes small changes in the voltage.
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Following figure shows the Q comparison when stepping the Qs of a WTG. The Q ref-
erence (ref) is stepped up (Figure 7.1-(a)) and down (Figure 7.1-(b)). The real (real) and the
simulated (sim) Q are represented in the figures.

R N S . 0 T - ref

T W WA WY — real

~ — sim
[ = —_ o]
2| .
o < o o
= ref N

— real

— sim l

0.0 0.5 1.5 0.0 0.5 15

Time [s] Time [s]

(a) (b)
Figure 7.1. Q step results of the model and the real WTG.

Following figure shows the voltage step result comparison at PCC. The green curve is the
model performance (sim), and the black one is the real measurement (real).
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Figure 7.2. PCC voltage step result comparison of the model and the real grid.

7.3 On-Load Tap Changer Analysis Performance

Some simulations have been done to check the performance of the proposed OLTC con-
trol. In these simulations it is used two OLTC control configurations for comparing the
performance. One control is not using the MSC current for decoupling purposes (called
“normal”) and the other one is using the MSC current for decoupling the line drop compensa-
tor (called “improved”).

In the simulated cases, the SCR is equal to 5, the Ky is 8 %, and the active power injec-
tion of the plant is kept constant to a level of 0.7 pu. The voltage of the grid (Vgrip) is stepped
up and down 0.1 pu.

The following figures show the grid voltage (Vgrip), the tap position (Tap position), the
voltage at medium side (Vyy), and the voltage at WTG level (Vi y) for both cases (normal and
improved).
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Figure 7.3. Comparison of two OLTC control configurations.

It can be observed how the tap changer compensates for the changes in the grid voltage.
Using the scheme shown in Figure 6.7, the calculated AV, allows a better estimation of the
voltage. It can be seen how the number of tap operations is reduced considerably (Figure 7.3-
(b)) and the voltage at WTG terminals is closer to the nominal value (Figure 7.3-(d)), when
the proposed OLTC control is used.

7.4 Step response of the Wind Power Plant

The grid voltage has been steeped up and down, under different SCRs and different ac-
tive power level injections.

Figure 7.4 shows the voltage and reactive power at the PCC, when the grid voltage is
stepped up (Figure 7.4-(b)) and down (Figure 7.4-(a)) 0.05 pu.

Figure 7.5 shows the voltage level at the PCC, the voltage references (Vier) sent to the
WTGs and STATCOM, the reactive power reference of the plant (Q..r) and the measured at
the PCC (Qpcc), when the voltage of the grid is stepped down 0.1 pu.

In Figure 7.6, it is shown the voltage performance of the WPP at the PCC (Vpcc), when
the plant control is shut down (no references sent to the WT'Gs, STATCOM and MSCs, and
the OLTC is out of operation).
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Figure 7.4. WPP step response for different SCRs and active power levels.

In Figure 7.4, it can be observed that the system offers a very fast reaction to PCC volt-
age changes. The summary of the step response in relation to the design indexes can be found
in the last section of this chapter.
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Figure 7.5. WPP response for SCR 5, and grid voltage step of 10%.

It can be observed in Figure 7.5-(V.r), how the reference sent to the STATCOM is zero
when the active power level at the PCC is 0.3 pu, at this active power level the DFIG WTGs
are able to inject the required Q by themselves. For an active power level of 1 pu, the dis-
patcher K factor makes the STATCOM to have the same reference than the WTGs.

Additionally, it can be observed in Figure 7.5-(Q) that the lower the injected active
power, the lower the injected Q by the WTGs and STATCOM is. This is due to the reactive
power losses in the plant, which are related to the active power flow.

The curve named as Comp is representing the performance when the WTGs are including
the Decoupling term (see Figure 5.7), and the curve No comp represents the performance
when this term is disabled.

The aggregated WTG is injecting the active power shown in the Figure 7.8.
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Time [h]

Figure 7.6. WPP performance when the central control is disabled, for a SCR 5. It is de-
picted the performance when the WTGs include the decoupling term (Comp)
and when do not (No Comp).

7.5 Capacitor Step Switching Performance

In Figure 7.7, it is shown the transient effects of the capacitor switching in the voltage
and reactive power at the PCC. Two different cases are simulated, and in both cases it is
shown the performance when the function which calculates the AV ¢y, is activated (AVqp on)
and when is not (AVcqp orr). When it 1s activated, it can be seen how the transients are cen-

tered on the previous Q and V values.

In Figure 7.7-(a), one capacitor is connected with a SCR of 5, a grid voltage of 0.95 pu
and with a WPP active power level injection of 1 pu. In Figure 7.7-(b), one capacitor is
disconnected with a SCR of 10, a grid voltage of 1 pu and the WPP active power level injec-

tion is set to 1 pu.

The voltages at the PCC bus (Vpcc), and the Q injected at the PCC (Qpcc) are plotted for

every simulated case.
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Figure 7.7. Capacitor switching transients: Case A: switching in I capacitor. Case B:
switching out I capacitor.
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7.6 Full system Analysis Performance

The performance of the plant under different conditions is shown in the following figures.
The used line drop compensation gain (Kp) is 4 %.

In Figure 7.8 the aggregated WTG is programmed to inject the active power measured at
the PCC of a real WPP, and the voltage of the grid is kept constant and equal to 1 pu.

It can be appreciated how the capacitors are switched in and out (Figure 7.8-(b)), to keep
the steady-state reactive power converter action of the plant within 0.1 pu.

In the following figure, the injected active power at PCC (PCC), the injected reactive
power of the WTGs, STATCOM and capacitors (Figure 7.8-(b)), and the voltage at WTG,
STATCOM, and capacitor terminals (MV side of the transformer) are depicted (Figure 7.8-

(©)).
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Figure 7.8. Simulation of a real time series injection of active power. Verip = 1 pu = cte.,
SCR = 5.

In Figure 7.9, the aggregated WTG is programmed to inject a constant active power equal
to 0.7 pu, but in this case the voltage of the grid is stepped up and down 0.05 pu (Figure 7.9-
(b))

In the following figure, the injected reactive power from the WTG, STATCOM, and ca-
pacitors (Figure 7.9-(a)), and the measured voltages at the grid, PCC and MV buses (Figure
7.9-(b)), are depicted.

It can be seen, how the plant control connects and disconnects the capacitor banks, in or-
der the amount of used reactive power from the converters is kept below a desired operation
band of 0.1 pu. It should be mentioned, that this operation band has been found as a compro-
mise to avoid excessive switching operations of the capacitors and reduce losses due to the
converter usage.

The simulations show that the OLTC system control can run independently of the plant
voltage control without any hunting phenomena.
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Figure 7.9. Voltage of the grid is stepped up and down 5 %, P = 0.7 pu = cte. SCR = 5.

7.7 Conclusions

In this chapter, it is shown some small signal simulation results where the performance of
the system can be analyzed.

The proposed capacitor controller is successfully integrated in the plant controller, allow-
ing the reduction of the capacitor switching transients, and limiting the converter operation for
reactive power injection during steady-state perturbations. Moreover, the coordination of the
STATCOM, WTGs and capacitor banks is done in such way that the “steady-state” reactive
power usage of the converters is less than a desired band of 0.1 pu (see Figure 7.8 and Figure
7.9). Additionally, the proposed feature for the OLTC control shows an improved perform-
ance (see Figure 7.3).

The decentralized voltage implemented in the WTGs shows that the reliability of the sys-
tem can be improved (see Figure 7.6). Finally, it can be said that the designed controls are
performing according to the design specifications (see Figure 7.4).

The following tables summarize some of the simulation results obtained previously.

TABLE III
SUMMARY OF THE SIMULATED CASES FOR OLTC

CASE Slope [%] K_[%] SCR Tap operations

Normal 4 8 5 3
Improved 4 8 5 7
TABLE IV

EVALUATION OF THE WPP STEP RESPONSE

P[pu] SCR Overshoot [%]  t4[s] t, [s] ts[s]

0.3 5 0 0.02 0.31 0.81
1.0 5 1 0.02 0.31 0.91
0.3 25 0 0.02 0.80 1.16
1.0 25 0 0.02 0.81 1.29
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Chapter 8
Control Operation during Large

Disturbances

This chapter is related to the particular operation of the DFIG and WPP during faults. The
performance of the DFIG is analyzed, and compared with the SG during faults. Additionally,
it is proposed a DFIG control during severe faults, in order maximum reactive current
injection at PCC is obtained. The WPP control during faults is also explained.

8.1 Introduction

The method used some years ago, disconnection of wind power generation after a net-
work fault or having a great amount of reactive power consumption during post-fault periods,
due to re-magnetization of the generator, is no longer acceptable by the grid operators. The
reasons for these requirements are mainly two: possibility of voltage collapse in the recovery
time after the fault, due to high reactive power consumption, and loss of synchronism if there
is a massive wind power disconnection.

The replacement of traditional SGs by the new wind power plants, makes the TSOs to es-
tablish harder requirements during disturbance conditions, i.e. what it is desirable is that the
WPPs perform in similar way as the SGs which are being replaced. In these grid codes, it is
not explicitly specified how the active current should perform during faults; however, usually
the reactive current injection is described, and should be inversely proportional to the voltage
level during the fault. Nevertheless, the active current plays an important role to reach the
desired reactive current at the PCC, especially during very low voltage conditions.

The DFIG response time during faults is another point of interesting discussion. Even it is
not a controllable action, the high and fast demagnetization current of the stator, which
follows almost instantaneously to the fault, can and should be considered as a reactive current
injection supporting the grid voltage. This fault reactive current is capacitive.

This demagnetization reaction is similar to what can be seen in machines where the stator
is directly coupled to the grid, such as the SGs or the inductions machines.
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8.2 Doubly Fed Induction Generator Performance during Faults

The converters of the DFIG allow the control of the injected currents during faults, thus
avoiding the WTG disconnection, moreover making possible the fulfillment of the grid codes
regarding LVRT [90].

During grid faults, the DFIG uses the converter attached to the rotor to over-magnetize
the generator, thus injecting reactive current to the electrical network, as the grid codes ask
for. Thereby, and during fault periods, the WTG converters emulate the excitation of the SGs
providing high levels of reactive current injection to the system.

Usually, the converter connected to the rotor, is controlled during short-circuits in a man-
ner that makes the I, injection to follow the grid code requirements [91], and I4 injection to
follow the active power reference (Prr), which is the output of the speed controller. It should
be mentioned that during faults the priority is given to Q over P, among other things, this is
needed if high values of I are requested by the TSOs.

The role of the speed controller is to allow maximum power tracking for every wind
speed and together with the pitch system, to ensure that the generator rotational speed is
between limits. During fault periods, and since I has priority to fulfill grid codes, usually I4
will fill the remaining value between I; and the maximum converter current (I;), see (8.2).

The grid connected converter is used for the DC-link voltage control; getting the voltage
level of the DC-link between margins will avoid the disconnection of the WTG [92].

For faults causing high short-circuit currents, the rotor converter stops switching; the
converter enters in blocking state to protect itself against high currents, losing the controllabil-
ity of the rotor excitation. During this period, it is expected to have uncontrolled power going
into the DC-link, causing the increase of the DC-link voltage. Therefore, the protective action
of the chopper during these events is needed.

When the fault current level is under some pre-set threshold level, the converters resume
the switching, enabling the generator to supply a predefined value of reactive current accord-
ing to the remaining stator voltage. Normally, this reactive current level is specified by the
local grid codes [25], [93]. If the fault location is sufficiently remote from the generator
terminals, the converters will not be blocked, controlling the currents in every instant, there-
fore not presenting almost any current transient phenomena.
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Figure 8.1. Short-circuit current envelope of a DFIG and a SG tuned for showing similar
performance than a DFIG, for a three phase fault.

The DFIG with chopper protection, dissipates significant power on the rotor side during
severe faults, therefore shortens the decay times and reduced peak currents are expected than
for squirrel cage induction or synchronous generators [94] - [97]. In essence, the active rotor
circuit depletes the generator magnetization much faster than SG excitation can do. This
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causes the DFIG stator short-circuit current contribution to exhibit a very low AC component;
this could make the protection coordination of the system to not operate correctly [A.5.].

One of the main differences between the traditional SG and the DFIG is the variable rota-
tional speed range, allowed by the operation of the rotor converter. This variable slip of the
DFIG has a direct impact on the short-circuit current frequencies, and an indirect impact on
the peak values of the short-circuit currents, due to the chopper action.

Basically, it can be said that the short-circuit behavior of the DFIG is similar to a SG with
very high time constants in the rotor circuit, thus they can be represented as a conventional
SG [A.5.]. Reliable models of the WTGs in the industry standard simulation tools are needed,
unlike conventional generators, the DFIG performance during faults is not standardized. A
recent work in this direction has been presented in [A.3.].

The presented equivalence allows the tuning of a SG to have similar performance as a
DFIG during severe faults, where the converter is blocked. Thus, making possible to use IEC
[98] and other standards to evaluate the DFIG short-circuit performance.

Figure 8.1 shows the short-circuit current envelopes during a bolted three phase fault, at
the MV side of the WTG (primary side of the WTG transformer). The curve labeled as DFIG
shows the performance of a WTG based on a DFIG, and the curve labeled as SG shows the
performance of the SG which has been tuned for having similar response than the DFIG.

8.3 Wind Power Plant Control during Faults

Since the plant control response is “slow”, hundreds of milliseconds in time reaction,
there will be no centralized control action on the injected current at the PCC during faults.
The LVRT control is performed solely by the WTGs and STATCOM controls.

The grid meter, located in the plant control, detects the fault and triggers a state machine
(see Figure 3.7), which basically freezes the controllers during the fault to avoid saturation
and undesired post-fault performance [29]. All the references sent by the plant control are
frozen as soon as the fault is detected, when the fault is cleared, and after some predefined
recovery time, the controllers will be unfrozen and re-initialized.

In the following figures, it is shown the comparison performance of the WPP when the
state machine freezes the controllers (SM active) and when do not (SM not active).

In the simulated case, a 3-phase is applied causing the voltage at PCC (Vpcc) to decrease
to 0.2 pu, the chosen SCR is 5.

It can be observed how by freezing the controllers during the fault period makes the fault
recovery process smother. Moreover, the post-fault transient is longer when the state machine
is not activated.

Vece [pu] 0.06 Vier wra [pu] 05 Qpcc [pu]
1 ’ 71|—SM active " — SM active
0.04 | 1|-=SM not active --S8M not active
0,8 ’ NEE 0,3
-
0,6 0,02 ]—_’ Lo
| [ B 0,1
0,4 — SM active 0 | i e
| |--SM not active -
, ‘ ‘ ‘ — -0,02 ‘ ; ; —-0,1 ‘ ‘ ; :
98 103 10,8 11,3 11,8 98 10,3 108 11,3 11,8 98 103 10,8 11,3 11,8
Time [s] Time [s] Time [s]

Figure 8.2. WPP performance during a fault, with and without LVRT state-machine imple-
mented.
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8.4 Proposed Wind Turbine Generator Control during Faults

Attention should be drawn to the importance of the particular d-q ratio between the in-
jected currents during short-circuits to fulfill the grid codes requirements related to LVRT.
The lower the voltage at PCC, the greater the influence of the ratio in the I; measured at the
PCC. The I, measured at the PCC during very low voltage events, is drastically influenced by
the injected Iq from the WTGs [A.4.]. Therefore, to keep the desired I, at the PCC a new
WTG control strategy is defined for very low voltage events (below 0.25 pu at generator
terminals), making possible to reach high levels of I injection at the PCC, as most of the grid
codes are asking for.

Basically, this control changes from injecting the I according to the speed control, to a
new calculated reference according to the impedances seen from the generator to the fault,
obtaining the desired d-q ratio at PCC.

The control implementation, for calculating the optimal active current reference (Ig ref),
can be simplified, neglecting the coefficients that include the impedance data of the grid and
the faulted branch. Hence, making possible the use of an off-line data solely based on the
available project data. See (8.1), being Zypp the impedance from generator terminals to the
PCC (Zypp = Rypp + jXypp )- More details can be found in [A.4.].

The voltage at PCC (Vpcc) can be estimated by the WTG using the minimum rms value,
measured at the generator terminals during the event.

_ Ryypp {I _ Ve j 8.1)

d_ref — q_ref
Xypp |ZWPP|

The process of calculating the current references is as follows. In any case, the reactive
rotor current reference (I r.r) is calculated by using the grid operator requirements regarding
LVRT, generally speaking a look-up table will set the I, reference according to the remaining
voltage in the stator.

If the stator voltage (V) is below some threshold value (Vactivation) then, 14 reris calculated
by using (8.1), see Figure 8.3, where the switch will be in position (I). By using this equation
it is possible to ensure an optimal I, at the PCC [A.4.].

If the stator voltage is above the activation limit, then Iy is calculated by using the speed
control, see Figure 8.3, where the switch will be in position (II).

+I?

II=1, i_ref (8.2)

q_ref
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1.0
o ‘

05 0.9 | o

: control
V |
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Speed Pt Power=ycurrent ”
control (n -

Figure 8.3. Diagram of the proposed WTG LVRT control.
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A simple representation of the LVRT control implementation is shown in Figure 8.3. It
can be easily observed, that during disturbances the reactive current reference, calculated by
the voltage control, is bypassed and recalculated by a direct look-up table. The current control
is the same as it was depicted in Figure 3.2.

In Figure 8.4, it is shown the performance of the WPP when a 3-phase fault located in the
system makes the voltage at the PCC to decrease 90% of its rated value. Two different cases
are shown.

Figure 8.4-(a) shows the WTG using the control algorithm shown in (8.1), and Figure
8.4-(b) shows when the WTGs inject the I according to the P.s. The fact that during severe
faults the stator voltage is quite low makes, in case (b), the injected I4 to follow (8.2). Hence,
the 14 calculated by the power reference has to be decreased and accommodated to the maxi-
mum current of the converter.

The d-q currents depicted in Figure 8.4, I and I4 are the quadrature, and direct current re-
spect to the voltage vector at the point where they are measured (at WTG level and at PCC
level), and they are calculated following IEC 61400-21 [99].
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lq [pu]
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Figure 8.4. 1, and I, measured at the PCC and generator terminals, for the two different
LVRT controls. Case A: proposed control. Case B: 1, calculated according to
P ref.

It can be checked how in the case (a), which has the optimal I injection control, the I in-
jected at the PCC keeps its maximum value, however in the case (b) the I, gets even inductive
values at the PCC. In both cases, the d-q currents at WTG level are following the desired
references calculated by the WTG control, having I; high values at generator terminals.
Nevertheless, in the case (b) it can be checked how at PCC, the injected I is far away of what
is required by the TSO.

This clearly shows the needed of an appropriate control of I during severe faults.
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8.5 Conclusions

In this chapter, it is explained the DFIG performance during grid faults, and how the slip
of the generator can affect the short-circuit currents, making a difference of this technology
with the traditional SGs. Even, if the SGs exhibit very different short-circuit currents than the
DFIG, SGs can be easily tuned for showing the same performance, thus making extensive the
use of short-circuit standards, defined in the industry mainly for the SGs and induction
generators, to the DFIG technology.

Furthermore, a new current control is presented for the DFIG, to maximize the reactive
level current injection at the PCC during faults which cause very low voltage levels at PCC.
Finally, it is presented how the plant control operates during faults; basically, it freezes all the
controllers when the fault is detected, and when the fault is clear, and after some waiting time,
the plant resumes the voltage control.
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Chapter 9
Wind Power Plant with a VAr Reserve

System

The amount of dynamic VAr, available most of the operation time, makes the WPP a good
candidate to include VAr reserve management systems. In this chapter, two different ways of
implementing a VAr management system are proposed and analyzed. It is an advantage of
this control that the wind power plant itself may, due to its intrinsic overrated reactive power
capacity, supply sufficient reactive power in order to uphold a given grid voltage level. By
utilizing the intrinsic overrated reactive power capacity additional devices, such as for
example SVCs and STATCOMs, can be avoided at other locations of the grid. As previously
mentioned, such a reactive power reserve may be provided by the wind power plant itself,
since the amount of reactive power installed for most active power working points exceeds the
demand required by the grid operator. This overrated reactive power capacity is a conse-
quence of sizing wind turbine facilities for maximum active power level.

9.1 Introduction

VAr reserve concept can be applied to a wind power plant in a manner similar to the SVC
or STATCOM [75], [100]. This can be done since the amount of available reactive power in
most of the active power working points increases the demand required by the grid operator.
This is a consequence of sizing the reactive power plant for maximum active power level.

In the following figure, it is depicted the P-Q chart that includes the total WPP dynamic
VAr sources (STATCOM and WTGs), and the P-Q grid code requirement.

Qrpcc [pu]

Var reserve

Grid Requirements

Ppecc [pu]

Var reserve

Figure 9.1. WPP installed dynamic VAr and grid code requirement P-Q charts.
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The available amount of extra reactive power (VAr reserve) in the considered WPP is de-
picted in Figure 9.1, where the white area corresponds to the reactive power demands of the
grid operator, and the grey area corresponds to the extra available dynamic reactive power.
This extra fast-VAr capacity (given by the installed converters) can and should be used
whenever the plant is below some active power levels, as it is happening most of the time in a
WPP, thus helping the system restoration after events. Moreover, this VAr reserve concept is
important for the system since the amount of reactive reserves at generating stations is a
measure of the degree of voltage stability [4].

9.2 Wind Power Plant VAr Reserve Management

In this section, it is described two ways of implementing the reserve concept for a wind
power plant; see Figure 9.2-(a): case A, and Figure 9.2-(b): case B.

In both cases, the maximum Q available is the maximum installed, the difference be-
tween these two cases is related to the management system to reduce this Q to its rated value,
where the rated value is the one required by the grid operator.

Case A is based on offsetting the AQRp reference with a Qy, see Figure 9.3-(a). This Qp is
activated when the injected reactive power is greater than the rated one (grid code require-
ment), and its function is driving back the injected reactive power to the rated value. The Q is
calculated in order the injected Q is driven slowly from point 1 to 2, see Figure 9.2-(a),
waiting for the system to compensate for the voltage change by using passive components
located nearby the WPP, such as OLTC, MSCs or MSRs. Use of tap-changing transformers is
rather spread way of controlling node voltages. The whole voltage profile of the distribution
grid is shifted up or down depending on the tap movement. MSCs and MSRs affect mainly
the voltage of the node to which they are connected [5].

The control option used in the case A is suitable whenever no communication is available
to the next substation.

To implement the case B concept, it is needed a communication link with the upwards
substation, or to another central dispatcher. In this case, the WPP control translates the
amount of extra VAr to a suitable reference for the tap changer or for other passive reactive
power compensators (Ref ex). Thus, no continuous reduction of Q is done in the WPP output;
instead the WPPC forces to change the system characteristic by activating other passive
components through a reference, getting a reduction in the injected Q after the reference is
followed.

Qreserve

Qratea Quax Q
(@) (b)

Figure 9.2. System and control characteristics for case A and B. Case A: Offsetting the con-
trol. Case B: Creating a AV reference.
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The previous figures represent the characteristics of the two mentioned options. In these
figures, it is depicted how the system will react for a step in the grid voltage. The grid charac-
teristic changes from Sys 0 to Sys 1.

In the case A, the VAr control will offset slowly the Qf, changing the control character-
istics from Ctrl 0 to Ctrl 1. In the Case B, the WPP injects the maximum Q installed, and the
control calculates the AV reference to be sent upwards. When the system characteristic is
changed (form Sys 1 to Sys 1°), then the Q is reduced accordingly, following the control
characteristics, in essence it is reduced only when the voltage at PCC is increased.

Qmax 1s the maximum capability installed on the WPP, and Qaeq 1S the grid code re-
quirement (dotted line in Figure 9.1.)

With these controls, the WPP will not reduce its Q output if no regulation capacity is left
in the system (i.e., it could be that all the other elements are out or already connected).

The structures of the plant control with the implemented reserve VAr concept for the
cases A and B are shown in the following figures.

PCC
Q.

prec Reserve Reserve | Ref ex
—m Control

X

QPlant+
ref
QPCC e

(b)

Figure 9.3. Plant control diagram including VAr reserve options. Case A: offsetting the in-
put of the AQRp, and case B: sending a reference to the upstream control layer.

9.2.1 Case A: Offsetting the AQRp Reference

In the case A (Figure 9.4), the Qs calculated by the AVRp is offset by the VAr control,
in order the reactive power measured gets below the rated value. This kind of control should
be applied whenever the communication with the upwards substation or high control layer is
not possible.

AV£0=50
prec AV=0=>1
m Look-up [
Table J_— 1 1 o ‘:‘
J 1+sT,
Qrated 0
PCC AVmax
A4
Q [ AVief - R

m Eq(9.1) I1 j

sign

Figure 9.4. Reserve control for case A.

The bandwidth of the reserve control has to be smaller than the AQRp. The Kaw function
is to drive the Qo to zero when the Qy, is equal or below the rated Q.

The LOGIC module allocates the supervisory algorithm to detect changes in the grid.
This module will freeze the PI regulator in case some predefined voltage changes at PCC
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(AV) are measured. Moreover, the LOGIC module will unfreeze the PI regulator when the
voltage at PCC (V') changes in opposite direction relative to the voltage influence of Qy.
Therefore, this LOGIC module will ensure that the WPP will not remove Q from the system if
no reaction to the first reduction of Q is observed. Thus, this is an indirect way of gaining
information about the availability of the other devices in the nearby area, and their capability
of counteracting this Q reduction.

Basically, the LOGIC module allows a maximum voltage change (AV) for every reactive
power reduction step, and only when the system reacts to this voltage variation, the control
allows another change of AV. For that reason, Qy, is translated to a voltage level, AV ., by
using (9.1). Thereby, it is possible to define the maximum change in voltage that the reserve
control can drive in every step.

As depicted in Figure 9.4 the active power measured at the PCC (P'“) is used to calcu-
late Qqated. The Qf;cc together with the Qaeq are used to calculate the desired AV which will
be fed to the PI regulator after going through a hard limiter. The PI regulator will drive AV to
zero by outputting a Qo in order to off-set the AQR of the plant. The calculated AV is passed
through a filter (with a time constant T,) and whenever AV is greater than zero, Kaw is

disabled by multiplying it by zero. On the other hand, when AV is equal to or below zero the
Kaw is activated by reducing Q to zero.

9.2.2 Case B: Creating a Reference

In the case B, the Reserve Control calculates a reference (Ref ex). The VAr control func-

tion is to translate the Q"*into an appropriate signal for the upstream control level,
Plant

meanwhile the Q ;" is greater than the Qraeqd In absolute value.

The calculated reference can be in different forms, e.g., move up/down the tap position,
AVier or AQyer. Therefore, moving from point 1 to 2 indicates that the system characteristic is
changed, by e.g., tap changer action or capacitor connection in the nearby area.

As an example, the reference AV, can be calculated as it is shown below, where the
Qrated 18 calculated by using a look-up table similar to Figure 9.1.

(00 = Orea)

SLOPE

Ref ex=AV; = (9.1)

9.3 Simulation Results and Analysis

Figure 9.5 represents the diagram of the simulated cases. The WPP is connected to the
sub-transmission system, where some loads could be presented. Two loads, see (9.2), are
connected to the respective buses of the OVL, representing small costumer consumptions
(characterized by the following indexesa=1,b=2) [1].

L1=12=P+j0=03+ 0.1 [pu] (9.2)

For the Case A, there is no communication link between the RTUs, and for the Case B
the communication link is operative, and will be used for commanding the OLTC#2. The
simulation results show the performance of the reserve controls for case A (see Figure 9.6)
and case B (see Figure 9.7), when they are implemented in the WPP control.
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In the Case B, the WPP is sending references to the tap changer control of the next sub-
station, which is connected at the end of the OVL, whereas in the Case A there is no
communication link between RTUs.

WPP

Figure 9.5. Simplified diagram of the simulated cases.

Figure 9.6 and Figure 9.7 show for the case A and B, a comparison when the tap control
of the next substation is operative and can be changed (Tap ok), and when is out of operation
(Tap out), i.e. either it is not working or it has reach the maximum position.

In these figures are depicted the tap position of the next substation (Tap postion#2), the Q
at PCC (Qpcc), and the voltage of the grid and at the PCC. Finally in the case A, it is also
shown the offsetting signal (Qo).
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Figure 9.6. Simulation results for the case A.

It can be seen how in the case A (Figure 9.6), the WPP will inject its maximum available
reactive power into the power supply grid, if a measured grid voltage falls below a predeter-
mined grid voltage level.
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When the controller detects that the injected reactive power exceeds a rated reactive
power level the amount of reactive power is reduced, and the reactive power controller
subsequently waits for the system to react to this small reactive power reduction. After a
certain time, a tap changer of the next substation changes its transformer ratio (Figure 9.6-(a)),
increasing the voltage of the feeder. This is sensed by the reactive power controller which will
allow a further reduction of the injected reactive power. The reduction of injected reactive
power is continued until the rated level is reached (Figure 9.6-(b)).

If the tap changer of the next substation is not operative, only the first reactive power re-
duction is allowed, since no change in the grid voltage can be sensed by the reactive power
controller. Thus, in this scenario the LOGIC keeps Qo continuously frozen.

Finally, it can be observed that the Kaw action will drive the Qo to zero when the Q in-
jected gets below the Qpateq (Figure 9.6-(d)).
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Figure 9.7. Simulation results for the case B.

In the case B (Figure 9.7), it can be seen that when the tap changer of the next substation
is operative (Tap OK), it will follow the reactive power control references increasing its
winding ratio (Figure 9.7-(a)), and the reactive power injected into the power supply grid is
reduced as a consequence of this voltage increasing (Figure 9.7-(b)).

The AVR will reduce its Q™" in accordance with the new voltages (Figure 9.7-(c)), and

ref
the reactive power is reduced in accordance with a new equilibrium working point once the
tap has moved. Obviously, when the tap changer is out (Tap out), the reactive power is not
reduced since no changes in the voltages are produced.
It can be seen how in the two presented control options (case A and B), the WPP stop re-
ducing the Q injected when the system is not able to compensate this WPP Q reduction (Tap
out cases), see Figure 9.6-(b) and Figure 9.7-(b).
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9.4 Conclusions

In conclusion, this chapter explains how a reactive power reserve concept can be applied
to a WPP. Instead of slowly reducing the reactive power injected, as other devices will do
without knowing if the nearby system compensators are able to compensate for this reduction
[29], the presented idea proposes two methods for implementing the reactive power reserve
concept. One method is based on a reduction of the reactive power, by sending references to
the next higher control level, whereas the other method is based on a reduction of the reactive
power driven by a supervisory control, which allows a reduction of the reactive power in
predefined voltage steps. The latter only applies if the system can not be communicated with
the nearby compensators.
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Conclusions

This work has examined and proposed a control strategy for voltage control in a WPP,
composed of DFIG type wind turbines. It has been shown how a WPP with DFIG WTGS can
comply with some of the most demanding requirements regarding voltage performance if the
right controls are implemented, and moreover, it can add some extra value to the system by
using the WPP as a VAr reserve.

This chapter presents the summary and the conclusions of the work done.

10.1 Summary

In this project, the process of designing a wind power plant, composed of DFIGs,
STATCOM and MSCs, for voltage control is shown. The selected control structure is based
on a decentralized system, since it offers very fast system response to grid disturbances, and
lower sensitivity to the grid impedance, making this decentralized system a good candidate
when the expected SCR of the grid can change broadly, due to contingencies in the grid.
Additionally, this control structure releases the central control of having grid impedance
estimation techniques or adaptive controls.

By using a decentralized structure, the most demanding indexes regarding voltage control
can be fulfilled. The presented decentralized control is using the advantages of the decentral-
ized control (fast response reaction to grid voltage disturbances and low SCR dependency),
and also, the advantages of a central control (equally reactive power loading in every WTG).

During severe grid transients, and due to the slowness of the central plant, the current in-
jection control is fully done locally at WTG level.

The performance of the reactive current injection at the PCC can be optimized by having
a dedicated control of the active current during faults, which none of the grid operators have
put some much attention so far.

The lack of reactive power supplied by the DFIG compared to what it is required by the
TSOs, is overcome by installing reactive power compensator, i.e. a STATCOM unit. To
release the operation of the converters during steady-state disturbances, MSCs are installed in
the WPP, which due to their characteristics they are appropriate for permanent disturbances
compensation. The plant control includes the logic to switch in/out the MSCs, in such way
that the usage of the converters for reactive power injection during steady-state is kept below
a desired value of 10 %.

The STATCOM is coordinated with the rest of the WTGs by a dispatcher function, allo-
cated in the plant control. The settings of the dispatcher are calculated by means of a WPP
load flow analysis; these settings are depending on the active power injected at the PCC.
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Normally, WPP transformer includes an OLTC system, since usually the allowed voltage
range of operation defined by the TSO is ranging from +10% of its rated value, and consider-
ing that the point of connection is separated from the WTG stator terminals by two
transformers, it is clear that an OLTC system will help to keep the stator voltage close to its
nominal value. It is proposed to coordinate the OLTC system with the main substation con-
trol, thereby the OLTC line drop compensation can estimate much better the voltage at a
remote location inside the WPP, the information exchanged is the connection status of the
MSCs. Therefore, by having this information, the current injected from the MSCs can be
removed from the total measured current at MV.

All the previous elements need to be coordinated by a central control; otherwise counter-
action can occur between them.

Finally, due to the WPP reactive power sizing is done for maximum active power level, it
is expected that a big amount of reactive power remains unused most of the time due to the
wind power generation characteristics; to change this, a VAr reserve concept system is
proposed and applied, therefore the grid can be benefit from this extra reactive power for most
of the active power levels.

10.2 Main contributions

The main contributions presented in this work are the following ones:

= Small signal analysis of a WPP with DFIG wind turbines, for voltage control pur-
poses. This includes the detailed representation of the DFIG WTG as transfer
functions. Hence, the system stability, in terms of SCR and control gains, can be ana-
lyzed, providing a tool to choose the most suitable strategy for voltage control and grid
code fulfillment.

= Development of a distributed control for a WPP, including the design of the local and
central controllers. The analysis of the interaction, between the different voltage con-
trols of the WTGs, allows the design of the proposed controllers.
It has been found that a distributed proportional voltage control is a suitable option
when low SCR sensitivity and fast time reaction are needed. However, the decentral-
ized structure, which requires voltage controls to be programmed in the WTG, offers a
disadvantage if compared with a central control, which requires the WTG to allocate a
reactive power control. The local voltage control of the WTG is influenced by the ac-
tive power flow and the relative position on the feeder, causing the loading of the
WTGs, in term of reactive power injection, to be unequally, and even sometimes with
different signs. The proposed control uses the advantages of both concepts, i.e. equally
loading (central control), and fast reaction to disturbances (decentralized control).

= All the elements that are included in the WPP, which collaborates in the reac-
tive/voltage control, need to be coordinated. Thus, the integration in the plant control
of the MSCs, STATCOM and OLTC is studied.

- A novel strategy for dispatching the STATCOM is created, which is based on
previous load-flow analysis of the WPP. Having the STATCOM the same
voltage control implemented as the WTGs, the STATCOM can easily be inte-
grated in the system.

- A strategy for the connection/disconnection of the MSCs is proposed, which is
focused on releasing the reactive power operation of the converters to a prede-
fined level, and at the same time avoiding excessive switching in the
capacitors.
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- An OLTC control is proposed. It has been found that the reactive current of the
MSCs badly influences the line drop compensator of the OLTC, therefore a
decoupling system has been proposed.

The DFIG performance during faults has been analyzed and compared with traditional
SGs. It has been found that the DFIG operation during severe faults, where the protec-
tive action of the chopper is activated, can be easily represented by an adequately
tuned SG.
During severe faults, the reactive current at the PCC can be drastically influenced by
the active current, hence to increase the reactive power level at the PCC a new dedi-
cated control for active current during fault is proposed, which is using an off-line data
based on the WPP data. Summarizing, the following two points are proposed:

- Representation of a conventional SG as a DFIG for short-circuit studies.

- A new WTG LVRT control for severe faults, which allows having an optimal

reactive current at PCC.

To extract the maximum benefits of the installed converters, which most of the time
remains unused, a VAr reserve concept is applied to the WPP. Two different ways for
the implementation are proposed and analyzed. As a difference with traditional VAr
reserve regulators, the proposed controls are based on an effectively reduction of the
injected reactive power according to the system capability to cope with this reduction.

10.3 Future work

Most of the objectives stated in the problem definition have been met. However, many
improvements still remain to be made for the integration of the WPP in the system. Future
work should be pointed in the following direction:

Analysis of more advanced dispatching methods for STATCOM and WTGs.

Interaction of the WPP with more realistic grid models, where other generators SGs
are presented. This study should be focused more on the outside world of the WPP.

Other MSCs switching strategies, based on losses minimization.

Analysis of the overloading capabilities of the converters installed and its use for volt-
age control.

Other fault control strategies considering the overloading of the converters.
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Appendix A

P1 with line drop compensation and Slope control step response
By using the following conditions, both controls show a similar response in the frequency of

interest.
1 1
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L KL
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Figure 10-1. Slope and PI with drop compensation control comparison.
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Figure 10-2. IEEE std. for a typical transient response of a feedback control system to a step change
in input [53].
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TABLE V

WTG, SYSTEM, STATCOM DATA

Parameter Value Unit
Swra 2100 [kVA]
Viy 0.69 [kV]
Electrical frequency 50 [Hz]
Stator Resistance 0.006 [pu]

(|-_9 Rotor Resistance 0.009 [pu]

b Mutual Inductance 3422 [pu]
Stator Inductance 0.072 [pu]
Rotor Inductance 0.101 [pu]
S step-up transformer 0.69:20kV 2100 [kVA]
Z step-up transformer 0.08 [pu]
Number of WTGs 23
XovL 0.0181  [pu]
Rov 0.0089  [pu]
CovL 0.0051  [pu]

= Lovt 10.2 [km]

by XwppT 0.1191  [pu]

(>/') Rwppr 0.0049  [pu]
Sweer 55000 [kVA]
Winding Connection WPPT D-Yn
Medium voltage level 20 [kV]
High voltage level 115 [kV]
SSTATCOM trafo 14000 [kVA]

g Viy 0.69 [kV]

O Electrical frequency 50 [Hz]

E S step-up transformer 0.69:20kV 15000 [kVA]

» Z step-up transformer 0.09 [pu]

TABLE VI

DISPATCHING LOOK-UP TABLE

Pmlpu] K
000 0
0.45 0
0.65 1
1.00 1



Measurement system:

TABLE VII
P-Q DFIG AND V-I STATCOM CHART COORDINATES

Point P Q Unit in WTG base
A 0.00 0.10 [pu]
B 0.10  0.60 [pu]
o C 0.70  0.60 [pu]
= D 1.00  0.20 [pu]
= E 1.00  -0.30 [pu]
F 0.85 -0.60 [pu]
G 0.10 -0.60 [pu]
H 0.00 -0.15 [pu]
Point V | Unitin STATCOM base
s A 030 1.00 [pu]
8 B 092 1.00 [pu]
'<T: C 1.00  1.00 [pu]
iy D 1.08 -1.00 [pu]
E 030 -1.00 [pu]

Appendix

The following figure shows the diagram of the measurement system of the plant, implemented
in the simulations.
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Comparison of Two Voltage Control Strategies
for a Wind Power Plant

Jorge Martinez, Philip C. Kjer, Pedro Rodriguez, Member, IEEE, Remus Teodorescu, Senior
Member, IEEE.

Abstract—Larger percentages of wind power penetration
translate to more demanding requirements from grid codes.
Recently, voltage support at the point of connection has been
introduced by several grid codes from around the world, thus,
making it important to analyze this control when applied to wind
power plants.

This paper addresses the analysis of two different voltage
control strategies for a wind power plant, i.e. decentralized and
centralized voltage control schemes.

The analysis has been performed using the equivalent and
simplified transfer functions of the system. Using this
representation, it is possible to investigate the influence of the
plant control gain, short circuit ratio, and time delays on the
system stability, as well as the fulfillment of the design
requirements.

The implemented plant voltage control is based on a slope
voltage controller, which calculates the references to be sent to
the wind turbines, according to the slope gain and the difference
between the reference and measured voltage at the point of
connection.

The results show that for a system where the time delay
between the central control and the actuators is not negligible, the
performance of a decentralized voltage control is better than the
centralized one in terms of time reaction, disturbance rejection,
and short-circuit ratio (SCR) dependency. However, for a system
with reduced time delay (10 ms) the centralized scheme can have
a performance similar to the decentralized one, in the SCR range
of interest.

Index Terms—wind turbine generator, power system, wind
power plant, voltage control.

I. NOMENCLATURE

AC Alternate Current

AVR Automatic Voltage Regulator

AQR Automatic Reactive Power Regulator
COMM Communication

CC Current Control

CT, VT Current and Voltage Transformer
DC Direct Current

DFIG Doubly Fed Induction Generator

M Mutual Reactance

J. Martinez is with VESTAS Wind Systems, Power plant R&D, DK,
(corresponding author e-mail: jomga@ vestas.com).

P. C. Kjaer is with VESTAS Wind Systems, Power plant R&D, DK, (e-
mail: pck@ vestas.com).

R. Teodorescu is with Aalborg University, DK, (e-mail: ret@iet.aau.dk).

P. Rodriguez is with Aalborg University, DK, (e-mail:
prodriguez@ee.upc.edu).

MV Medium Voltage
N Stator to rotor turns ratio
P,Q Active and Reactive power
PCC Point of Common coupling
PI Proportional and Integral control
TSO Transmission System Operator
S Laplace term
SCR Short Circuit Ratio
V,1 Voltage, Current
X, R Reactance, Resistance
WTG Wind Turbine Generator
WPPC Wind Power Plant Control
WTG Wind Turbine Generator
WTGT Wind Turbine Generator Transformer
Z Impedance
Subscripts
m Measured
ref Reference
d, q Direct and Quadrature components
os Stator leakage

II. INTRODUCTION

The traditional electrical grid, in which the power is
produced at centralized power plants, and delivered to the
customers through transmission and distribution networks, is
greatly challenged by the deregulation of the power system and
the connection of wind power generation. It is clear that if
wind power replaces power from conventional generators, it
will no longer be possible to control the node voltages
adequately, and it will become necessary that wind power
plants also contribute to voltage control.

In the recent years, some voltage capability regulation has
been introduced in some of the grid codes around the world.
Utilizing the reactive power capability regulation of the wind
turbine generators (WTGs) is a natural consequence to further
enhance the interaction between the grid and the wind power
plant (WPP). DFIG and full-scale converter WTGs can
provide smooth reactive power regulation to the grid by means
of its electronic converters.

However, there are some limitations related to the voltage
control operation of a WPP, e.g. wind power plants comprise a
large amount of small generation units, which need to be fully
controlled and monitored. This large computational effort
makes the plant control to have a slow response nature



(hundreds of milliseconds). The communication control delay
between the wind turbine generators and the wind power plant
controller is a source of possible instability when adjusting the
controllers with the wrong parameters.

Time-delay has been a common phenomenon to overcome
whenever we close a feedback loop for the purpose of
controlling any system. In the majority of the publications
dealing with delays in controlled systems related to power
plants, fuzzy-based and predictive controls were proposed [1]-
[2]. Some predictive control techniques, such as the internal
model control (IMC) and the Smith predictor control were
presented to cope, among other things, with time-delay
systems. Both incorporate the plant model to cancel the plant
dynamics.

Since the plant model incorporated in these control schemes
is not the plant itself, it is difficult to perfectly reflect the
actual behavior of the plant. The possible difference of the
actual plant from the model gives rise to mismatch between the
plant and the controller. A certain Smith predictor and IMC
control schemes are stable only when there is insignificant
mismatch, i.e. an arbitrarily small difference in the time delays
makes the system unstable. Additionally, Smith predictor is
difficult to be implemented when the system to be controlled
presents some nonlinearities, such as the input saturation [3].

For plants with significant but not too large time delays, and
very well defined plant variation, both techniques can be an
attractive alternative to the plain PID controller, presupposing
that the complete controller including the predictor is
optimized. However, when the primary controller is of the PI
type, more profit can be obtained by providing it with a
derivative part than by augmenting it with a Smith predictor or
IMC systems [4].

In addition, another challenge presented when doing
voltage control in power systems, is the high dependency of
the grid impedance, which changes constantly. A high voltage
network is an exceedingly complex system, whose defining
parameters are continuously subject to change. These changes
cannot be foreseen.

The dynamic behavior of the voltage control is a function of
the system impedance. This means that the time response and,
thus the stability of the control are dependant on the system
impedance. For this reason, normally the control is optimized
for the maximum expected system impedance, avoiding
instability in any case. Voltage step responses with the same
regulator but at different system strength show that the control
can not be applicable to all the systems; the weaker the system,
the greater tendency to instability is. It can be found that the
weakest system has higher DC gain and wider bandwidth,
consequently with faster response but less phase margin.

One option to overcome this SCR dependency, and achieve
enhanced performance, is to use a gain supervisor. The gain
supervisor can promise faster response for normal system
configuration without having to worry about instability for
degraded conditions [5]. Such function, however, should be
regarded as protection, which is milder on the power system
than a trip, rather than control strategy. This protection cannot
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ensure fast response during emergencies [6]. It is also
noticeable that, usually, these methods use special hardware
dedicated devices, and typically involve large mathematical
calculations.

These techniques are hardly implemented and accepted to
control the wind power plants, since firstly; grid operators
want to have deterministic behavior of the plant to make the
system planning analysis, and secondly computational wise
they are high demanding.

The aforementioned shortcomings, i.e. time delay and
fulfillment of the design criteria in a wide range of SCR,
become a challenge when designing the voltage control of the
wind power plant. All these aspects need a special
consideration when trying to emulate the conventional voltage
performance of traditional power plants.

III. SYSTEM DIAGRAM

The system to be studied is composed by a wind power
plant, of n DFIG turbines distributed in several feeders,
connected to a grid, which is characterized by its SCR. The
plant uses a voltage controller (WPPC) to command the
reactive power of the WTGs to obtain the desired voltage at
the point of common coupling (PCC), which is the point where
the power has to be delivered according to the grid codes.

The following figure is used to represent the main elements
of the system. The dotted line represents the communication
network of the plant.

GRID

ff—

= Grid
ale

References

Fig. 1. Simplified system diagram.

Clearly, it is possible to classify the system in the following
three groups:

= WTGs: mainly, the generator, converters, and their
controllers.

= Collector and grid system: these are covering the main
electrical impedances of the system, e.g. the substation
transformer (WPPT), and the equivalent grid
impedance (GRID).

= Plant control: it is the WPPC, which includes the
measurement device (grid meter), the computer
allocating the control algorithms, and also the
communication hub, which is packing, sending and
collecting all the references and relevant information



from the WTGs.

It is known that the voltage performance of a power plant
depends on the grid impedance. Additionally, the stability of
the controllers depends upon the grid impedance, as the grid
impedance is serial addition to the other main transformers.
The driving point impedance at fundamental frequency, as
viewed from the PCC location, is an important parameter in
the voltage control loop since it determines how much the
voltage can be changed when a certain amount of reactive
current is injected to the system.

It is clear that for high system gains (small slope and SCR
values) the system becomes more difficult to be controlled,
moreover, the delays in the communication processes reduce
the control stability margin when the gain of the system
increases.

The design criteria of the control, among other things, is to
achieve a response time (t,) of less than 1 s, an overshoot
below 5 %, a settling time (t;) lower than 2 s, and a delay time
(ty) lower than 0.2 s [7], [8], and, even more important, to
preserve stability for all realistically probable network
conditions [6]. Therefore, the voltage regulator settings should
be dictated by the most limiting operating condition, such as
the system configuration with the lowest short circuit power
(contingency condition) [9]. However, this tuning may cause
relatively long response for higher SCRs (normal operation),
where the best performance of the system is most required. An
appropriate tuning and selection of the voltage control scheme
allows the fulfillment of the design criteria in all the operation
range; contingency operation (minimum SCR), normal
operation (SCR percentile 95%) and maximum SCR. In the
present case, the SCR range is within 5 to 25.

IV. PLANT CONTROL

The selected plant voltage control, for this study, is based
on a proportional control, also called slope control. Slope
voltage control is widely used in power system applications
since it allows paralleling generators with individual voltage
slope controllers without hunting phenomena or instability.
When there is high SCR, as in most of the cases in the
transmission system, a slope controller will offer the best
solution. Slope control provides a coordinated reactive power
system, as the equilibrium point will be known for every
voltage disturbance, independent of the time reaction of the
controller and the Q compensators. Therefore, it is easy to
manage how the generators will share the reactive power
injection for a certain voltage disturbance.

Taking into consideration the aforementioned advantages, a
pure PI will unlikely be used as a voltage control; instead, the
PI can be used in combination with a feedback of its output (PI
with line drop compensation, see Fig. 2-(b)), which offers a
similar response in the frequency of interest than a
proportional or slope control (Fig. 2-(a)). These two control
schemes are predominant in power system voltage control, as
it can be observed in the IEEE std. [10].

Therefore, in the following sections of this work, PI with
line drop control could be used instead of slope or

proportional control.

(@ (b)

Fig. 2. (a): Slope or proportional control. (b): PI with line drop compensation.

The control law that is applied for the slope concept can be
defined, in a generic way, as follows:

1
= — |V, -V
Qrﬂf QO + ( SlOpeJ( ref m ) ( 1)

Adding a certain offset to the slope controller (Q,) or
changing the voltage reference (V.), it is possible to regulate
the Q injection of the plant.

The slope gain can be defined as follows:

100 AQ
K =
e = Slope [%] AV &

Usually, the slope is given by the TSO. Throughout this
work, a slope of 4% is considered [7].

The references to be sent to the reactive power actuators
(WTGs), calculated by the plant control, basically can be
based on two forms:

=  Reactive power references: if the plant control sends

reactive power references, the WTGs should have
implemented, as an outer q-control, a reactive power
control (AQR).

=  Voltage references: when sending voltage references

the WTGs need to have implemented a voltage
control (AVR), to accommodate these references.

These two forms of calculating the actuator reference
(voltage or reactive power), reflect the idea of a central and
distributed voltage control system, respectively.

Voltage Plant Control g-axis WTG Control
0)

V, (a)
m e e S "M AGRume b ARG (D)

(i) ref b)
n o ref
o)
L

<

ref (c)
i e
Qiosses (d)

ref
(i) S
\Y H  ref ref (e)
VR ® ®
Fig. 3. Candidate configurations regarding plant and WTG control.

According to the possible configurations of the plant and



WTG outer-loop g-axes control, several permutations are
presented (see Fig. 3).

Every option offers different characteristics regarding time
response and SCR dependency.

The scheme control options, which include an AVR as a g-
axis WTG outer control loop, can be classified as distributed
voltage control schemes (options including (b) and (d)
structures), whereas the other options can be classified as
centralized voltage control schemes (options including (a), (c)
and (e) structures).

It should be noted that the plant voltage control has to
compensate for the internal reactive power park losses. For
such purpose, option (i) and (iii) includes an AQR, and option
(ii) includes a model of the park, which can be adjusted by the
voltage and the injected active power level.

In option (iii), a feed-forward is added, which can increase
the time response of the control.

The use of a mathematical model of the park internal
network, which must accurately compensate VAr consumption
inside park in any case and circumstance, does not provide the
advantage of removing one lag from the plant control (the
integral control of the AQR). In essence, to have stable
operation the plant control has to be slowed down to have at
least 5-10 times lower bandwidth than the WTG.

For the outer WTG loop control, options (a) and (b) are
neglected, since it is not needed to have so many nested
controls, when the WPP has already a Q compensator. These
options can be considered if no plant control is installed in the
WPP. Option (e) is also rejected, since high bandwidth in the
WTG response is not needed, when the system includes high
delays.

Hence, only options (c) and (d) are considered. These WTG
control schemes ((c) and (d)) have been previously presented
in literature, but under different plant control concepts than
what is considered here. Whereas most researchers are
concerned with time delay reduction, none have presented the
control selection according to the sensitivity to the grid
impedance [11]-[14], where the right combination of the plant
and WTG control may play an important role. The sensitivity
and robustness for different grid impedances are an important
matter that should impact on the selection of the control
scheme, and are at least as important as grid code fulfillment.

V. CENTRALIZED AND DECENTRALIZED VOLTAGE CONTROL

A central voltage control system is formed when the outer
plant control is composed by an AVR and the outer control of
the actuators (WTG) is not an AVR.

Whereas, a decentralized voltage control is obtained when
the outer control loop of the actuators is formed by an AVR.
By placing a voltage control (AVR) in the outer WTG g-axis
control, which follows the voltage references sent by the plant
control, the secondary voltage control concept is applied. The
secondary voltage control concept is well known in the
literature. The main thrust of the secondary voltage control
scheme is to counteract, in real time, reactive power flow
changes in the system, by adjusting terminal voltage of
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generators system-wide. The amount of voltage adjustment is
proportional to the voltage derivations at monitored buses
[15]-[17]. This concept can be applied to a wind power plant,
where the pilot bus is located at the PCC bus, and the wind
turbines include their own voltage controller.

This voltage controller will cause the injection of reactive
power proportionally to variation of voltage levels; thus, it
supports the grid voltage recovering process after disturbances

[8].

VI. SYSTEM ANALYSIS

To provide further understanding of the voltage regulator
parameters, system strength, and delays on the system stability,
root locus analysis should be performed, which provides the
critical gains. To achieve that, it is needed to represent the
elements composing the system as transfer functions, thereby
the pole-zero map can be easily extracted. When placing the
poles of the system, it can be defined a maximum gain (K.,
which is obtained due to the overshoot requirement) and a
minimum one (K,,;,, which is obtained due to the settling time
requirement) for fulfilling the design conditions. Moreover, it
is possible to find the gain which makes the system unstable
(Kunx)-

K. <K

min slopeXGRID < Kmax < Kuns (3)

The conventional method to control a nonlinear system is to
design a linear controller using a linearized model of the
system dynamics at a desired operating point. Thus, the initial
design and tuning of the plant voltage controller is done based
on some simplifications and linearization processes (4), which
can be considered true for small voltage changes, and in
systems where the X/R ratio is high, i.e. transmission and sub-
transmission levels.

Q’:’Iq , L=X, AVzXGRIl)Iq 4)

The plant control receives the references and feedback
(measurements) and calculates the turbine set-points. The plant
AVR control architecture is represented as a gain (Kgpe),
following (2).

The grid meter, which provides the feedback signals for
control, samples at very high frequency the output values of
the CTs and VTs, located at the PCC. This meter processes the
signals by first calculating one cycle rms, then filtering for
anti-aliasing. The grid meter can be represented by a first order
transfer function, with a time constant (T,,) [18].

The communication delays (Tcomy) and control sampling
(T,) effect of the WTG and the WPPC, can be represented
together as an exponential delay function, with a time constant
T (T= Tcomm + 0.5Ty).
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Fig. 4. Centralized voltage control scheme. System representation for the WTGs with an AQR.

The exponential function should be linearized when doing
the control analysis, e.g. by using Pade approximation

A. Centralized Voltage Control Strategy

If the WTGs are controlled with an AQR, the following
turbine transfer function is obtained, which is considering a
perfect control decoupling between the g-d axes [19].

. QWTG 1
Turbine(s)= E
uroi ( ) Q::/;‘G 1 + STWTG (5)

It should be noted that the turbine transfer function is
ideally independent from the grid impedance.

By linking together the different components, Fig. 4 is
obtained, which is representing the case of the centralized
voltage control system.

In a DFIG, the AQR controls the stator Q by commanding

1 it
the rotor current, thus the rotor control gains (AQR {;;;E) are

translated to the stator side (AQRwrg) [19]. Hence, for the
DFIG WTG type the following is used:

1 M rotor
AQRy = N [MJAQR WLTG (6)

Fig. 5-a shows the stability area, and Fig. 5-b shows the
fulfillment area of the design requirements (within the colored
surfaces), for three different control settings, and T=0.15 s.
The settings are optimized for different SCRs, i.e. setting for
curve A is optimized for a SCR equal to 5, curve B for 15, and
curve C for 25. It can be observed that if the settings for case
A or B are used, as it should be, since these can ensure the
stability operation within all the SCR range of interest, then the
fulfillment area of the design requirements is quite reduced.

If the outer g-axis control loop, of the WTGs, is used as an
AQR, two drawbacks are seen. Firstly, three set of control
settings are needed to fulfill the design requirements for the
whole SCR range of interest (between 5 and 25). Secondly, the
fulfillment of the time delay (ty) requirement could be

physically impossible to achieve, regardless of the control
tuning, if the total sampling and communication control delays
are bigger than the required ty. It should be remarked that, the
bigger the time delay (T) the bigger the influence of the SCR
in the design constraints.

[]A (1A
LB LB
STABLE © ©
AREA
6 8 20 25 30
SCR SCR

(@) (b)

Fig. 5. (a) Stability, and (b) design fulfillment areas according to the SCR,
for three set of control settings for a centralized voltage control scheme, and
T=0.15s.

The following figure shows the root-locus for the
centralized voltage control system for two different time
delays, T=0.15 s and T=0.01 s.

'T= 0.'01 m's ------------

150
—T=0.15ms| -

100
50

Imaginary Axis

-200 -100 0 100 200 300
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Fig. 6. Root-locus for the centralized system, for two different time delays.
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Fig. 7. Decentralized voltage control scheme. System representation for the WTGs with AVR.

The system with a delay of T=0.01 s shows a root trajectory
which allows bigger gains without instability problems.

B. Decentralized Voltage Control Strategy

When the g-axis control loop of the WTGs is used as an
AVR, the aforementioned two drawbacks are solved.
Moreover, the fulfillment of the design requirements is
extended to a wide range of SCRs, since the local voltage
controllers are less dependant on the SCR. This can be seen in
the following figure, where the design fulfillment area is
depicted (grey area in Fig. 8) for a WPP where the WTGs are
using an AVR, and T=0.15 s. The AVR of the WTG is a slope
controller, similar to what is depicted in Fig. 2, to avoid
counteraction with the rest of the WTGs in the plant.
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requirements

Slope [%)]

0 T T T
5 10 15 20 25

SCR

Fig. 8. Design fulfillment area for a WPP with decentralized voltage
control scheme and T=0.15 s.

By looking into further details of the system transfer
functions, it is possible to see where the main differences are.
Fig. 7 shows the system diagram for the decentralized case,
where Xypp represents the positive impedance of the WPP and
WTG transformers.

By neglecting the T,, and T, the turbine transfer function,
when including an AVR, is obtained (7).

Ko
1+ 5Tp, + Kpo (X ypp + X rip)

Qure _

WIG
ref

Turbine(s) =

@)

At first glance, it can be seen how the transfer function (7)
includes in the denominator a function of the Xgrp, which will
make the system at the end less sensitive to Xgrip changes.

VII. SENSITIVITY ANALYSIS

The system sensitivity to a paremeter can be defined as the
ratio of the percentage change in the system transfer function
to the change of a parameter for a small incremental change. A
sensitivity analysis is done to compare the influence of the
Xgrip in the configurations depicted in Fig. 4 (where its close
loop transfer function is called Geeyerar), and Fig. 7 (where its
close loop transfer function is called Guisyibuted)-

If the influence of Xgrip is bigger in the Gy than in the
Guistribued» then its sensitivity term (S ¥ox» ) will be also bigger.

Thus, the condition shown in (8) needs to be checked.

S XGrip

XGrip
distributed < S

central

®)

The sensitivity of the previous transfer functions with
respect to Xgrip, are defined as follows:

S Xarm — aGdisrribured X GRID S Xorw — M @ 9)
distributed ’ central
aX GRID distributed aX GRID Gcenrral
Hence, obtaining the following results:
XGrip 1 + AQRWTG (1 + AQRP )
Sdis;ributed = (10)
1+ AQR,,;(1+ AQR, (1+ AVR, X 1))
Xerip — 1_’_14‘/IQWTG()(WPP +AQRP) (11)

central 1+ AVRWTG (XWPP + XGRID + AQRP (1 + X(;RID ))

For the sake of simplicity, similar gains for the plant
reactive power control are used, and also a gain of 1 is used
for the AVRp. By replacing the gains of the turbine transfer



functions, AQRwrg and AVRy1g (1 and Kpp respectively), the
following is obtained.

2 1

AQR, K, (12)

WPP

For a typical WPP, the Xyypp has a value of approximately
0.2 pu, and the local WTG slope gain (Kpp) will be always
bigger than 1, which confirms that (12) is, by far, always
fulfilled. Hence, being more sensitive to Xgrip changes the
central control configuration (WTG with AQR) than the
decentralized one (WTG with AVR).

VIII. STEP RESPONSE

To validate the above conclusions, and using the
aforementioned diagrams, the step responses for a grid change
of 10% under different SCRs, are depicted.

Fig. 9 shows the step response of the system when the grid
voltage is stepped down at time equal to 10 s. The curves show
the WPP reactive power output when using the decentralized
scheme (called AVRwrg), and the central scheme control
(called AQRwrg), for the maximum and minimum SCR of
interest. Both schemes are using an optimized tuning for a
SCR equal to 5.

It should be noticed that the curve AQRwrg gr i8S
representing the plant control option (iii in Fig. 3), which is the
same that AQRwrg but including a feed-forward loop, with a
gain (Kgp) defined by the maximum allowed overshoot, see
Fig. 9.

It is clear that bypassing the AQRp with a feed-forward
loop, will easily make the system tend to overshoot. The
decentralized option (AVRyrg) is even more sensitive to the
feed-forward loop than the centralized one, since the WTG
reference is calculated in terms of voltage, and is multiplied by
the AVRy1g gain (Kpp). Consequently, the feed-forward in a
plant control which commands the WTGs with an AVR is not
considered.
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impact of the SCR is much higher in the centralized control

configuration.

Considering an ideal case, where the delay (T) is 0.01 s, the
following step responses, for the centralized (AQRwrg) and
decentralized (AVRwrg) cases, are depicted, for two different

SCRs (5 and 25).
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1.2 04
EO,B 20,3
0,4
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0,0
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Time [s] Time [s]
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Fig. 9. System step response, of the diagrams represented in Fig. 8 and Fig. 4,

foraT=0.15s.

It can be checked that the WTG with an AVR has almost

Fig. 10. Step response of the diagrams represented in Fig. 8 and Fig. 4, for a
T=0.01s.

It should be noticed that to obtain similar response for the
centralized and the decentralized schemes, within the SCR of
interest, the delay (T) has been reduced from 0.15 to 0.01 (a
factor of 15). It is worth mentioning that the decentralized
scheme also gets extended its SCR design fulfillment range
after the time delay is reduced.

IX. DISTURBANCE REJECTION

The capability of the centralized and decentralized schemes
for disturbance rejection is analyzed in this section.
Disturbances related to the reactive power (Qisurbance) Can be
associated, e.g., to active power fluctuations and sudden
disconnection of WTGs. The transfer function relating this
disturbance with the Vpcc is shown in (13).

Disturbances related to the voltage (Viisurpance) €an be
associated, .e.g., to active power fluctuations and grid voltage
changes. The transfer function relating this disturbance with
the Vpcc is shown in (14). The grid meters are not included for
the sake of simplification.

X GRID
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Where, for the centralized and the decentralized schemes
C, and Cy should be used, respectively.

instantaneous response, and the ty, t; and t; are fulfilled for
both SCR cases. However, for the case of the WTG with an
AQR, t4 is not fulfilled in any of the cases, and t; and t, are
only fulfilled for the case of a SCR 5. It can be seen that, the
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Fig. 11 shows the Vpcc performance, for the decentralized
(AVRy1g) and centralized (AQRwrg) schemes, when a step
disturbance is applied to the system; reactive power
disturbance in Fig. 11-a (Qisurpance), and voltage disturbance in
Flg 11-b (Vdisrurbance)-

The disturbances are introduced at 10 s, with a magnitude
of 1 pu. The used time delay (T) is 0.15 s.

Qdisturbance to VPCC Vdis!urbance to VPCC

0,22
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(a) (b)

Fig. 11. (a) Q disturbance, and (b) V disturbance response for the
centralized (AQRwrg) and decentralized (AVRwrg) cases, using T=0.15 s.

In steady state, the effect on the Vpcc caused by Q iswurbance 18
zero, due to the action of the AQRp. However, the effect on the
Vpcce caused by the Viyigurpance 1S N0t completely removed (as it
was expected) due to the slope control concept, see (17), Fig.
11-b, and Fig. 12-b.

1
0 14K, X GRID

slope

VP disturbance ( 1 7)

It can be checked that the disturbance rejection capability
of the decentralized controller is much better than the
centralized one. Additionally, it can be appreciated that the
lower the SCR the bigger the influence of the Q disturbance in
the voltage at the PCC.

Finally, it is depicted the disturbance performance for the
case where the time delay (T) is 0.01 s.

Qdisturbance to VPCC Vdisturbance to Vpce

0,22
— AVRwre SCR=5 1,0 — AVRwre SCR=5
018 -« - AQRwrc SCR=5 \ -- - AQRwrc SCR=5
' 1 —— AVRwre SCR=25 0,81k — AVRwre SCR=25
—o014l | |— AQRwre SCR=25 || __ N | AQRwrc SCR=25
z 1 2
- 0,10 Q
< g
> 0,06 >
0,02 T
-0,02 00 ‘ ‘
9,9 10,4 10,9 11,4 9,9 10,9 11,9 12,9
Time [s] Time [s]

(a) (b)
Fig. 12. (a) Q disturbance, and (b) V disturbance response for the
centralized (AQRwrg) and decentralized (AVRwrg) cases, using T=0.01 s.

For the case where the time delay is 0.01 s, the disturbance
rejection capability of both schemes is quite similar.

X. CONCLUSIONS

It is shown that for a wind power plant where the delay
between the plant control and the WTGs is not negligible (150
ms), the decentralized scheme performs better in terms of
typical design requirements (i.e. time delay, time response and
overshoot), moreover the low dependence on grid impedance
eliminates the need of gain scheduling for covering a wide
range of SCR. Thus, the decentralized control is a good
candidate for voltage control in presence of communications
delays. Hence, by having the g-axis of the WTG actuated by
an AVR, very fast system response is achieved and the plant
control is easier to tune since the system dependence on the
SCR is reduced, compared with a WPP which uses an AQR in
the WTGs.

It can also be concluded that, the centralized scheme can
reduce its dependence on the grid impedance by reducing the
communication delay. It has been found that if a reduced delay
time value is used (10 ms), similar responses can be achieved
with both schemes, within the SCR range of consideration.
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Abstract—Larger percentages of wind power penetration
translate into more demanding requirements from the grid codes;
for example voltage support at the point of connection has been
introduced recently by several grid codes from around the world,
making it important to analyze this control when applied to wind
power plants.

This paper proposes two different VAr reserve control
strategies for a wind power plant.

The amount of dynamic VAr available most of the operation
time, makes the wind power plant (WPP) a good candidate to
include a VAr reserve management system. Two different ways of
implementing a VAr management system are proposed and
analyzed.

Such a reactive power reserve may be provided by the wind
power plant since the amount of reactive power installed for most
active power working points exceeds the demand required by the
grid operator. Basically, this overrated reactive power capacity is
a consequence of sizing wind turbine facilities for maximum
active power level. The reactive power losses, due to active power
transportation inside the plant (normally two transformers), and
P-Q wind turbine characteristics define the P-Q reserve chart.

By utilizing the intrinsic overrated reactive power capacity,
additional devices, such as for example SVCs and STATCOMs,
can be avoided in other locations of the grid.

Index Terms—wind turbine generator, VAr reserve, wind
power plant, voltage control.

I. NOMENCLATURE

AC Alternate Current

AQR Automatic Reactive Power Regulator
AVR Automatic Voltage Regulator
DFIG Doubly Fed Induction Generator
MSC Mechanical Switch Capacitor
MSR Mechanical Switch Reactor

MV Medium Voltage

OLTC On-Line Tap Changer

OVL Over Head Line

P,Q Active and Reactive power

PCC Point of Common coupling

PF Power Factor
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PI Proportional and Integral control
RTU Remote Terminal Unit

TSO Transmission System Operator

S Laplace term

SCR Short Circuit Ratio
SvC Static VAr Compensator
V,1 Voltage, Current
WPP Wind Power Plant
WPPC Wind Power Plant Control
WTG Wind Turbine Generator
Z Impedance
Subscripts
m Measured
ref Reference

II. INTRODUCTION

The traditional electrical grid, in which the power is
produced at centralized power plants, and delivered to the
customers through transmission and distribution networks, is
greatly challenged by the deregulation of the power system and
the connection of wind power generation. It is clear that if
wind power replaces power from conventional generators, it
will no longer be possible to control the node voltages
adequately, and it will become necessary that wind power
plants also contribute to voltage control.

In the recent years, some voltage regulation capability has
been introduced in some of the grid codes around the world
[1]-[4]. Utilizing the reactive power capability regulation of
the wind turbine generators (WTGs) is a natural consequence
to further enhance the interaction between the grid and the
wind power plant (WPP). DFIG and “full-scale converter”
WTGs can provide smooth reactive power regulation to the
grid by means of their electronic converters.

The VAr reserve concept can be applied to a wind power
plant in a manner similar to the SVC or STATCOM [5], [6].
This can be done, because the amount of available reactive
power in most of the active power working points exceeds the
demand required by the grid operator. This is a consequence of
sizing the reactive power plant for maximum active power
level. This is of special relevancy, because the amount of hours
that the wind power plants are operating at maximum active
power is quite low compared with traditional power plants.

The reactive power provision for the WPP is to be
considered as a voltage requirement. As it was mentioned, the



voltage control will be actuated by the reactive power. The
reactive power capability offered by the plant is often
translated in terms of power factor. The most typical
requirement for power factor is + 0.95. However, this
requirement is quite dependent on the specifics of the grid, For
example, there are cases where 0.90 capacitive is required, e.g.
Canada (CanWEA), Germany (VDN).

The main goals of the reactive and voltage control are the
stabilization of the node voltage, and avoidance of violation of
the maximum and minimum voltage levels. Therefore, the
reactive power sources in the system should continuously
provide enough reactive power to keep the voltage close to its
rated value, moreover the system should be able to cope with
unexpected disturbances, making necessary to have a provision
of reactive power in case these disturbances happen.

The voltage stability of a power system can be understood
as the ability to maintain steady acceptable voltages in the
considered buses of the system under normal operating
conditions, and after being subjected to a disturbance. One of
the main factors causing voltage instability is the inability of
the power system to meet the demand for reactive power [7].
Voltage instability occurs when the power system is unable to
provide the required reactive power to meet the load demands
that may lead to uncontrolled operation, cascading outages,
and consequently may lead to a voltage collapse.

The spinning reactive reserve activated during a
contingency should be recovered, so that the minimum
reserves are maintained and the system is always ready for the
next contingency [8].

The provision and planning of the needed reactive power is
a challenging work of the grid operator, which also normally
indicates which kind of voltage control should be used for
every node of the transmission and sub-transmission system.

The VAr reserve and its management control are important
matters, than can guarantee that the system does not move
towards voltage collapse as demand changes, or under sudden
contingencies [9]. Despite of the preparations and planning by
the TSOs, the combination of generation unavailability, and
limited transmission capability, coupled with unanticipated
circumstances, could result in shortages of generation sources
for reactive supply, that could affect the security of the electric
grid [8]. Thus, it is important for the electrical grid that power
plants can offer maximum available reactive power if needed.

The amount of reactive reserves at generating stations is a
measure of the degree of voltage stability [10].

III. WPP SYSTEM DIAGRAM

The electrical single-line diagram of the considered WPP,
with all the main components, is given in Fig. 1.

In this figure, it can be seen how the main components are
linked with a dotted line, representing the communication plant
networks. This communication link is used by the plant
control, amongst other things, to command (References) the
operation of the MSCs (On/Off), WTGs and STATCOM.

The wind power plant is composed by DFIG WTGs, which
are distributed in feeders. These WTGs are connected through

a set-up transformer to the collector bus (MV) by means of a
subterranean cable. This collector bus is stepped up to the high
voltage level, by means of the substation transformer (WPPT).
The main substation transformer includes an OLTC which is
controlled locally. The high voltage terminal of this
transformer is connected to the next substation through an
overhead line (OVL).

WTG

CABLE CABLE

N v

L{CABLE —— ‘—’_‘_‘—-—f_CABLE

STATCOM {]Z|4_@_|.
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To higher
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Fig. 1. Generic WPP system diagram

The elements composing the WPP are described below.

STATCOM and MSCs are installed in the plant, to help the
WTGs to fulfill the grid code related to reactive power
injection.

Usually, a substation RTU monitors the field digital and
analog parameters received from the different elements
composing the substation, and transmits relevant data to
communicate to other RTUs and control centers, aditionally it
is able to execute simple supervisory tasks related to
protection. The gathering of direct-wired process information
and its transfer to a higher level control system is one of the
major tasks of the remote control application. The RTU, used
in this WPP, monitors the transformer tap position and status
of capacitor breakers and contactors, and receives the
switching commands to the capacitors sent by the WPPC
(wind power plant control). The RTU will transfer these
commands to the capacitor switches when the security and
integrity checking have been done [11].

The WPPC basically, includes an AVR as the outer control
loop, and an AQR as the inner loop, which compensates the
reactive power losses of the plant. The selected plant AVR, for
this study is based on a proportional control, also called slope
control. Slope voltage control is widely used in power system
applications since it allows paralleling generators with
individual voltage slope controllers without hunting
phenomena or instability [12].

The OLTC system controls the voltage at MV side of the
plant, and aims to keep the MV side of the plant to a constant
level independently of the wind speed and grid voltage
conditions.



Another point is that the OLTC and MSC are considered
slow or steady-state regulators, since these devices are
actuated mechanically, and frequent regulations accelerate the
wear of the moving parts. Basically, the OLTC modifies the
winding ratio of the transformer by moving the tap, and the
MSC connects capacitance to the system through a mechanical
switch.

IV. WPP P-Q CHARACTERISTICS

In the present study, DFIG WTG type is used. The P-Q
DFIG chart programmed in the WTG is a consequence of the
physical limits of the WTG (i.e. stator and rotor overcurrent)
[13].

Fig. 2-(a) shows the P-Q charts of a DFIG WTG (white
area), and the DFIG together with a STATCOM (white and
grey area).

Fig. 2-(b) shows the Q provided by the MSCs installed in
the WPP (typically two MSC steps).

Qovmawne P11 g rcom s priG
QSTATCOM { DFIG
@ P ipul
3
Qsraric [pu]| + MSC 2
(b) MSC1 MsC1
3 P [pu]

Fig. 2. (a) DFIG and STATCOM P-Q chart. (b) MSC P-Q chart.

Supposing a perfect reactive power losses compensation of
the internal plant transformers, by means of the MSCs. This
can be depicted in Fig. 3 can be depicted, which shows the
reactive power obtained at the PCC, according to the injected
active level.

Qpce [pu]] |
L
Var reserve
""" Grid Requirements
Prcc [pu]
; Var reserve

Fig. 3. WPP installed dynamic VAr and grid code requirement P-Q charts.

The available amount of dynamic reactive power
(STATCOM and WTGs) in the WPP at the PCC, is depicted
in Fig. 3, where the white area corresponds to the reactive
power demands of the grid operator [2], and the grey area
corresponds to the extra available dynamic reactive power.
This extra dynamic-VAr capacity (grey area in Fig. 3 ), given

3

by the installed converters, can and should be used whenever
the plant is below some active power levels, as it is happening
most of the time in a WPP, thus helping the system restoration
after events.
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Fig. 4. Load flow analysis of the wind power plant at the PCC bus, for PF=1,
maximum, and minimum Q provided by the WTGs.

The amount of VAr needed from the STATCOM can be
calculated by means of a load flow analysis for different wind
level productions and grid voltages.

Fig. 4 shows the load flow analysis of the WPP depicted in
Fig. 1, (without the MSCs and STATCOM) for different Q
operations of the WTGs.

The curve lines show the load flow when the WTGs are
operating at PF equal to 1 at stator terminals, for different grid
voltage levels. Thus, the reactive power consumption of the
WPP components for different levels of active power injection
and grid voltage levels can be evaluated.

The dotted red lines show the inductive and capacitive P-Q
chart for a PF = 0.95.

The green dot shows the maximum capacitive reactive
power capability at the PCC, when the WTGs are operating at
their maximum capacitive reactive power at P=1 pu. It can be
used to determine the amount of VAr needed from the
STATCOM.

The pink dot shows the maximum inductive reactive power
capability at PCC, when the WTGs are injecting their
maximum inductive reactive power at P=1 pu.

According to this, the amount of VAr needed from the
STATCOM is chosen to be 0.25 pu of the total plant power.

By using the yearly energy profile of an existing WPP, Fig.
5-(a) can be depicted, where the time distribution of the power
injected to the grid is shown. This distribution is different from
year to year, but it can be used to extract a generic conclusion.

It is worth mentioning that the operation time when the
active power is zero has not been included.

Additionally, the available extra dynamic reactive power (Q
reserve), according to the selected grid code is shown in Fig.
5-(b).



Time [%)]

401
301

@
 BEN

0,6

0,5

0,4+

0,3+

0,2

0,1+ .
0 T T T T

0<P<0,2 0,2<P=<0,4 0,4<P=<0,6 0,6<P<0,8 0,8<P=<1
Prcc [pul

(b)

Q reserve at PCC [pu]

Fig. 5. (a) WPP time power distribution, (b) Q reserve according to the
installed reactive power and grid code requirement.

It can be seen, that at least 90% of the time, it is possible to
extract from the WPP an additional 0.15 pu reactive power.

V. PROPOSED VAR MANAGEMENT SYSTEMS

A continuously variable reactive power source is a
relatively costly system in comparison with fixed shunt
compensators. For this reason, the division of the task between
the different compensator systems must be exactly planned.

Therefore, it is the task of the converters to stabilize the
network by means of rapid changes in reactive power, whereas
other sources can cover the need for VAR resulting from
changes in load flow, which are relatively slow changes. By
means of their voltage controllers, and because of their short
reaction time, the converters keep the network voltage
constant, with the result that other sources are not even
activated. The danger then arises that, even for stationary
network operation, the converters are loaded to the limit of
their capacity, whereas other slow time reaction VAR sources
remain unused [14], thereby, the importance of using a
management system for the VAr reserve.

In this section, two ways (case A and B) of implementing
the reserve VAr concept in a wind power plant are proposed.
In both cases, the WPP disturbance response is not limited by
the Q asked by the grid code; instead, it is limited by the actual
P-Q chart.

The difference between the proposed two schemes is related
to the VAr management system, which will take charge of
reducing the injected Q whenever its value is higher than the
level asked by the grid code (value which will be called
“rated” throughout the rest of the document).

Case A is based on offsetting the output of the plant
reactive control reference with a calculated Q, see Fig. 7. This
Qo starts to be used when the injected reactive power is greater
than the rated one, and its function is to drive back the injected

reactive power to the rated value. This is done in small steps,
and only after the system has compensated for the previous
step, it is allowed to proceed further. Thereby, the control
waits for the system to recover for the voltage change caused
by the reserve control, forcing the system to use passive
components located nearby the WPP, such as OLTC, MSCs or
MSRs.

Case B needs a communication link with the upstream
substation or to another central dispatcher able to follow
external references. In this case, the WPP reserve control
translates the amount of extra VAr to a suitable reference (see
Fig. 9) for the tap changer, or for another passive reactive
power compensator (Ref_ex). Thus, no continuous reduction
of Q is done in the WPP output; instead the WPPC forces to
change the system characteristic by activating other passive
components through a reference, resulting in a consequent
reduction in the injected Q after the reference is followed.

After the reference is followed, the voltage at PCC will be
closer to its rated value, thus having a reduction in the injected
Q by means of the AVR action.

With both control schemes, the WPP will not reduce its Q
output if no regulation capacity is left in the system (i.e., if the
reference is not followed, it could be that all the other Q-V
compensators in the nearby area are out of operation, or
already used to their maximum extent).

A. Case A

This kind of control should be applied whenever the
communication with the upstream substation or high control
layer is not possible.

The following figure represents the characteristics of the
control (Ctrl.) and system (Sys), when the system is subjected
to a step in the grid voltage. Initially, the grid characteristic
changes from Sys 0 (point O: pre-disturbance) to Sys 1 (point
1: just after the disturbance).

Sys0 Sys3 @Sys 1

Q Qrated

Fig. 6. System and control characteristics. Case A: Offsetting the control.

The reserve control will offset slowly the output of the plant
voltage control (from point 1 to 2, and from 3 to 4), changing
the control characteristics, e.g. Ctrl O changes to Ctrl 1. After
decreasing the voltage of the system, by the Q action (from
point 1 to 2), the nearby compensators will react changing the
system characteristics, from Sys1 to Sys 2 (from point 2 to 3).



This process continues until the Q,,.q is reached (point 5). See
Fig. 6.

The WPP injects the maximum installed reactive power if
needed (Qmax), and the reserve control calculates the needed
offset to drive back the WPP operation to its rated reactive
power (Qpued, dotted line in Fig. 3).

The offset (Qp) is calculated in order for the injected Q to
be driven slowly, and in small predefined steps (AVgep),
according to a maximum allowed voltage step.

The control structure of the plant control with the
implemented reserve VAr concept is shown in the following

figure. The Q™™™ calculated by the AVR is offset by the

ref
reserve control in order that the measured reactive power gets
below the rated value.

PCC
Qu

—

PCC
P
“m

Reserve
Control

Fig. 7. Plant control case A: offsetting the input of the AQR.

Fig. 8 shows the detailed implementation of the reserve
control.

The bandwidth of the reserve control has to be smaller than
the AQR to avoid control hunting. The Kaw function is to
drive the Q to zero when the Q,, is equal or below the rated Q.

The LOGIC block allocates the supervisory algorithm to
detect changes in the grid. This block will freeze the PI
regulator in case some predefined voltage changes at the PCC
(AV) are measured. Moreover, the LOGIC block will unfreeze

the PI regulator when the voltage at the PCC (VIECC) changes

in the opposite direction relative to the voltage influence of Q.

AVZ0=50
P PCC AV=0=1
m Look-up / 1 I
Table J TreT Ly o ‘: KAW
m
Qrated 0 AV,
QPCC / max
o Eq(1) 11 /

AVmin

sign

Fig. 8. Reserve control for case A.

The LOGIC block will ensure that the WPP will not remove
Q from the system if no reaction to the first reduction of Q is
observed. Thus, this is an indirect way of gaining information
about the availability of the other devices in the nearby area,
and their capability of counter-acting this Q reduction.
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Basically, the LOGIC block allows a maximum voltage
change (AV) for every reactive power reduction step, and only
after the system reacts to this voltage variation, the control will
allow another voltage change (AV).

For that reason, Q,, is translated to a voltage reference
(AV,p), by using (1), making possible for the control to define
the maximum change in the PCC voltage, that the reserve
control can drive in every step.

As depicted in Fig. 8, the active power measured at the
PCC (PF°) is used to calculate Q

table containing the dotted line of Fig. 3.
The QI°° together with the Q,_,

desired AV, which will be fed to the PI regulator.

The PI regulator will drive AV to zero, by outputting a Qy,
which offsets the AQR output of the plant.

The calculated AV is passed through a filter (with a time
constant T,,), and whenever AV is greater than zero, Kaw is
disabled by multiplying it by zero. On the other hand, when
AV is equal to or below zero, the Kaw is activated, hence
reducing Q, to zero.

by means of a look-up

rated *

is used to calculate the

B. Case B

In this case, the reserve control calculates a reference
(Ref ). The reserve control function is to translate the excess

of QEICC into an appropriate signal for the upwards control

level, meanwhile it is greater than the Qraled in absolute value.

PCC
Q.

PCC
Pm
——>

Ref

—eX

Reserve
Control

QPlant

ref + AQR To WTGs
Q PCC h

m

Fig. 9. Plant control case B: creating a reference to the following control
layer.

VPlam+
ref
V—»(PCC : }> AVR
m

The calculated reference can be in different forms, e.g.
moving up/down the tap position, AV .t or AQes.

In Fig. 10, when moving from point 1 to 2 means that the
system characteristic is changed; by e.g. tap changer action or
capacitor connection in the nearby area.

The WPP can inject the maximum installed Q (if needed),
and calculates the AV reference to be sent upwards.

When the system characteristic is changed from (Sys 1) to
(Sys 2), according to the sent reference (Ref ), the voltage at
the PCC reduces its difference with the rated value,
consequently the injected Q is reduced following the AVR
action. In essence, the Q is reduced only when the voltage at
PCC changes to a closer rated value.
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Fig. 10. System and control characteristics. Case B: Creating a AV reference.

As an example, the reference AV, can be calculated as it is
shown below, where the Q,..q is calculated by using a look-up
table similar to Fig. 3.

Ref = AV — Q:CC - Qrated (Pr:CC)

—ex ref K (1)

SLOPE

VI. SIMULATION RESULTS AND ANALYSIS

Fig. 11 represents the diagram of the simulated cases. The
WPP is connected to the sub-transmission system, where some
loads could be presented (L1 and L2). Upstream of this point,
the whole electrical system is reduced to an equivalent grid,
defined by its SCR and X/R.

Two loads are connected to the respective buses of the
OVL, which represents small costumer consumptions. In the
absence of specific information, the most commonly accepted

6

static load model is to represent active power as constant
source and reactive power as constant impedance (i.e., the
following indexes are used to represent the loads a=1, b=2)

[7].

The OLTC control has been modeled according to [15].

LI=L2=P+ jO =03+ j0.1 [pu]

pPCC
! OVL gi -
I \w}
oterz | M L2
N
RTU#2 Ref_ex

2

WPP

Fig. 11. Simplified diagram of the system for the simulated cases.

The simulation results show the WPP performance for a
grid voltage drop of 0.1 pu, when the schemes A (see Fig. 12)
and B (see Fig. 13) are implemented. Both schemes, including
the cases where the OLTC#2 is not operative (Tap out), and

when it is fully operative (Tap ok), are simulated.

In these figures are shown the tap position of the next
substation (Tap#2 position), the Q at PCC (Qpcc), the voltage
of the grid (Vgrip) and at the PCC (Vpcc), and finally, for the

case A, the offsetting signal (Q,) is shown.
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Fig. 12. Simulation results for the case A.
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Fig. 13. Simulation results for the case B

A. Simulation Results: Case A

It can be seen how in the case A, the WPP will inject its
maximum available reactive power into the power supply grid
if the measured grid voltage falls below a predetermined grid
voltage level, see Fig. 12-(c). When the controller detects that
the injected reactive power exceeds a rated reactive power
level, the amount of reactive power is reduced, and the
reactive power controller subsequently waits for the system to
react to this small reactive power reduction, see Fig. 12-(b).

After a certain time, the tap of the next substation moves
(Fig. 12-(a)), changing the transformer ratio, and increasing
the voltage of the feeder. This is sensed by the plant reserve
control, which will allow a further reduction of the injected
reactive power. The reduction of injected reactive power is
continued until the rated level is reached. See Fig. 12-(d).

If the tap changer of the next substation is not operative
(Tap Out curves), only the first reactive power reduction is
allowed, since no change in the grid voltage can be sensed by
the reactive power controller. Thus, in this scenario the
LOGIC module keeps Qg continuously frozen. See Fig. 12-(d).

It can be observed that the K,y action drives the Q to zero
when the Q injected gets below the Q,yq. See Fig. 12-(d).

B. Simulation Results: Case B

In the Case B, it can be seen that when the tap changer of
the next substation is operative (Tap OK), it will follow the
reactive power control references increasing its winding ratio
(Fig. 13-(a)), and the reactive power injected into the power
supply grid is reduced as a consequence of this voltage
increasing, see Fig. 13-(b).

The AVR will reduce its output in accordance with the new
voltage level (Fig. 13-(c)), thus, the reactive power is reduced
in accordance with a new equilibrium working point, once the
tap has moved. Obviously, when the tap changer is not

operative (Tap out), the reactive power is not reduced, since
no changes in the voltages are produced.

VII. CONCLUSIONS

This paper presents the implementation of VAr reserve
management system to wind power plants.

WPP energy-time profile characteristic makes WPP a
perfect candidate for such control. It is possible to say that
WPPs are often below their rated active power, hence having
unused reactive power compensation equipment most of the
time.

Additionally, two different reactive power reserve
management systems are proposed. Both control schemes are
tested by means of simulations.

The proposed VAr reserve system management schemes
use the maximum capability reactive power of the WPP.
Moreover, instead of slowly reducing the reactive power
injected without knowing if the nearby system compensators
are able to compensate for this, as normally other VAr
compensators do [5], two systems are suggested where by
indirect (case A) or direct (case B) methods, the reduction of
Q is done according to the availability of the nearby reactive-
voltage compensators.

One method (case B) is based on a reduction of the reactive
power by sending references to the next higher control level,
whereas the other method (case A) is based on a reduction of
the reactive power, driven by a supervisory control, which
allows a reduction of the reactive power in predefined voltage
steps. The last one is only preferred if the system can not be
communicated with the nearby compensators.
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Abstract— Modern wind power plants are required and
designed to ride through faults in the network, subjected to the
fault clearance and following grid code demands. Beside voltage
support during faults, the wind turbine fault current contribution
is important for relay protection settings.

The following wind turbine generator during faults have been
studied: (i) induction generator, (ii) induction generator with
variable rotor resistance (iii) converter-fed rotor (often referred
to as DFIG) and (iv) full scale converter.

To make a clear comparison and performance analysis during
3-phase faults, and the consequent effects on substation
protections, the aforementioned configurations have been
simulated using PSCAD/EMTDC, with the same power plant
configuration, electrical grid and generator data.

Additionally, a comparison of these wind turbine technologies
with a conventional power plant, with a synchronous generator,
has been simulated.

This paper addresses the difficulties that distance or
overcurrent relays can experience when they are used in wind
power plants. Whereas the short circuit contribution from power
plants with synchronous generators can be calculated on the basis
of the machine parameters alone, for wound rotor asynchronous
and full scale generators power plants, the converters or rotor
circuitry representation have to be taken into account for short
circuit current studies and relay settings.

Index Terms—Wind turbine generator, power system, faults,
doubly fed generator, full scale converter, short circuit currents,

distance relays.

1. NOMENCLATURE

C Capacitor

CB Circuit Breaker

CT Current Transformer

DC,AC Direct Current, Alternate Current
DFIG Doubly Fed Induction Generator
FSC Full Scale Converter

G Generator

1G Induction Generator

IGR Induction Generator with Rotor resistances
LV Low Voltage

P,Q Active, Reactive power

PCC Point of Common Coupling

PI Proportional and Integer

S Apparent power

Manuscript September 10, 2010.
J. Martinez and P. C. Kjaer are with VESTAS Wind System.
R. Teodorescu and P. Rodriguez are with Aalborg University.

SG Synchronous Generator
SCR Short Circuit Ratio
SET, SCL Substation, Short Circuit Level
V, 1 Voltage, Current
OVL Overhead Line
WPP, WTG  Wind Power Plant, Wind Turbine Generator
WPPT Wind Power Plant Transformer
WTGT Wind Turbine Generator Transformer
w Angular frequency
X, R Inductance, Resistor
Z Impedance
Subscripts

a,b,c Three phase quantities

d,q Direct and quadrature axes

ref Reference

m Measured

II. INTRODUCTION

With increasing penetration of wind power generation, the
requirements for the connection of WPP to the electrical
grid are defined by the new and emerging grid connection
codes. The grid connection requirements vary in different parts
of the world, but they have some common aims like permitting
the development, maintenance and operation of a coordinated,
reliable and economical transmission or distribution system.
The new requirements generally demand that wind farms
provide ancillary services to support the network in which they
are connected [1]-[2]. Wind turbine technology is evolving
from the direct connected IG or DFIG to the FSC with either
IG or SG, where better controllability of the current output can
be achieved.

These different technologies used in WPPs provide very
different short circuit current signatures, which should
influence the protection settings of the WPP. Whereas the fault
current in case of a SG can be calculated based on the
generator parameters and the impedance to the fault, this can
not be done with some of the wind turbine technologies, i.e.,
the DFIG and IGR technologies, as a consequence of the
dissipated energy in the rotor excitation during faults, and in
the case of the FSC technology the stator is connected to the
grid via AC/DC DC/AC converters. These WTGs are
controlled during faults in a manner that leads to a behavior
quite different from the SGs.



III. WIND TURBINE GENERATOR TYPES

Most of the wind turbines employ one of the electric-
mechanical energy conversion schemes depicted in Fig. 1, 2, 3
and 4. In the following, a brief explanation about these
technologies can be found.

Soft-starter
WTGT

Fig. 1. IG; fixed speed cage induction generator.

@ﬁ@

Fig. 2. IGR; variable speed wound rotor asynchronous generator with

variable rotor resistance.
;E? Rch% J_

Fig. 3. DFIG; variable speed doubly fed generator.

WTGT
FEAa D

Fig. 4. FSC; variable speed full scale conversion.
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WTGT

AC DC

DC AC

AC DC

DC AC

A IG

The fixed-speed squirrel-cage induction generator, Fig. 1,
requires a soft starter for being connected to grid, and employs
capacitor banks (in this case 4 steps are represented) for power
factor correction to compensate the generator reactive power
consumption. The generator electrical torque is not directly
controlled.

B. IGR

The variable rotor resistance wound rotor asynchronous
generator is a variable speed generator, Fig. 2, and allows
adaptation of the generator torque-slip curve to wind

conditions, in order to maximize the energy extraction. The
effective rotor resistance (R) is controlled by a power
electronic circuit involving a chopper switch. By adjusting the
duty cycle of the switch, the effective resistance applied to the
rotor circuit can be dynamically controlled. Therefore, the
torque can be controlled to achieve the desirable performance
[3].

Soft starter and power factor correction circuitry are still
needed, as for the case of IG.

A simple diagram of the controller is shown in Fig. 5,
where it can be seen how the duty cycle of the switch is
calculated based on two cascade PI controllers. A look-up
table, with the generator speed as an input, is used to generate
the active power reference.

Duty
Pres I et cycle nn
—»@)—» —> Ii » PWM [ —
P I rotor m

Fig. 5. IGR simplified diagram controller.

C. DFIG

The variable speed doubly-fed generator, Fig. 3, allows full
control of generator active and reactive power using the rotor-
connected frequency converter. Its rating is in the order of 0.3
pu. Operating both with sub- and super-synchronous speed the
power can be fed both in and out of the rotor circuit. The rotor
connected converter can employ various power dissipation
solutions (sometimes referred to as active crowbar located in
the rotor terminals or chopper located in the DC link bus bar:
R.y). The simplified control of the rotor converter is depicted
in Fig. 6, where the active and reactive power are controlled
using the d and q axes respectively.

I dref

Pret @_» : : Va ref
n
Pm | dm WrotorL| q ref
SVPWM %
A
Qref | q ref q ref

= et

I qm Wrotor Id ref

Fig. 6. DFIG simplified diagram controller
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D. FSC

With full scale (1 pu) back to back power converter, the
generator (this could be IG or SG) is effectively decoupled
from the grid. Generator power can be dissipated in the
converter DC link by means of a brake resistor (R.,), see Fig.
4. Reaction to the grid faults will be dependant on the grid
converter rating and its control. In Fig 7 it can be seen a
simplified diagram of the control of the converter connected to



the grid-side, which is the one of interest.
The d axis loop controls the DC-link voltage level, and the
q axis loop controls the reactive power supplied to the grid.

Vbcret | ref Vi ref
—» —
\ | Y
DCm dm U)gridl-lq ref

5
E
T

&@»K Iqrefx K X Vret

lqm WyrigL g ref

Fig. 7. FSC simplified diagram controller

IV. CASE SETUP

The following cases have been simulated in PSCAD
version 4.2.1 with a simulation time step of 50 ps. The same
base set-up case has been used with the four different WTG
models mentioned in section III. See Fig. 8.

In every case, the WTGs composing the WPP are
represented as an aggregated one. This aggregated WTG is
connected through its set-up transformer to the collector bus
by means of a subterranean cable. This collector bus is step-up
to the high voltage level, by means of the substation
transformer, WPPT in Fig. 8. The high voltage terminal of this
transformer is connected to the next substation through an
overhead line. Upstream of this point the whole electrical
system is reduced to an equivalent, defined by its SCR and
angle.

The subterranean feeder cables are modeled as a PI
equivalent with an X/R ratio of a 240 mm?” section cable and a
total impedance of 1 % (Zue)- The OVL is modeled as a PI
equivalent, with the characteristic X/R ratio of a 150 mm>
section OVL, and with a total impedance of 2 % (Zoy). The
substation and WTG transformers are modeled with 12 % and
8 % impedance and an X/R ratio of 24 and 10 respectively.
See more data simulation details in the appendix tables.

Grid
Currents
_—>

Wind turbine model

L=~ _ _ > Grid
Voltage
WPPT

Fig. 8. Simulated base-case system diagram.

The grid is represented by an equivalent Thevenin circuit
with a SCR of 10 and a grid angle of 75 degrees (Zyq). The
impedance to the fault (Zg,,) is calculated accordingly to make
a voltage divider with the desired ratio. The fault is applied
after the OVL, following the scheme depicted in Fig. 8.

V. PROTECTION SHORT CIRCUIT CURRENT COORDINATION

Modern wind power plants are required and designed to
ride through faults in the transmission and distribution
networks, subjected to fault clearing.

Fig. 9 represents a typical OVL protection system for a
WPP with a radial connection, where a distance relay (21),
which basically would trip for faults up to a certain distance
away from a substation but not beyond that point, and an earth
directional overcurrent (67N) protection relay are used. ANSI
device numbers are used for the representation of the relays
[4].

In Fig. 9 only the relay functions at PCC related to OVL
protection have been plotted.

Zow [

Fig. 9. OVL current protection diagram.

VI. SIMULATION RESULTS

In the following, each of the generator types, shown in
section III, has been subjected to a simulated 3-phase bolted
short circuit. The test circuit used in the simulations is shown
in Fig. 8. In all of the following simulations the residual
voltage at PCC is 0.1 pu, the pre-fault active power is 1 pu,
and power factor 1 at WTG terminals. The fault is cleared
after 500 ms.

In the following simulations, 3-phase short circuits are
applied at time O seconds. The voltages and currents seen at
PCC during the simulations are shown.

In all the simulated cases, the current and voltage
waveforms have been processed using a sixteen samples cycle,
full cosine cycle filter, as it is particularly suited for protective
digital relaying, while extracting the fundamental, the filter
rejects all harmonics including the decaying exponential [5].

The following figures show the instantaneous 3-phase
values of the real (blue color line) and processed data (red
color line), as well as the envelope of the instantaneous 3-
phase values of the real (solid blue line) and processed data
(dashed red line) of the voltages and currents at PCC. The
used indexes for the instantaneous and the envelope of the
instantaneous data in the figures are: ;. and ¢pyeiope respectively.

A IG

As the squirrel-cage induction generator is uncontrolled, it
sources a large reactive current and demagnetizes based on
generator and grid impedances. Upon the recovery of the line
voltage, the re-magnetization of the generator will sink a large
reactive current. See Fig. 10.



| [P

envelope [pu]

\

\

Fig. 11. 3-phase fault, IGR case.

Upon the rise of the stator current, the rotor current will
exceed its reference value, L. in Fig. 5, and the power
electronic switch is continuously off, leading to the maximum

rotor resistance value, necessary for limiting the rotor current.
This causes a rapid dissipation of energy as the generator
demagnetizes.

The resulting stator currents exhibit a much lower AC
component than in the case of the squirrel cage induction
generator.

Once the rotor current falls below its reference value from
pre-fault operation, the power electronic switch can actively
modulate the effective rotor resistance again, and can bring the
current back to its reference value (subject to limitations by
stator voltage range restrictions). See Fig. 11.

Fig. 13. 3-phase fault, DFIG case.

DFIG technology can present different short circuit current
response depending on the fault severity. Usually, for severe
faults the rotor converter can be blocked during certain time to
protect itself against high currents. Upon the rise of the stator
current, the rotor current forces the rotor connected converter
to block and its diodes to freewheel, which charges the DC
link rapidly.

The brake chopper maintains the DC voltage level by
turning on the DC link chopper in full conduction mode (no
chopping). Once the rotor currents fall below their protection
levels, the rotor-connected converter resumes switching and
the rotor windings are subjected to a controlled voltage, which
will cause the injection of reactive current according to the
stator voltage level.

The I, reference is calculated according to the stator voltage
(VLy) and usually it is defined by the grid codes, see Fig. 12.
Thus, the WTG supports the grid voltage recovering process



[6-8]. The I, injected during the fault can be seen in Fig. 18.
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Fig. 14. 3-phase fault case FSC.

The grid connected converter could have several behaviors
depending on the sizing of the electronics, control capabilities
and fault severity, i.e. the following two cases are presented:
(i) blocks its switching upon over-current limit, and then
resumes switching action to produce 1 pu or other reactive
current level, (ii) blocks switching during the entire fault
period [9].

Only the case (i) is shown in Fig. 14, due to the fact that the
fault simulated is located at PCC, far away from converter
terminals, having in between the converter terminals and fault
location: the subterranean cable, the OVL, the WTG and the
WPP transformers impedances, therefore, reducing the risk of
reaching high peak current values.

As can be seen in Fig. 18 the FSC will inject 1 pu I, as fast
as the control is ready (it can be said that the transient is a
control transient and not a electromagnetic transient, lasting
only several ms), according to the reference calculated upon
the stator level (Vry). See Fig. 12.

E. SG

In this case, a synchronous generator with round rotor and
one damping circuit has been tuned to have similar response
than the short circuited generator used in the other cases [10].

This has been done to compare the previous cases with a
conventional power plant with a synchronous generator.

The SG shows during the fault, see Fig. 15, a fundamental
frequency oscillatory component, due to interaction with the
rotor field, and a unidirectional component caused by the
fundamental frequency induced in the rotor. Generator and
grid inductances will dictate the rotor and stator current decay
times.

Fig. 15. 3-phase fault, SG case.

VII. IMPEDANCES TO THE FAULT AND MAXIMUM PEAK
CURRENT VALUES

A list of the different maximum peak values obtained in the
simulated cases are depicted in table 1, as well as a
comparison of these peak values with the one obtained for the
SG.

TABLEI
MAXIMUM SHORT CIRCUIT PEAK CURRENTS

IG DFIG  IGR FSC SG
Tpeak [pu] 3.9 2.5 2.5 1.4 4.2
Lpeak relative to SG [pu] ~ 0.93 0.61 0.61 0.33 1.00

Voltages and currents extracted from the previous cases
have been processed using the sixteen samples cycle, full
cosine cycle filter algorithm [11]. With these values, the



different impedances to the fault (Z4 = V/I) are calculated and
shown in Fig. 16.

Z Jpul

0.05 0.1 0.15 0.2 0.25
time[s]

Fig. 16. Impedance to the fault for the different WTGs.

VIII. ANALYSIS OF THE RESULTS

As the waveforms in the previous graphs demonstrate, the
short circuit contribution from different turbine technologies,
using the same generator but different circuitry attached to the
rotor or stator, vary widely.

Generally speaking;

a) The IG and the SG behave similarly, as they both
preserve the rotor field well into the duration of
the fault. Therefore, they exhibit very similar
current to the fault, showing high peak currents
and high AC current component.

b) The IGR and the DFIG both dissipate significant
power on the rotor side during faults, and therefore
shorten the rotor decay times, which implies the
following: reduced peak currents, and lower AC
current components. This low AC component
could lead to a bad function of the distance relays
when classifying the zone where fault is located
(as it can be seen in Fig. 16). Using differential
relays should be considered instead of distance
relays. Moreover, this low AC component could
be a problem for the breaker operation when trying
opening currents at non zero crossing and
saturation of the CTs should be a concern as well.

c) The FSC separates itself by virtually no difference
between nominal and short circuit current
amplitude. Short circuit current will be dependant
on control and converter sizing. This technology
exhibit low and short duration peak current during
faults. In any case, the use of overcurrent relays
could be a concern if the grid connected converter

is blocked and consequently there is no current
injection to the fault, or if it is not blocked and
injects currents close to the rated value without
any transient.

IX. CONCLUSIONS

WPPs comprise very different technologies compared to the
SG power plants. The four most common wind turbine
technologies (all of them using the same main electrical
components: generator and transformer) and a SG with the
same equivalent generator impedances have been subjected to
a 3-phase fault at the PCC showing that they exhibit very
different short circuit current signatures.

The consequences of having quite different short circuit
behavior than the SGs are shown when using distance or
overcurrent protection relays.

DFIG and IGR technology could lead to a malfunction of
distance relays when detecting the zone where the fault is
located, due to the low AC component in the injected short
circuit currents, see Fig. 16. FSC technology could lead to
problems when adjusting the overcurrent relays due to low
short circuit peak values, additionally a permanent blocking of
the converter will affect the correct distance relay operation
too. See Table I.

Therefore, when there are not enough available data of the
WTG circuitry and controls to make a proper short circuit
study, the following combinations should be treated very
carefully: DFIG-distance protection, IGR-distance protection
and FSC-overcurrent protection.

For the DFIG, IGR and FSC, the circuitry attached to the
rotor or stator of the generator and its control are influencing
heavily the behavior during faults. Different control for same
topology (same circuitry) could lead to different short circuit
behavior, having the consequence that different manufacturers
offering same topology could present different short circuit
response.

As a conclusion, the WTG circuitry and its control should
be represented correctly when studying short circuit currents
from wind power plants, even in the cases of the DFIG or IGR
where the converters represent only a small fraction of the total
power. This shows the need of a standardization process for
the WTG representation during faults and the importance of
collecting the right data for short circuit studies for all WTG
technologies.



X. APPENDIX

TABLE I
ELECTRICAL DATA OF WIND TURBINE

Parameter Value Unit
Sbase 2100 [kVA]
Vhase 0.69 [kV]
Electrical frequency 50 [Hz]
Stator Resistance 0.006 [pu]
Rotor Resistance 0.009 [pu]
Mutual Inductance 3.422 [pu]
Stator Inductance 0.072 [pu]
Rotor Inductance 0.101 [pu]
S step-up transformer 0.69:20kV 2100 [kVA]
Z step-up transformer 0.08 [pu]
TABLE III
ELECTRICAL DATA OF THE SYSTEM

Parameter Value Unit
Xcable 065 [%]
Rcable 0.83 [%]
Ccable 1.66 [%]
XovL 1.81 [%]
Rowvr 0.89 [%]
CovL 0.51 [%]
XwppPT 11.91 [%]
Rwepr 0.49 [%]
XGRID 9.66 [%]
Rerip 2.58 [%]
High voltage level 115 [kV]

Fig. 17. P and Q at PCC for the different WTGs.
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Fig. 18. Iq injected at LV for the FSC and DFIG.
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ABSTRACT

Modern wind power plants are required and designed to ride through faults in electrical networks, subject to fault clear-
ing. Wind turbine fault current contribution is required from most countries with a high amount of wind power penetra-
tion. In order to comply with such grid code requirements, wind turbines usually have solutions that enable the turbines
to control the generation of reactive power during faults. This paper addresses the importance of using an optimal injec-
tion of active current during faults in order to fulfil these grid codes. This is of relevant importance for severe faults,
causing low voltages at the point of common coupling. As a consequence, a new wind turbine current controller for
operation during faults is proposed. It is shown that to achieve the maximum transfer of reactive current at the point
of common coupling, a strategy for optimal setting of the active current is needed. Copyright © 2010 John Wiley &
Sons, Ltd.
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NOMENCLATURE PCC  point of common coupling
RC rotor converter
j complex number rms root mean square
G generator SCR  short-circuit ratio
X, R reactance and resistance VT voltage transformer
P, Q,S active, reactive and apparent power WPP  wind power plant
T torque WTG  wind turbine generator
VvV, 1 voltage, current
d,q direct and quadrature
ref. reference
mech.  mechanical 1. INTRODUCTION
elec. electrical
With increasing penetration of wind power generation',
the requirements for the connection of wind power plants
ABBREVIATIONS (WPPs) to the electrical grid are defined by new and
emerging grid connection codes. The grid connection
AC alternate current requirements vary in different parts of the world, but they
DC direct current have a common aim: to permit the development, mainte-
DT distribution transformer nance and operation of a coordinated, reliable and eco-
DFIG doubly fed induction generator nomical transmission or distribution system. The new
LV low voltage requirements generally demand that WPPs provide ancil-
LVRT low-voltage ride through lary services to support the network in which they are
OVL  overhead line connected.””

Copyright © 2010 John Wiley & Sons, Ltd.
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The method used some years ago, disconnection of
wind power generation after a network fault or having a
great amount of reactive power consumption during faults
and post-faults, due to remagnetization of the generator, is
no longer acceptable for grid operators, e.g. EON or REE
from Germany and Spain, respectively. The reasons for
these requirements are mainly two: possibility of voltage
collapse in the recovery time after the fault, due to high
reactive power consumption, and loss of synchronism if
there is a massive wind power disconnection.

During grid faults, there is an imbalance between
mechanical power absorbed by the wind turbine and elec-
trical power injected into the grid. This imbalance in
power is transformed into rotational speed increase.

Currently, most wind turbine generators (WTGs) can
reduce very fast the mechanical power absorbed by the
wind turbine by means of changing the angle of the blades;
therefore, disconnection due to overspeed problems are not
present anymore. During faults, the doubly fed induction
generator (DFIG) will use the converter attached to the
rotor to overmagnetize the generator, and thus injecting
reactive current into the electrical network, as the grid
codes ask for.

2. MAXIMUM REACTIVE CURRENT
INJECTION AT POINT OF COMNMON
COUPLING

Most WPPs are connected through overhead lines (OVLs)
to distribution or transmission systems, having a similar
scheme to the one represented in Figure 1. For the sake of
simplicity, an aggregated WTG is used to represent the
whole WPP. Usually the point of common coupling (PCC)
is located in bus number 5 or 4.

When a fault is located close to bus number 6 or 5, the
system can be represented and simplified as is shown in
Figure 2. In the figure, Z is the impedance from the WTG
terminals to the PCC (equivalent impedance from bus
number 1 to 5 in Figure 1), Zp is the impedance to the fault
from the PCC bus, and z ¢ 1s the equivalent impedance of
the grid at the PCC.

The following equations are extracted using the system
represented in Figure 2:

VPCC = KGVG + Kw/VWTG (1)
Vivre = Es(cos(a) +sin(a) /) )
Vi = vg 3)

® ®

@
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where « is the angle between vectors Vp“ and an,
Supposing that the impedances Z Z r and Z ¢ have the
same angle, then

ZF = Kzzc (4)
Z=KZg )
Z=R+Xj (6)
B Z:Z B KK, o
ZZ+ZiZ+Z6Zr K +KK,+K,
Z:Z K
Ky=s5—5="——== : ®)
ZZ+Z:Z+Z:Zr K +KK,+K,

where the parameter K| is related to the short-circuit ratio
(SCR) between the WPP and the grid, and the parameter
K, is related to the distance of the fault to the PCC or
basically the remaining voltage at the PCC.

I, and I, are the quadrature current and direct current
(DC) with respect to the voltage vector at the point where
they are measured, and they are calculated following IEC
61400-21.*

In order to calculate the I, value at the PCC (/,
next equations are used:

_pcc)s the

#

- T [ /S, 7/
Spcc = Prcc + QPCCj =Vecels = Vpce [%:‘ )]
Py
Iy pec = 7 CCI (10)
PCC
I, pec = I%CCI (11)
PCC
GRID vG _G VPCC 2 _WTG WTG
-S5O
—le> L . <ls
| Ze
NS

Figure 2. Simplified system diagram.

WTGT WTG

® @ O

Figure 1. Simplified connection diagram of a WPP.
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The amplitude of the WTG terminal voltage can be
calculated using equation (12), where I, yr¢ is the I, mea-
sured at the WTG terminals:

I, wicZ® +veKg(Rsin (o) + X cos(a))
X(l - wa)

Es = (12)

For calculating the maximum injection of the reactive
current at the PCC, equation (20) is used, which is derived
form the previous equations, obtaining thus the optimal
current injection angle (¢,,):

R
X(zxwf—l)j 49

Oy = arctan(
Using the optimal angle [equation (13)], the /, that has
to be injected at the WTG terminals (I, yrs) is obtained:

(14)
- wa)J

Equation (14) has two solutions. The second term in the
equation will be negative when 2K, < 1, and this is our
case since K,, is almost proportional to the remaining
voltage at the PCC, and since this control will be used for
voltages below 0.5 pu, 2K, will be always below 1.

veKg
JZ2 +4X* (K%,

R
Id,WTG = X[Iqwm +

2.1. Practical example

In this practical example, the diagram depicted in Figure
2 and the data X = 0.25 pu, X/R =6.5, K, =15 and K, =
0.1 are used.

Active current control during grid faults

The following case is presented to highlight the differ-
ences in the reactive current injected at the PCC when
using this new control strategy.

In Figure 3, two curves can be seen, representing the I,
injected by the WTG as a function of the I, measured at
the PCC. The curve ‘I, pcc’ is obtained when the WTG is
injecting a /, that follows a constant ratio value; I, w6 =
1, wrc cos(70°). The other curve, ‘I, pcc o, is calculated
when using equation (14) in obtaining the /, injection;
LLWTG = Id,WTG,npz-

The vertical axis of the graph is the reactive current
injected by the wind turbine, and the horizontal one is the
resulting reactive current measured at the PCC.

When using equation (14) for the I, calculation, it
can be seen that the reactive current value at the PCC is
maximized for any reactive current generated by the wind
turbine.

In Figure 4 is depicted the injected /, by the WTG as a
function of the injected I, by the WTG. In one case, the
injected 1, is following a constant ratio; I,y =
I, wrg cos(70°), curve ‘I, yrg' and the other curve, ‘I, yrg_
o » are calculated using equation (14).

2.2. Influence of the grid parameters
on I, pcc injection

The diagram in Figure 2 has been used in studying 7, pcc
when varying the different parameters of the system.

* In Figure 5, the parameter K, is varied, and X/R = 6.5,
X=0.25, K, =10 and I, wrc =1, wrc cos (70°) are kept
constants.

* In Figure 6, the parameter K| is varied, and X/R = 6.5,
X =0.25, K, = 0.1 and 1, wr¢ = 1, wrc cos(70°) are
kept constants.
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o
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~
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Figure 3. /, at PCC for optimal and non-optimal /, controls.
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Figure 4. /, at the WTG using optimal and non-optimal /, controls.
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Figure 5. /, at the PCC for different K; values.

e In Figure 7, the parameter X is varied, and X/R = 6.5,
X=0.25,K,=0.1,K, =10 and I, yr =1, wrc cos(70°)
are kept constants.

 In Figure 8, the parameter X/R is varied, and X = 0.25,
K,=0.1, K, =10 and 1, wrc = I, wrc cos (70°) are kept
constants.

As a conclusion of the previous graphs, it is possible to
say that the parameters that influence the most the /, mea-
sured at the PCC are the total impedance to the PCC, the
remaining voltage at the PCC and the X/R ratio of the total
impedance to the PCC.

Higher impedance values from the WTG to the PCC
and lower voltages at the PCC make necessary a strategy
for the I, injection at the WTG terminals in order to
achieve higher /, levels at the PCC.

3. STUDIED CASE

Data of a real WPP have were used to analyze the per-
formance of the DFIG during three-phase faults with
the new control scheme. Simulations in the PSCAD
program were carried out to show the relevance of the

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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Figure 7. /, at the PCC for different X values.

1, wre injection in order to fulfil the grid codes when asking
for a high amount of reactive current at the PCC during
low-voltage (LV) events.

The studied case was formed by a WPP of 25 DFIGs
connected through a cable collector system to the main
substation transformer, which is connected with an OVL
to the PCC.

The DFIGs were modelled as an aggregated single
WTG, as can be seen in Figure 9. The collector system of
the WPP consisted of four radial underground feeders with
up to seven or six WTGs on a single feeder. The four
feeders were collected at the 22 kV substation and fed into

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/we

a 55 MVA, 132/22 kV transformer. The cables and the
OVL were modelled using an equivalent section. The grid
was modelled as an ideal voltage source in series with an
equivalent impedance, which represents the SCR of the
grid. The impedance to the fault (Z,,) was calculated
accordingly to produce the desired voltage level at the
PCC.

The whole setup of the case can be seen in Figure 9,
where three-phase faults were applied at the PCC in order
to check the performance against the low-voltage ride
through (LVRT) grid code requirements using the new and
the existing control for ; wre.



Active current control during grid faults

J. Martinez et al.

lq_PCC [pu]

Figure 8. /, at the PCC for different X/R values.

Verip PCC | pcc

WPPT

WTGT

ZcasLe

Figure 9. Diagram of the simulated case.

Table I. Data of the WWPP components.

X (%) XIR
Zerip 9.8 6
Zow 12 3.3
WPPT 10.9 24
Zeapie 1.4 1.1
WTGT 7.6 9.8

The impedance and X/R ratio of every component in
Figure 9 are depicted in Table 1.

3.1. Grid code requirements for LVRT

The grid code P.O. 12.3 of REE’ covers the requirements
for WPPs to ensure the right operation of the system
during faults and LV events.

The PCC is defined as the point of connection to
the transport or distribution grid where the energy is
evacuated.

A

0.91

Igpcclpu]

P
0.5 0.85 VpCC[pU]
Figure 10. Requirement for the injected reactive current as a
function of the voltage at the PCC.

The requirement says that during faults and post-faults
(voltage recovery periods), the WPPs should remain con-
nected to the grid. Besides, during faults, the WPP instal-
lation should contribute to the system with the maximum
reactive current possible for every voltage level, as is
depicted in Figure 10. No active current consumption is
allowed, except during the first 150 ms of the fault and
post-fault times.

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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3.2. DFIG technology

The variable speed doubly fed generator (see Figure 11)
allows full control of the generator active and reactive
powers using the rotor-connected frequency converter. Its
rating is in the order of 0.3 pu. Operating both in the sub-
and the super-synchronous speed, the power can be fed in
and out of the rotor circuit. The rotor-connected circuit can
employ various power dissipation means during fault
periods, sometimes referred to as active crowbar when it
is located in the rotor terminals or chopper when it is
located in the DC link bus bar (R, in Figure 11).%7

In the DFIG, the converter connected to the rotor is
controlled during short circuits in a manner that makes /,
current injection following grid code requirements and I,
injection following the active power reference (P,,) from
the power controller, which is the control that allows
maximum power tracking for every wind speed and,
together with the pitch system, ensures that the generator
rotational speed is between limits.

If the maximum current level of the converter is reached
during fault periods and since I, has priority to fulfil grid
codes, I, will fill the gap between /, and the rated converter
current.

The grid connected converter (GC in Figure 11) is used
for DC link bus bar voltage control since getting the
voltage level of the DC link between margins will avoid
disconnection of the WTG.®

3.3. Control implementation in the WTG

The proposed changes in the WTG controller allow
maximum /, injection at the PCC by means of the esti-
mated impedance from generator terminals to the PCC and
the voltage fault level at the PCC.

Since 1, is related to the active power injected by the
WTG, any change in the original /, control has to take
into account the impact into the mechanical WTG system.
However, since this new control will be applied for faults
causing very LV levels at generator terminals, it is expected
that there will be almost no active power flowing into the
grid; therefore, the affection to the mechanical system,

7\
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compared with the previous control, will be almost the
same.

Using the assumptions v = 1, K = Vpec and K, << Z,
equation (14) can be simplified in order to achieve a
simpler implementation in the WTG controller; thus, equa-
tion (15) is obtained.

(15)

R V
Id,WTG = }(L,,WTG - PCC)

Z

The impedance Z, from generator terminals to the PCC,
could be estimated in different ways. Since this controller
is going to be used for low voltages at the PCC, the error
in the Z value was mitigated compared with the term I, yrc.

In this control implementation, the data available for the
project were used to calculate the theoretic Z value. Some
deviance, with the real Z, was expected due to the toler-
ances in the data and different loading temperatures, but
as it was mentioned before, the affection to the total 1, wr¢
was negligible.

Simulations can be seen in Figure 20, in Section 4.2,
where an error of £10% is introduced in the Z and X/R
terms.

The voltage at the PCC (V) will be calculated using
the minimum root mean square (rms) value measured at
the LV side of the WTG during the event.

Using equation (15) for calculating the /, rotor current
reference, 1, ., the I, ,,, that is possible to inject for differ-
ent grid conditions [equation (16)] can be calculated
without exceeding the rated current / of the rotor converter
(RO):

Is2 = 3_rﬁf + It%_ref (16)
R%Vpee £ 1222 (X* + R°X?) = X°RVpee
Iqiref = Z3 (17)

A positive sign is used for the second term in equation
(17) in order to get the maximum /, injection.

Figure 12 shows an example of /, , and I, ., obtained
for different voltage levels at the PCC and different induc-
tances (X) when using /;, = 1 pu and X/R = 6.5.

WTGT

RC

DC link

GC

AC “u‘% 1 |pe
DC i AC

Figure 11. DFIG, variable speed doubly fed generator diagram.
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Figure 12. Current references d-g using the proposed controller.
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Figure 13. Diagram of the proposed controller.

A simplified diagram of the proposed controller imple-
mented in the WTG is depicted in Figure 13.

The voltage measured at the LV side of the WTG was
processed for rms calculation in the block called ‘Vy’.
Afterwards, this voltage was used for calculation depend-
ing on whether the optimal /, control is going to be acti-
vated (position I) or not (position II).

In the present case, 0.2 pu was used as the triggering
level.

I. If V, was below 0.2 pu, then the references for 1, and
1, were calculated using equations (15) and (17), and
the Vpce used in these equations was calculated in
the block called ‘MIN’, where the minimum rms
voltage was detected during the event.

IL. If V, was above 0.2 pu, then the reference for 7, was
calculated according Figure 11, and the reference for
1, was calculated following the power controller ref-
erence (P,,). This power reference was translated
into a current reference in the block ‘Power —
current’.

4. SIMULATION CASES

The simulation test setup can be seen in Figure 9. In
the simulations, three-phase faults at the PCC, of 0.5 s
duration, were applied at a time equal to 8 s. The faults

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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simulated will cause the voltage at the PCC to decrease to
10% of the rated value.
The fault was applied for two different control cases:

control that uses the I, reference calculated by the P,

(case A: present control performance) and control based
on the diagram in Figure 13 (case B: proposed control
performance).

The currents and voltages at the PCC and at the WTG
generator terminals were plotted in order that a clear com-
parison of the performance can be done.

Mechanical and electrical torques were plotted as well
for both cases in order to make it possible to check the
assumption of low impact in the electrical torque when
using the new control compared with the original control
scheme.

For case B, as it was explained in Section 4.3, the
impedance value Z and X/R were introduced off-line since

Active current control during grid faults

these data are known from the project of the WPP. In order
to check the influence of possible deviances in the oftf-line
data values with the real ones, four more cases were sim-
ulated. For these cases, a value deviance of £10% with the
real ones was introduced in the WTG controller.

Positive values of I, and , indicate WTG injection of
active and reactive powers, respectively.

4.1. Present control performance

Results of the present control performance are shown in
this section (Figures 14-16).

4.2. Proposed control performance

Results of the proposed control performance are shown in
this section (Figures 17-20).

Id [pu]

Iq [pu]

t[s]

Figure 14. /,and /, at the WTG and PPC.
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Figure 15. Voltages at the WTG and PPC.
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Figure 16. Mechanical and electrical WTG torques.

For this specific case, off-line data can be used since
the deviance effects in the I, injection at the PCC were
acceptable.

4.3. Analysis of the results
Figure 14 shows the value of the active and reactive cur-

rents at the PCC and WTG without the new current control,
and Figure 17 shows the value of the active and reactive

currents at the PCC and WTG with the proposed current
control.

With this new current control can be seen (Figure 17)
how the injected I, by the WTG was maximized at the
PCC, and therefore the fulfilment of the grid codes regard-
ing LVRT is possible.

In Figures 16 and 19 can be compared how the resulting
torque with the new controller was very similar to the one
achieved by the old one, and thus not stressing, more than
previously, the mechanical system.
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Figure 17. /;and /, at the WTG and PPC.
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Figure 18. Voltages at the WTG and PPC.
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5. CONCLUSIONS

The I, measured at the PCC for grid conditions with high
impedance levels from generator terminals to the PCC and
during LV events will be influenced drastically by the I,
injected by the WTG. Therefore, to keep control of the I,
at the PCC, a new WTG control strategy was defined for
LV events, thus reaching high levels of /, injection at the
PCC, as most of the grid codes are asking for.

The control implementation for calculating the current
references can be simplified neglecting the coefficients
that include the impedance data of the grid and the fault,
making possible the use of an off-line data Z, based on the
available project data.

In conclusion, attention should be drawn to the impor-
tance of the particular ratio between d and ¢ injected
current during short circuits to fulfil the grid code require-
ments related to LVRT.

APPENDIX

—vKGEs(Xsin(a)+ Rcos()) +
2v6KGREsK s cos(0) + ve KGR+ ESK, R(K,; —1)

Z2 VK2 +2v6K K, Es cos () + K2 E3

Id,PCC =
(A1)
voKGEs(Rsin(o)— X cos(a))+

2v6KGXEsK s cos(@) +veKGX + EXK, X (K,; —1)
72V K2 +2v6K K, Es cos (o) + K2 E2

Iq,PCC ==

(A2)
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ABSTRACT

This paper addresses the representation of the wound rotor asynchronous generators by an equivalent synchronous gen-
erator, valid for short circuit current calculations.

Modern wind power plants are required and designed to ride through faults in the network, subjected to fault clearing.
Accurate knowledge of the wind turbine short circuit current contribution is needed for component sizing and protection
relay settings during faults within the wind power plant collector system or in the external networks.

When studying fault currents and protection settings for wind power installations, the industry standard is to employ
software packages where generators are represented by their equivalent synchronous generator operational impedances.
Hence, it is of importance to represent non-synchronous wind generators by an equivalent synchronous generator.
Copyright © 2010 John Wiley & Sons, Ltd.

KEYWORDS
Wind turbine generator; operational impedances; simulation; doubly fed induction generator; short circuit currents; synchronous
generator

Correspondence
Jorge Martinez, Vestas Wind Systems R&D, Power System Analysis Global Research, Arhus, Denmark.
E-mail: jomga@ vestas.com

Received 28 September 2009; Revised 26 February 2010; Accepted 04 April 2010

NOMENCLATURE

AC alternate current

DC direct current

DFIG doubly fed induction generator

EMT electromagnetic transient

f frequency

GC grid converter

IG induction generator

IGR induction generator with rotor resistances
IGBT insulated gate bipolar transistor

L,R,C inductance, resistance, and capacitance
RC rotor converter

S laplace term

SG synchronous generator

SCR short circuit ratio

T, T, T’ open, stator, and rotor circuit time constants
T,G transformer and generator

V, 1 voltage, current

Copyright © 2010 John Wiley & Sons, Ltd.
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X subtransient reactance
X’ transient reactance

X reactance

WTG wind turbine generator
A flux

w speed
SUBSCRIPTS

r, s, m rotor, stator and mutual
f field

o leakage

ch chopper

d, q direct and quadrature

1. INTRODUCTION

DFIG technology is widely used in the wind industry. The variable speed and the reduced size of the power converters,
normally 25% of the generator power but high controllability, offer a very competitive market solution.

Since wind power is growing drastically, reaching high percentages of penetration into the power system becomes
necessary to have a representation of the DFIG technology in standard simulation programs. When simulating the DFIG,
especially during faults, the most prudent method would be to use EMT simulation programs, employing a simulation
model of the complete wound rotor asynchronous machine, based on the equivalent circuit diagram depicted in Figure 1.
This can be done if the parameters and control circuitry are available, but it is not always possible to get this detailed
data. Whenever this is the case, an EMT program employing a simulation model of the SG, with its parameters fitted to
match the DFIG under specified fault conditions, can be used. If a static short circuit calculation program is used, e.g.,
ASPEN, ETAP or SKM, then the SG parameters can be entered. However, different SG parameters may be required for
different fault studies.

Whereas the short circuit contribution from SGs can be calculated on the basis of the machine parameters alone, the
wound rotor asynchronous generators vary their rotor circuits during faults and this has to be taken into account.

In the DFIG, the converter connected to the rotor is controlled during short circuits in a manner that makes these
generators perform rather differently than SGs and their excitations normally do. In essence, the active rotor circuit
depletes the generator magnetization much faster than SG excitation can do. This causes the DFIG stator short circuit
current contribution to exhibit a very low AC component. This excitation control, being non-linear, increases the com-
plexity of making the translation into operational impedances.

For severe faults, the rotor converter stops switching; the converter enters in blocking state to protect itself against
high currents, losing the controllability of the rotor excitation. During this period, it is expected to have uncontrolled
power going into the DC-link, causing the increase of the DC-link voltage. As a consequence, the protective action of
the chopper during these events is needed.

IR% AC Rch J/ICh ICJ/ JC_
oo | [ T

RC GC

Voc—>
lw)
(@]
lo_
(@]

AC

Figure 1. DFIG electrical single line diagram.
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The DFIG with chopper protection dissipates significant power on the rotor side during faults, therefore, shortens
the decay times and reduced peak currents are expected than for squirrel cage induction generators and synchronous
generators.

2. DFIG BEHAVIOUR DURING FAULTS

In the DFIG technology, one converter, RC, is connected to the rotor of generator controlling the excitation of the gen-
erator and is connected via DC-link to another converter, GC, which controls the voltage level of this DC-link." Usually,
as a protective regulation unit, a chopper R, is installed in the DC-link. See Figure 1.

During grid fault periods and depending on the short circuit current level, the converters could enter into blocking
state, meaning that they would stop the switching of the IGBTs. When the fault current level is under some pre-set
threshold level, the converters resume the switching, enabling the generator to supply a predefined value of reactive current
according to the remaining stator voltage. Normally, this reactive current level is specified by the local grid codes.” If the
fault location is sufficiently remote from the generator terminals, the converters will not be blocked, controlling the cur-
rents in every instant and, therefore, not presenting almost any current transient phenomena.

2.1. Slip influence in the short circuit currents

In this section, the slip influence in the short circuit currents is evaluated. DFIG machines have variable speed. The
rotational speed range of the generators varies depending on the wind turbine manufacturer, but it is mainly in the range
of £15% of the synchronous speed.

One of the main differences between the SG and the DFIG is the variable rotational speed range, allowed by the
operation of the rotor converter.

In order to check the slip influence in the short circuit current peak value, the space vector equations (1) and (2) are
used, which are obtained from Figure 2.'

Figure 2 shows in synchronous reference frame the steady state representation of DFIG with the excitation of the rotor
circuit V.. The non-saliency in the stator and rotor windings makes no difference between d-q axes.

K:(RS+Lxs)£+Lmin+ja)s(LS£+LmIi) (1)
V.=(R.+Ls), +L,sl + jcoxslip(L,Ii, + L,,,Q) 2)
where

Li=L,+ L 3)
L=L,+L, “4)
slip=2"¢ )

The stator flux is defined as follows.
¢ =Lnl, + LI (6)

By using equations (1), (2), and (6) and replacing V, = 0 and slip = 0, it is possible to obtain the L,(s) of the squirrel
cage induction machine. By analogy with the synchronous machines is called the operational inductance of the induction

Rs Xso joshs (ws0)k X Re
S + +

Figure 2. DFIG representation.
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S

Figure 3. IGR single line diagram.

machine. The DFIG operational inductance can be obtained in the same way by using the slip #0 and since the rotor can
be considered short-circuited by the chopper during severe faults V; = 0, see Figure 3.
By using V= 0 and I = 0 for calculating I, and then replacing it in equation (6), it is possible to obtain equation (7).

Ls>+R + slip’ L, w?* Vi (Rw?+ L.w,s)+V, (wL,sli
Aas(s)=| L= L, 22 = 2 Szlp ra;x 2\ 2 |lds T 2d2( ) zq( 2 A;lp)z M @)
Ls* +2R.L,os + (R + slip’ L)) @; Ls* +2R.L,os + (R + slip’ L) @;
Further, by replacing V; = 0, equation (8) can be obtained.
L.s>+ R w,s + slip”’L,w?
L) =L, -y S OS2 ®)

Ls* +2R. L@, + (R? + slip* 12 ) &

Therefore, equation (8) can be used to evaluate the slip influence in the peak currents when a sudden three-phase short
circuit occurs. From the initial value theorem, L(s) at initial time (fime — 0, s — o) becomes L}, which can be termed
the transient inductance of the DFIG machine.

LrLs - L%n
L{=Lim,,.L(s)=—— )
Lr
Regrouping equation (8) in terms of leakage inductances:
L,L
L] =L+—"— (10)
L,+Lo
And thus, the transient reactance of the machine is obtained.
X Xo

X/ =L =X, + (11)

Xm + Xro'

By looking at equation (11), it can be checked that the slip variation does not affect the machine short circuit peak
current value, X/ = Xsip-0» since the transient reactance (11) does not depend on the machine slip, having the same
value; the transient inductance of the DFIG machine and the induction machine.

In the other hand, the slip is reflected in the frequency of the injected stator currents (f;.) during the fault. The value
of this frequency can be seen in equation (12),*

Joe=A=5lp) foria (12)

These different possible frequencies of the stator short-circuit current affect the time instant that corresponds to the
first and subsequent peaks of the short-circuit current. This variable short circuit current frequency makes a clear differ-
ence with the short circuit current of the SG, which its main AC short circuit component has the same frequency as the
grid, having the first short circuit current peak at half cycle of the grid frequency.

In order to show the impact on this variable short circuit current frequency, the following cases are simulated in PSCAD
program. The DFIG is modelled as it is represented in Figure 1.

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
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Figure 4. Short circuit current envelopes of DFIG for different slips and same power injections.

——DFIG_Slip: -0.12 pu_OMW
5. --—--DFIG_Slip: 0.12 pu_2MW

| peak [pu]
"

9,995 10,015 10,085 10,055 10,075

Time [s]

Figure 5. Short circuit current envelopes of DFIG with zero and maximum active power injection.

Figure 4 shows a simulation of a DFIG subjected to a three-phase fault for two different slips, in both cases the active
and reactive pre-fault power production are set to zero. For these cases, the modulation index of the DC-link chopper
during the fault has been fixed to the maximum value. The maximum modulation index ensures the chopper resistance
to its rated value regardless of the DC-link voltage level. Therefore, the same resistor value is attached to the rotor during
these faults, even for two different slips.

The dotted line shows the DFIG that initially is operating at a slip that corresponds to a maximum active power pro-
duction, slip: 0.12 pu, its rotational speed is above synchronous speed.

This rotational speed makes the first peak of the current occur before the usual half cycle of the grid frequency. Con-
versely, the continuous line in the graph shows the DFIG that initially is operating at a slip that corresponds to the
minimum active power production, slip: —0.12 pu, its rotational speed is below synchronous speed; therefore, the instant
of the first peak of the current occurs after half cycle of the grid frequency.

In Figure 4, one can observe the differences in the short circuit current frequency, as it was mentioned in the previous
paragraph, and a smaller value in the short circuit current peak of the DFIG when operating at sub-synchronous speed.
This is due to the exponential decay time pattern followed by the short circuit currents.” Lower frequencies imposed in
the short circuit currents will show higher damping in the peak current values.

Figure 5 shows a simulation of a DFIG subjected to a three-phase fault for two different cases. In these cases the
modulation index is not fixed and it is calculated by the WTG control depending on the DC-link voltage level, as it
happens in the reality.

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
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Figure 6. Energy dissipation in the DC-link chopper during a three-phase fault for zero and maximum active power injection.

The dotted line shows the case where the generator is rotating at rated slip, slip: 0.12 pu, and full active power produc-
tion, and the continuous line shows the generator that is at zero active power production and at lower rotating speed, slip:
-0.12 pu.

Very different peaks in short-circuit currents can be seen from these two curves depicted in Figure 5. These differences
can be explained by the different chopper modulation indexes presented in these two cases, which is translated to a dif-
ferent equivalent resistances connected to the rotor during the faults.

The modulation indexes are different since the rise of the current entering into the DC-link depends on the frequency
of the short circuit currents. Higher frequency in the short circuit currents will raise the DC-link voltage in a faster way,
therefore more power needs to be dissipated in the chopper, see Figure 6, leading to an equivalent smaller chopper
resistance.

Therefore, the slip of the DFIG has a direct impact on the short circuit current frequencies and an indirect impact on
the peak values presented in the short circuit currents, due to the chopper action of the converter.

After this brief explanation about the DFIG short circuit behaviour, the rest of the sections in this paper are focused
on finding the synchronous equivalent, which matches with the DFIG topology that produces maximum short circuit
current injection.

3. EQUIVALENT ASYNCHRONOUS REPRESENTATION OF DFIG

In order to start with the calculation of the equivalent impedances, the induction generator is used as a starting point due
to the similarity with the DFIG generator structure.

For short circuit studies, the following assumptions can be taken to simplify the topology of the DFIG with chopper
protection:

a) Chopper action keeps Vpc level constant during the fault period.
b) No energy transfer to the grid through the grid converter. Grid converter is blocked during the fault.
c) Just after the fault, the rotor converter is blocked as well. Only the diode bridge is operational during the fault.

Based on the above assumptions, the next conclusions are extracted:

» Using assumption (a), the current flow into the DC-link capacitors is zero, I, = 0.

e Using assumptions (a) and (b), only current through the chopper resistance (Ry,) is flowing during the fault,
Inc = In,

e Using assumption (b), active current from the GC is zero, Igc = 0.

Under the above conditions, the DFIG can be represented as an IG with an equivalent extra variable resistance attached
to the rotor during the fault, see Figure 3, allowing the suppression of the converters, thus reducing the complexity of the
DFIG topology.

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
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Figure 7. Short circuit current envelopes of the DFIG and its equivalent IGR for rated active power injection.

3.1. Value of the equivalent resistance attached to the rotor

In the DFIG, the instantaneous chopper resistance value depends on the value of the modulation index applied by the
control to the chopper IGBTs. Therefore, as can be seen in Figure 3, the equivalent resistance attached to the rotor in the
IGR should be controlled, during the fault period, in a way that becomes time dependant.

But when using EMT models, the parameterization of the SG has to be done neglecting this time dependency of the
chopper resistance, and supposing that the resistance attached to the rotor is constant during the whole fault period. This
has to be done in this way, as it is not possible to enter variable resistance values into the field and damping winding
data, since EMT programs representing SGs use a constant value for these inputs. As a consequence of doing that, some
mismatching will be presented in the generator time constants and short circuit current peaks; due to the used total rotor
resistance is not the real one during the fault period.

The chosen equivalent resistance (R) connected at the IGR rotor terminals is formed by the full chopper resistance,
R, in Figure 1, which is the element in the converter where most of the energy is dissipated during the fault. The losses
in the converter, IGBTs and diodes, during the fault can be neglected.

Choosing this value for the equivalent resistance gives a good approach for the short circuit peak value obtained. This
is because the configuration at the beginning of the fault will be very similar between the DFIG and the IGR with this
constant resistance attached to the rotor. At the beginning of the fault, the generator current contribution to the fault is
the highest one; therefore, more energy has to be dissipated in the DC-link to keep the voltage level constant, having the
full chopper resistance almost continuously connected.

To validate all the assumptions listed, a simulation of a three-phase bolted fault is applied at the generator stator ter-
minals of the DFIG and the IGR, see Figure 7.

In the pre-fault time the generators are injecting rated active power. Since for the IGR no capacitors for reactive power
compensation are included in the stator terminals, the reactive power consumption by the IGR is 0.45 pu. The DFIG
reactive power is set to 0.35 pu, which is the maximum reactive power consumption without exceeding its rating at full
active power production.

4. SG PARAMETRIZATION AS DFIG

When using EMT SG models, the data for the electrical impedances should be supplied into the model, or translated from
X", X, X, T, and T’ values. These constants define the inductance and resistance winding values of the model.
Calculating IG equivalent impedances and time constants can be found in the literature.®® These equations can be
adapted by adding the attached resistance to the rotor terminals (R) to the generator rotor resistance value (R,), thus
transforming the IG into an IGR.
The transient reactances of the equivalent SG are calculated as follows:

X, X
X) =X,y +—n2re (13)
X+ X0

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
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Rs Xso 0)s7bsq

Xdd1e +

Figure 8. SG, d axe representation with 1 damper circuit.

| Rs Xso Mshsd |
sq + qaq

qu1

Veq xm§ Xeato

Figure 9. SG, g axe representation with 1 damper circuit.

X, =X, (14)

The open circuit transient time constants of the equivalent SG are calculated as follows:

Td’O ~ M (15)
27 fR,
q’O = Td,O (16)

Figure 8 and Figure 9 show in d-q stationary reference frame the steady state representation of a round rotor SG with
one damping circuit.

The differences of the IG having one rotor circuit, where no winding damping is presented, can be solved by setting
the T”’, to very low values. This will cause the damping resistance value Ry [see equation (18)] to be very high, thus
making the SG damping branch neglectable.

A recommendation from the authors for T”’; value can be found in equation (17).

T = 0.001T,

A7)
Following typical SG equations, (18) and (19) are extracted from’
” 1 X, X 5
Tio = (del + - j (18)
27 foriaRaar X+ X
w0 =T (19)

For the same reason of having one equivalent rotor circuit, the subtransient reactance (X’’) should be set to a value
similar to the transient reactance (X’) to avoid computational problems when using electrical simulation programs.

The most common representation of the IGR is without subtransient impedance term, only if the generator has deep
double cage bars® another branch should be used in the equivalent circuit, and consequently, an equivalent subtransient
values of X and T”’; could be calculated accordingly.

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
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5. SIMULATION CASES

5.1. Simulations setup

The simulation test setup can be seen in Figure 10. In all the simulations, three-phase faults are applied at time equal to
10 s. The used WTG model for the simulations is depicted in Figure 2 and the data used for the model can be found in
Table I. These data are obtained from the nameplate of the transformer and generator. The SG model is a round rotor
machine, and the used data can be found in Table II.

The DFIG and the SG are at full active power and zero reactive power injection, in the pre-fault time.

Three different fault cases have been simulated causing different remained voltages at WTG terminals.

The SCR of the used grid is five, and the X/R is kept constant and equal to 75°, for every case.

5.2. Simulation results

The following figures show the PSCAD simulation cases of the DFIG and the SG with the inductances and time constants
tuned according to section IV.

The short circuit currents are measured at WTG terminals, see Figure 10.

In all three cases, it can be seen that the frequency of the short circuit current between the DFIG and the SG is differ-
ent as a consequence of the slip presented in the DFIG. This difference in the frequency cannot be solved only by adjust-
ing the parameters defining the SG circuitry, as this frequency is imposed by the rotational speed of the generator.

In Figure 11 (case B), higher AC component can be seen than in Figure 12 (case A). This is the effect of lower chopper
action, since the severity of the fault is less compared with case A.

In Figure 13 (case C), the converter is blocked, but only during the first cycles of the fault period. After that, the rotor
converter resumes action injecting rated reactive current.

Table I. Electrical data of wind turbine

Parameter Value Unit
Shase 2100 [kVA]
Viase 0.69 [kV]
Electrical Frequency 50 [Hz]
Stator Resistance 0.006 [pul
Rotor Resistance 0.009 [pu]
Mutual Inductance 3.422 [pul
Stator Inductance 0.072 [pul
Rotor Inductance 0.101 [pul
Voc 0.910 [kV]
Rotor Converter Size 0.25 [pul
S step-up Transformer 0.69:20 kV 2100 [kVA]
X/R step-up Transformer 6

Z step-up Transformer 0.08 [pul

Table Il. Electrical data of SG.

Parameter Value Unit
Shase 2100 [kVA]
Viase 0.69 [kV]
Electrical Frequency 50 [HZ]
Stator Resistance 0.006 [pul
Stator Leakage Reactance 0.08 [pul
Direct, Quadrature Axis Synchronous Reactance 3.307 [pul
Direct, Quadrature Axis Transient Reactance 0.186 [pul
Direct, Quadrature Axis Sub-Transient Reactance 0.126 [pul
Direct, Quadrature Axis Open Circuit Transient 0.1 [s]
Direct, Quadrature Axis Open Circuit Sub-Transient 0.001 [s]
X/R step-up Transformer 6

Z step-up Transformer 0.08 [pul

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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Figure 10. Simulation fault setup.
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Figure 11. Case B: Short circuit current envelopes for 20% remaining voltage.
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Figure 12. Case A: Short circuit current envelopes for 0% remaining voltage.
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Figure 13. Case C: Short circuit current envelopes for 50% remaining voltage.

Table Ill. Peak values comparison.

Case Remaining WTG terminals voltage [%] Deviance in maximum peak [%]
A 0 7
B 20 9
C 50 1

Table III summarizes the deviance found in the peak current envelopes between the DFIG and the SG for the three
different remaining stator voltages.

The short circuit generator peak current in the case of zero residual voltage is independent of the grid short circuit
power. For distant faults, with non-zero residual voltage, the grid short circuit power and the grid ratio X/R will affect
the short circuit current amplitudes and decay times.

6. CONCLUSIONS

This paper shows how adjusting the impedance data of an SG can provide a good approximation to the DFIG with chopper
protection unit for short circuit current injection during grid faults.

The DIFG with chopper protection can be represented as an asynchronous generator with constant extra rotor resistance
during severe faults, when the rotor converter is blocked and the chopper keeps the DC-link voltage constant, thus neglect-
ing the rotor and grid converters.

The extra resistance attached to the rotor can be calculated as the equivalent of the maximum energy consumption
during the first cycles of the fault by the converter; mainly for severe faults and at maximum slip, this resistance can be
represented as the total chopper resistance. Using the generator data and this resistance value, the SG parameters can be
calculated accordingly.

The slip of the machine has an indirect impact on the short circuit peak current values due to the chopper action of
the DC-link. Since the modulation index of the chopper resistance value depends on the slip of the generator, different
short circuit current values are expected for different slip values.

The accuracy of this representation depends on the capability of the converter to withstand the rotor current faults,
meaning that this representation is valid for severe faults cases when the remaining voltage is low and the IGBT switch-
ing of the converters are stopped. When the rotor converter is under control, not in blocked state, the stator currents are
under control at any moment, therefore, not being possible to use this equivalent representation. Note as well, that in most
of the cases, asymmetrical faults will not block the converter, due to lower short circuit current peak values.

In conclusion, when doing this SG equivalence, attention should be drawn to the importance of the particular DFIG
control of the rotor circuitry during short circuits. The DFIG short circuit fault currents will depend on the protective
converter actions and when normal control is resumed during the fault again.

Wind Energ. (2010) © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/we
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Abstract— This paper addresses the representation of a wind
power plant, based on wound rotor asynchronous generators,
with a centralized voltage controller, by an equivalent transfer
function, valid for small signal voltage control studies. This
representation allows to investigate the influence of the
centralized plant control gain and short circuit ratio on the
system stability, for instance, by analyzing the zero-pole
placement.

Larger percentages of wind power penetration translate to
more demanding requirements coming from the grid codes, for
example voltage support at the point of connection has been
introduced recently by several grid codes from around the world,
making important to analyze this control when applied to wind
power plants.

The performance of the equivalent transfer function has been
evaluated and compared using an equivalent grid with different
short circuit ratios and active power injection levels, the cases
have been simulated with PSCAD/EMTDC program. Results
show that this equivalence can be used for short circuit ratios
between 5 and 25 for obtaining an accurate representation of the
system voltage dynamics.

Index Terms—wind turbine generator, transfer functions,
simulation, doubly fed induction generator, voltage control.

1. NOMENCLATURE

S Laplace term

SCR Short Circuit Ratio

V, 1 Voltage, Current

WPPC Wind Power Plant Control

WTG Wind Turbine Generator

WTGT Wind Turbine Generator Transformer
X Reactance

Z Impedance

w Angular Speed

A Flux

AC, DC Alternate and Direct Current
COMM Communication

Ctrl Control

CT, VT Current and Voltage Transformer
DFIG Doubly Fed Induction Generator
EMT Electromagnetic transient

f Frequency

G Generator

GC Grid Converter

Meas Measured device

P,Q Active and Reactive power

PCC Point of Common coupling

PI Proportional and Integer control
PWM Pulse Width Modulation

LR, C Inductance, Resistance, and Capacitance
RC Rotor Converter
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Subscripts
r,s, M Rotor, Stator and Mutual

c Leakage
ref, f, m Reference, filtered and measured
d,q Direct and Quadrature

II. INTRODUCTION

DFIG technology is widely used in the wind industry.

The variable speed and the reduced size of the power
converters, normally 25% of the generator power, but high
controllability offer a very competitive market solution. Since
wind power is growing drastically, reaching high percentages
of penetration into the power system becomes necessary to
have a representation of the DFIG technology in standard
simulation programs.

Wind power plants differ from other generation sources,
and therefore are particular in certain aspects of their control.
For a start, the energy source is fluctuating and unpredictable.
Secondly, the generation plant is highly modular and
composed by a large number of generation units, therefore
having communication delays between the central control and
the actuators. Thirdly, the wind power plants are often located
far from the load locations. For these peculiarities, dedicated
grid codes are done for the wind generation [1-5]. As voltage
control is actuated by reactive power of the turbines, generally
speaking it is possible to affirm that the voltage control design
will cover an inner reactive power control loop and an outer
voltage control loop [6,7].

The initial design and tuning of the plant voltage controller
is done basis on some simplifications and linearization
processes. The representation shown in this paper allows the
use of classical control theory to get a first estimation of the
stability and boundaries of the system.



III. SYSTEM DIAGRAM

The system to be studied is composed by a wind power
plant of n DFIG turbines, which uses a centralized controller
(WPPC) to control the voltage at the PCC. The following
figure is used to represent the main elements of the system.

GRID

Fig. 1. WPP diagram.

Clearly, it is possible to classify the studied system in the
following three groups:

WTGs: Which mainly include the converters, generator and
its controllers, in the presented case, a DFIG is used.

Collector and grid system: These include the main electrical
impedances of the system, e.g. the substation transformer
(WPPT), and the equivalent grid impedance (GRID).

Plant control: It is the WPPC, which includes the
measurement devices and the voltage controller, also called the
outer voltage loop control.

The following sections describe in more details the listed
elements.

IV. DFIG WTG

DFIG turbines have variable speed. The speed range of the
generators will be different depending on the wind turbine
manufacturer, but mainly it is in the range of +15% of the
synchronous speed.

The variable speed doubly-fed generator, see Fig. 2,
allows full control of generator active and reactive power
using the rotor-connected frequency converter. Its rating is in
the order of 0.3 pu. Operating both with sub- and super-
synchronous speed, the power can be fed both in and out of the
rotor circuit. The grid converter (GC) is used only to regulate
the voltage level of the DC-link. The simplified control of the
rotor converter is depicted in Fig. 3, where the active and
reactive power are controlled using the d and q axis
respectively. The grid converter and its control are not
represented, since they are not collaborating for the reactive
current injection, and the DC-link voltage is considered fixed.

WTGT
Vs |
|
RC GC
Vi AC 17 o | DPC
oc| T1> |/ ac

Fig. 2. DFIG simplified electrical single line diagram.

The DFIG controller will calculate or receive power
references from an external controller, (P, Q). These
references are processed using two PI-controllers in cascade;
and they will generate the needed voltage references (V . 4,
Vit o) Which are translated by the PWM to pulse the rotor
converter. Finally, the rotor is fed with a voltage that produces
the desired P and Q at the stator terminals.

Pref _»’; :hede } ;

S B

e o e =i [

ol ]

Fig. 3. DFIG simplified controller diagram

The WTG representation has to be simplified in order it can
be represented using a simple transfer functions. Having a d-q
control allows independent control of the reactive and active
power injected at stator terminals as was mentioned, thus the
mechanical part of the wind turbine, such as the drive train and
the blades are not included, the decoupling is considered ideal.
Only the q axes, the one related to the reactive current
injection is represented. Therefore, when doing the control
analysis the active power fluctuations can be considered as a
disturbance. The GC is used only for regulating the voltage of
the DC-link, thus not having a contribution to the voltage
regulation. Basis on that, Fig. 4 is plotted, which included only
the representative WTG components related to voltage control.

Vref d

WrotorLlref q

s

Wrotorllref d

Fa

Fig. 4. WTG representation for voltage control studies.

In Fig. 4, the generator (G), the RC and its control for
reactive power injection are represented. As can be seen in
Fig. 3, the converter connected to the generator rotor is



controlled with two control loops; the inner one, which
controls the rotor (I;) current, and the outer one, which
controls the reactive power (Q). Both controllers are based on
PI control structures, and they are fed with the error between
the references and the filtered measured signals.

A. Generator Model

Fig. 5 shows in a synchronous reference frame the steady
state representation of DFIG with the excitation of the rotor
circuit V,. The non saliency in the stator and rotor windings
makes no difference between d-q axes.

Xso Xio Ry

Jwshs

J(Ws- WA

Fig. 5. DFIG representation.

The d-q equations of the generator, where the currents are
pointed out from the T equivalent are the following:

L=L +M
I =1L (1)
r — or +M
.0 -0,
slip=——-= )
v, :—(R +SLS)l —sMi, —a)j( i +Mi,)
=—(R +sL)i, —sMi, + @ (Li, +Mi,)
v, =—sMi —(R +sL) (a) —o)Mi, +Li) )
qr r s r ds ridr
vdr = _SMl (Rr + SL ) (a)s - a); )(Mlqs + Lriqr)
The same equations represented in pu system, are the
following ones.
Mi,
v, = [ L, le e (L, +M1,)
o, o,
v, = [ L, JI‘ My (x v M)
o, o,
(4)
sMIqx L, .
vV, =- p —[ ) ]Iq, —slip(MI, +L1,)

MI
Vdr:_s [R+SL
() [

s s

] o +stipmi, +L1,)

Using the decoupling control terms in the current controller

loops, (5) is obtained.

{R +° J (L1, +MI,)
M,
{R + ] —+(L}\1w +MI,)
L MI.
V.=V,  —slipLI, = [R +Y]1 e lipMI, + LT
a)Y s
sMI
Vv, =V, ,—slipLl, = [R +]1 ey stiplmr, +L1)
) @, o,

Since the rotation orientation system PLL is synchronised
with the d axis, V=0 can be used.

Solving the above equations, the reactive current in the
rotor circuit (Ig) can be represented as an equation which
depends on the terms; Iy, Vg and V.

I, = Gl(s)Vq, +G,(s)I, +G,(s)V,, (6)
In the obtained transfer functions, the s terms with higher
order than two are neglected, since they are inversely
proportional to the same order in w,. e.g.; (SS/O)SS) + (sz/ cosz) +
(s/ wg) + constant.
Therefore, the transfer functions G;(s) can be represented in
a generic way, as follows:

_ g 18T, 1+sT,

=l...., [1+ST

bi

(7)

The following terms for the transfer function G; are
obtained.
The time constants T,; and Ty, are equal to:

2R L g
al = o, (R2 ) (8)
_2RRL +LR—M’L +LL, ©)
""" @.(RR+RI% +slipM°R,)
And the gain K| is equal to:
R + I
K, = (10)

"RR+RL, +slipM°R,

The following terms for the transfer function G, are
obtained.
The time constants T, and Ty, are equal to:

R (1+sli
Taz=7s(. 2) (11)
slip@, L,
_2RRL +LR—M’L +LL,

" @(RR*+RI+slipM°R)

()



And the gain K, is equal to:

slipM °L,

K =
> RR+R.L+slipM’R,

(13)

The following terms for the transfer function G; are
obtained.
The time constants T3 and Ty; are equal to:

_ L (slip—1)
“ slipoR, 14
2RRL +LR—M°L +LL;
b3 = 2 2 ) (15)
o (RR°s+R L5 +slipM "R))
And the gain Kj; is equal to:
slipMR
K, = nrn (16)

RR*:+R.L; +slipM°R,

Further, using (5) the transfer function from the reactive
rotor current to the stator current can be represented as
following:

1, =G, ()], +G(s)V, (17)
The following terms for the transfer function G, are

obtained.
The time constants T,4 and Ty, are equal to:

T,=—t T
“ToR+L) 1
_ 2LR 19
" (R + ) (19)
And the gain K, is equal to:
-M(L,+R)
K = S S
YR+ DY) (20)

The following terms for the transfer function Gs are
obtained.

Ta s = 0 (21)
Where the time constant Tys is equal to:
2LSRS
b5 (22)

T o (RL L)

And the gain K5 is equal to:

L,
K, R+ 1) (23)

As can be seen in the previous equations, the slip affects the
gains and time constants of the transfer functions. To analyse
the slip impact in the transfer functions, specific generator data
has been used, see Table II, to calculate the numerical values
of the roots, for two different slips; -0.12 pu and 0.12 pu.

The results show that the difference between these two
cases is the location of one pole; for -0.12 pu slip the pole is
located at (902+0j), and for a slip equal to 0.12 pu the pole is
located at (900+0j).

Considering that the next pole in the system is located at
(34+0j) for both cases, it is possible to assume a constant value
for the slip, since the dynamics of the system are dictated by
the most closed poles to the origin.

Section IX compares the real model of the WTG with the
obtained transfer function, when the transfer function uses a
constant value in the slip of 0.12 pu.

B. Converter Model

The studied rotor converter of the DFIG uses PWM with
third harmonic injection. This technique permits to extend the
lineal modulation index range from (Ej to ( z j, where the

4 23
modulation index My, can be defined as; { V. j, [8].
W,

The converter itself can be represented as a first order
system with a gain and a time constant, which includes; the
processing timing, dead time, and sampling of the converter

The gain of the converter can be represented as the
modulation index, and being the switching frequency fi,
which is in the order of few KHz, the delay of the signal
processing can be estimated as 0.5fy, and the feedback delay
will have an average value of (0.5/2)f,,, therefore the sum of
these terms will be in the range of (1.5/2)fy,, [8], leading to the
following converter transfer function (24).

Mnd

G (s)=—
=075,

(24)

The filters of the measured signals in the control are used to
remove high frequency noise from the currents and voltages.

The transfer function of the filters can be represented as a
first order function with the bandwidth of the real WTG filters.
The generic transfer function for the filter is as (25).

1

F(s)=
(5) 1+sT,,

(25)

The stator voltage and current filters have very high
bandwidth compared with the power loop control; therefore
the dynamic for these filters can be neglected. The equivalent
transfer function used for these filters is shown in (26).

F, =1

V_sji_s

(26)



The filter used for the stator reactive power (Fg) has as well
the form indicated in (25).

The converter control, as was mentioned before, is based on
a proportional and integer structure, having a typical PI
transfer function, as (27) shows. Where K, is the proportional
gain, and T; is the integer time.

1
Pl(s)=K +—
(5)=K, sT

i

(27)

The communication delays in the WTG control for
processing the external references and the different sampling
and hold systems, can be modelled as a pure delay (¢*") with a
time constant T.

V. DFIG TURBINE EQUIVALENT REPRESENTATION

The following section groups and simplifies all the
mentioned transfer functions.

A. Generator and Current Control

Grouping the generator and current control transfer
functions (17) and (6), we achieve the structure depicted in
Fig. 6, which shows the transfer function from the rotor
currents reference and stator voltage, to the reactive stator
current (Ig).

From the rotor reactive current reference to the stator
reactive current:

PIG.GG,

G, . (5)=
() 1+PIGGF

(28)

From the rotor active current to the stator reactive current:

GG
G - (s)= T4 29
=17 PIG.G/F, (@9)
From the stator voltage to the stator reactive current:
GG
Gy (5) =Gy +—————— 30
e > 1+PIGGF, (30)

The link of (28), (29) and (30) is show below.

Vds q GVds

Iref_qr » G Irefq
— +

I ref_dr » G Irefd

Fig. 6. Transfer function of the generator and current control

The transfer functions Gygs and Gyrq can be considered as a
disturbance for the injected I.

B. Generator, Current Control and Reactive power control

Grouping all the mentioned transfer functions, for the
reactive power loop the following structure is obtained.

Disturbances

| +
Plg F95( s PI; Ge

<
2
+

Y

Qref + s GG, s

Fi G1

|
Fa %

A

Fig. 7. Transfer function of the generator, current and Q control

Note that for representing the WTG reactive power control
loop, the following assumption, valid for small signal analysis,
has been made (AV=0).

AQ=V,Al +AV,I =Al (31)

Therefore, the obtained structure for the reactive power
WTG control loop is the following one.

Disturbances

Qret + PloPliG.G1G4 ‘

1+FPIiG:G1

Fa

Fig. 8. Transfer function of the Q control loop
0=1,=G,0,
Where:

PI,PI.G.GG,
I+ FPIG.G, +F,PI,PI,G.GG,

G,(s)= (33)

This transfer function can be simplified further, since the
system response is dictated by the poles most closed to the
origin. Therefore, the reactive power response of the WTG can
be represented by a first order function (34) with the same
bandwidth as (33).

b
1+sT,

WTG

G,(s)= (34)

VI. GRID MODEL

In this section the representation of the grid is studied. The
impedances of the grid are considered as an L, R system, thus
neglecting the small capacitances.



AV =Ri+ Ly (35)
dt
oy is the fundamental frequency of the grid.
X=oL (36)

Where the d axes is aligned with the direction of V, and a
positive I current is capacitive current.

X
AV, =(R+s—)i, + Xi,
a

s

X .. .
AV, Z(R—S;)lq + Xi,

s

For small disturbances we can assume the following
approximation:

V+AV|= (V +AV,)? + AV} =V +AV, (38)

Supposing that the active power is not changing (i;=cte) the
transfer function between the injected reactive current and the
perturbed voltage system is written as:

AV = AV, =Ri, +Xi, (39)

Further, the Riy term can be considered as a perturbation to
the control. Therefore assuming that the impedance of the grid
is:

ZGRID = R + jX (40)

GRID GRID

Then, the final perturbed voltage, valid for small signal
analysis is equal to:

AV ==X i

GRIDYq

(41)

VII. PLANT CONTROL

The proposed WPP used in the paper is controlled by a
slope control, which is widely used in power system
applications since it allows paralleling generators with
individual voltage slope controllers without hunting
phenomena or instability. This voltage controller will cause the
injection of reactive power proportionally to variation of
voltage levels [9].

The slope gain can be defined as follows:

AV
Slope =—
ope AO (42)

The control law that applied for the slope concept can be
defined in a generic way as the following one:

Q,¢f=Qo+( ! j(v,ﬂf—vm)

Slope (43)

The plant control receives the references and feedback
(measurements) and outputs the turbine set-points. The control
architecture is represented as a gain (K o, = 1/Slope),
following (43).

VIII. WIND POWER PLANT MODEL

This section presents the model of the WPP including the
grid which is connected with. As can be seen in Fig. 9 all the
previous models have been linked together coherently
according to Fig. 1.

The measurement block or “grid meter” can be represented
by a first order function with a time constant of T,, as (25),
[10]. The “grid meter”, which provides the feedback signals
for control, samples at very high frequency values the output
of the CTs and VTs, located at the PCC. This meter processes
the signals by first calculating one cycle rms value of the
signals, then filtering for anti-aliasing.

The communication delays and control sampling effect of
the WTG and the WPPC can be represented together as an
exponential delay function with a time constant T.opn,. The
exponential function should be linearized when doing the
control analysis, e.g. by using Pade approximation.

Slope

gain __ Communication Turbine Grid

Vref +
-sT, 1 +
Ksiope 16 ™" Qrer 1757 @*QPCC* XeRiD
WTG h
Vi
AQ disturbance
Grid 1
Meter| {+sT,
T Vece

+

T Verp | AV disturbance

Fig. 9. Simplified representation of the WPP, grid and voltage control

IX. MODEL VALIDATION

In order to validate the transfer functions listed in the above
sections, some cases are simulated in PSCAD using a full
representation wind turbine model, which includes the
converters and the mechanical part [11].

The simulated cases show different slip operation points.
For a maximum active power production, the slip is 0.12 pu, in
this case the generator rotational speed is above synchronous
speed. For low active power injection the rotational speed
corresponds to a slip that is below synchronous speed.

The It o has been stepped in every case, and the output I
of the detailed model and the transfer function, depicted in Fig.
6, are plotted. In the following figures; TF represents the
model using the transfer functions with a fixed slip equal to
0.12 pu, and PSCAD represents the full model of the WTG
simulated in PSCAD program.



A. Generator and Current Control

The simulation test setup can be seen in Fig. 6. In all the
simulations the Vg, Lt o and L 4, obtained from the PSCAD
WTG model, are used as an input to the transfer functions. The
I4s signals, obtained from the detailed WTG model and the
transfer function, are plotted.

The tests show, for different levels of active power
injection, the measured I, response when stepping the Iy
reference.

Fig. 10 shows the response to a step in I reference when
having maximum active power injection from the WTG.

0,9
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Time [s]

Fig. 10. Igsresponse when having maximum active power injection.

Fig. 11 shows the response to a negative step in Ig
reference when having medium active power injection from
the WTG.

0,1
—— PSCAD
7AAAAAAAAAAAAAAAAAAAAAAAA —TF

-0,1 +
=)
= L
[72]
k=)

-0,3 +

-0,5 f f . .

55 5,7 59 6,1 6,3 6,5

Time [s]

Fig. 11. Igsresponse when having medium active power injection

Fig. 12 shows the response to a positive step in I, reference
when having medium active power injection from the WTG.
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Fig. 12. Igsresponse when having medium active power injection

Fig. 13 shows the response to a negative step in I, reference
when having low active power injection from the WTG.
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Fig. 13. Igsresponse when having low active power injection

B. WPP Control, Grid, Generator, Current Control and
Reactive Power Control

This section compares the dynamic behaviors between the
transfer function representing the WPP with a centralized
voltage controller (see fig. 9), with the detailed WPP model
which includes the full WTG representation and the other
electrical system components, such as the transformers and
grid impedance (see fig. 14).
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Fig. 14. Detailed model representation.



The schemes depicted in Fig. 9 and Fig. 14 are simulated in

PSCAD program and compared.

The simulations have been made for different active power
injection levels and SCR scenarios to check the validity of the
and linearization to the transfer
functions. In all the cases a disturbance in the grid voltage is
applied. The voltage of the grid (Vgrip) is stepped down from
1 pu to 0.95 pu at 6 s, and after two second is stepped back to

applied

1pu.

simplifications

TABLE I
SIMULATED CASES
Case Active power [pu] SCR
A 0.15 10
B 1 10
C 0.15 25
D 1 25
E 0.15 5
F 1 5

The following figures show the results of the simulated
cases. For every case, the measured voltage and reactive power

at the PCC are plotted.
1,02
1
=)
£ 0,98
>
0,96 —— Transfer function
L — PSCAD
094 T———— e
0,40 +
0,20 +
< I
2
S 000 1
1 &— voltage step
-0,20
| —— Transfer function
— PSCAD
-0,40 :
5,5 6,5 75 8,5 9,5

Time [s]

Fig. 15. Case A.

V [pu]

Q[MVAr]

V [pu]

Q[MVAH]

0,98 -

0,96 -

—— Transfer function
— PSCAD

\| Time delay in

-0,70 + o —— Transfer function
3 receiving ref. | __pgscaD
_0!90 T E L L@
55 6,5 75 8,5 9,5
Time [s]
Fig. 16. Case B.
1,02

.

—— Transfer function
— PSCAD

-0,30 +
-0,50 +

-0,70 +

—«— Transfer function

— PSCAD

-0,90

6,5 7,5

8,5 9,5

Time [s]

Fi

&

g. 17. Case C.



1,02 1,02
1 b: 1
= )
& 098 & 0,98 |
S >
096 | -~ 0,96 +
—— Transfer function
L —— Transfer function r — PSCAD
— PSCAD 0.94 } } ;
‘ ‘ 0,50
0,30 +
0,10 +
= ' < - 7
; é{ 0,10
£ o -0.30
(]
050 T -0,50 +
S Converter limit reached 070 Transfer funct
-0,70 —— Transfer function
-0,70 + —— Transfer function r — PSCAD
i ‘ _ . |—PscAD 090 —————— *
-0,90 w ‘ ‘ 55 6.5 75 85
55 6,5 75 8,5 9,5 )
Time [s]
Time [s]

V [pu]

Q[MVAr]

Fig. 18. Case D. Fig. 20. Case F.

Basis on the previous figures, the following conclusions are
extracted:

a) The simplified transfer functions of the system are
representing the dynamics of the system in the
bandwidth of interest.

b) At full active power, the Q measured at the PCC

0,96 —« Transfer function differs from the one calculated with the TF, since the
i — PSCAD internal reactive power losses that occurs inside the
0,94 1 f ; plant due to the current flowing (I) are not taken into
0,50
account. To compensate for these losses a term can be
0,30 added to the obtained reactive power, following (44).
010 This term will offset the obtained value of Q, but will
not change the dynamics of the system, therefore the
0,10 same pole-zero map will be obtained. Fig. 21 shows
-0,30 + Case A when using (44), for correcting the obtained
0,50 + Q.
070 il —— Transfer function 0 _co rrected = 0- XWPP I (44)
’ L — PSCAD
-0,90 f f 1
55 6,5 75 85 9.5 c) At full active power injection and high SCR the
Time [s] voltage dynamics could differ at some points since

Fig. 19. CaseE.

the real WTG could enter into saturation limits when
reaching the maximum reactive current injection



allowed by the rotor converter or generator. See Fig.
18.

d) For SCR <5 the dynamics of the simplified transfer
functions are not valid since the coupling between the
P-Q terms, see (37), starts influencing the dynamics
of the voltage. See Fig. 19 and 20.

The boundaries for wusing this simplified system
representation can be established. For high SCR the current
injection limitation of the converters or generator could be
presented, and for low SCR the assumption of a perfect
decoupling between P-Q is not valid anymore, thus making not
suitable the use of this simplified model.

To obtain more accuracy in the system voltage dynamics
for low SCR, the WTG mechanical part and its control should
be added into the system representation, thus making quite
difficult to extract the zero-pole map of the system.
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Fig. 21. Case A, with corrected Q.

X. CONCLUSIONS

This paper shows how a wind power plant of DFIG turbines
with a centralized voltage controller can be represented as a
simplified transfer function, in order the zero-pole map of the
system can be used for WPP voltage control studies. This can
be used as a preliminary adjustment of the WPP control. This
first stage of tuning and understanding the system stability will
help in the most complex process of re-tuning the plant control
when using EMT models to represent the WPP components
and grid.

The accuracy of this representation depends on two factors;
the capability of the converter to inject current, meanly can be
said that care should be taken for using the model inside the
proper boundaries to avoid entering into saturation zones, and
for low SCR the coupling between the active and reactive
power in the voltage dynamics invalidates this representation.

In conclusion, it can be said that this simplified transfer
function can represent with high accuracy the dynamics of the
system when voltage control is of interest and when moving
inside the above mentioned boundaries.
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XII. APPENDIX
TABLE I
ELECTRICAL DATA OF WIND TURBINE

Parameter Value Unit
Shase 2100 [kKVA]
Vhase 0.69 [kV]
Electrical frequency 50 [Hz]
Stator Resistance 0.006 [pu]
Rotor Resistance 0.009 [pu]
Mutual Inductance 3.422 [pu]
Stator Inductance 0.072 [pu]
Rotor Inductance 0.101 [pu]

S step-up transformer 0.69:20kV 2100 [kVA]
Z step-up transformer 0.08 [pu]

TABLE III
ELECTRICAL DATA OF THE SYSTEM

Parameter Value Unit
XwTGT 0.08 [pu]
RWTGT 0007 [pu]
prpT 0.1191 [pu]
Rwept 0.0049 [pu]
XGrip /RGrRID 3.75

Medium voltage level 30 [kV]
High voltage level 115 [kV]
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OLTC control for a Wind Power Plant of DFIG
Wind Turbines

Jorge Martinez, Philip C. Kjer, Pedro Rodriguez, Remus Teodorescu.

Abstract— Larger percentages of wind power penetration into the grid translate to more demanding requirements coming from the
grid operators, for example, voltage support at the point of connection has been introduced recently by several grid codes from around
the world. For a wind power plant of DFIG turbines, reactive power capability can be a challenge.

In this paper it is introduced a novel coordination and control strategy for capacitor banks and tap changer for a DFIG wind power
plant. The capacitor banks are controlled by the wind power plant control in such way that the steady-state usage of the converters for
reactive power injection is driven below to a maximum desired value of 0.1 pu. Also, the control transients due to the capacitor bank
switching is minimized by using a suitable control structure. The tap changer control of the substation transformer is coordinated with
the plant control to decrease the impact of the capacitors reactive power in the line drop calculation, thus reducing the amount of tap
operations and improving the accuracy of the line drop voltage estimation.

The coordination of the central controller with the plant components is analyzed and tested through simulations with EMTP.

Index Terms—Wind turbine generator, OLTC, capacitor bank, voltage control, doubly-fed generator, STATCOM.

I. NOMENCLATURE

COMM Communication
CAP Capacitor bank
DFIG Doubly Fed Induction Generator
EMTP Electromagnetic Transient Program
MSC, MSR Mechanical Switched Capacitor and Reactor
MV, LV Medium and Low Voltage
OLTC On Load Tap Changer
P,Q Active, Reactive power
PCC Point of Common Coupling
PF Power Factor
RTU Remote Terminal Unit
SCR Short Circuit Ratio
STATCOM  Static Compensator
TSO Transmission System Operator
V, 1 Voltage, Current
WPP, WTG  Wind Power Plant, Wind Turbine Generator
WPPC Wind Power Plant Controller
WPPT Wind Power Plant Transformer
w Angular frequency
X,R,L Reactance, Resistance and Inductance
Z Impedance
Subscripts
d,q Direct and quadrate axes
ref Reference
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II. INTRODUCTION

W ith increasing penetration of wind power generation, the requirements for the connection of WPPs to the electrical grid
are defined by new and emerging grid connection codes. The grid connection requirements vary in different parts of the
world, but they share common aims, such as permitting the development, maintenance and operation of a coordinated, reliable
and economical transmission or distribution system. Wind power plants differ from other traditional generation sources; thus,
they are particular in certain aspects of their control and layout [1]. Therefore, replacing traditional power plants, including their
control characteristics, during periods of strong wind could be a concern. Grid operators are solving this challenge by means of
creating specific sections in the grid codes for WPP performance.

The new requirements generally demand that wind power plants provide ancillary services to support the network in which
they are connected [2]-[6]. In the present case, voltage regulation is of interest, and it has been introduced recently by some grid
operators. Voltage regulation with wind power plants entails the integration of all the available control devices installed at the
substation and plant. Mainly, these are the reactive power compensators and the OLTC control.

Normally, the requirements of the utilities can be solved by the turbines and the park controller. When the wind turbines are
not enough to fulfill the grid code requirements, then reactive power compensation equipment should be installed. This
equipment could be: static compensators (e.g. STATCOM) if the plant needs more voltage dynamic capability, mechanical
switching capacitors/reactors if the requirement is related to steady state performance, or just it simply could be a combination of
both. The adoption of each one of the possible solutions, and choosing the method and combination of components for voltage
regulation is one of the design decisions. The prevalent position is minimizing the cost of investments while offering the
fulfillment of the requirements.

In this paper, a wind power plant with a secondary voltage controller scheme is used in order a fast system reaction to voltage
disturbances is achieved [7]-[12]. The implementation of this concept is done by including in the WTGs and the STATCOM a
local voltage control, which will follow the voltage references calculated by the plant control.

The dynamic voltage regulation will be done based on the installed converter capacity, this is viewed primarily as a fast VAr
source, whereas the OLTC and the capacitor banks are seen as steady-state compensators, used for keeping the voltage area of
the WTGs inside limits and for reducing the use of the dynamic compensation during permanent disturbances.

It is clear that the coordination between the different controllers will improve the performance of the plant.

III. STUDIED WIND POWER PLANT

A diagram of the studied WPP is depicted in Figure 1. This WPP is comprised by DFIG wind turbines, which are represented
as a single aggregated one, connected through an equivalent cable to the medium substation bus-bar, and a STATCOM unit
which is connected to the same bus-bar and is located close to the main transformer, therefore the cables connecting it to the MV
bus-bar can be neglected. Moreover, two mechanical switch capacitors are added, which are also located in the same substation.
The main substation transformer includes an OLTC which is controlled locally. All these elements need to be coordinated by a
central plant control (WPPC) since counter-action between them has to be avoided. The plant control used in this paper offers a
coordinated voltage control at the PCC, where the energy has to be delivered following some grid code requirements.

The electrical single-line diagram of the WPP with all the main components is given in Figure 1. In this figure it can be seen
how the main components are linked with a dotted line, representing the communication plant networks. This communication
link is used by the plant control, among other things, to command the operation of the capacitor banks, WTGs and STATCOM.
The WTGs and STATCOM inject the desired power dictated by the plant control. These WTGs and STATCOM use a
conventional decoupled d-q control system which has been designed based on linear control system techniques and it consists of
an outer loop voltage control which can be adjusted by the external reference sent by the plant control. This outer control loop
sets the reference for the inner current control system. The active and reactive powers are controlled using the d and q axis
respectively [13]-[14].

The variable speed doubly fed generator allows full control of generator active and reactive power, using the rotor-connected
frequency converter. Its rating is in the order of 0.3 pu. Operating both with sub- and super-synchronous speed, the active power
can be fed both in and out of the rotor circuit. The size of the rotor converter limits the reactive power injection capability,
especially at full power.
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Figure 1. WPP single line diagram.

Since most of the grid codes ask for having a voltage capability regulation within a minimum power factor of 0.95 [4], the
limited DFIG Q injection for high active power productions implies not fulfilling this requirement. To solve this situation,
reactive power compensation equipment should be installed in the wind power plant.

Following figure shows the P-Q chart of the DFIG obtained at the generator stator terminals (dotted blue line) and at the PCC
(black line). It can be seen how at the PCC level the reactive power losses inside the plant decrease the available capacitive
reactive power, in the other hand the inductive power capability at the PCC is increased.
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Figure 2. Load flow analysis at PCC and WTG level.

As it was expected, this reduced capacitive reactive power at PCC, almost PF = 1, makes necessary to install reactive power
compensation equipments, such as a STATCOM and/or capacitor banks. The amount of extra VAr needed can be calculated by
means of a load flow analysis for different wind level productions and grid voltages. The needed extra VAr can be supplied by a
STATCOM (if fast response time to disturbances is required) or by capacitor banks (if no time or very slow response time is
required). In the present case, the selection of the STATCOM is done based on grid code requirements related to fast time
response to grid disturbances and it is sized basis on load flow calculations. The amount of extra dynamic VAR needed from the
STATCOM is chosen to be 0.25 pu of the total plant power.

Voltage regulation including static converters, e.g. DFIG or STATCOM, is viewed primarily as a fast VAr source to
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counteract rapid and unexpected voltage disturbances [15]-[18]. In order to fulfill this condition, it is necessary to ensure that the
converters will have sufficient VAr capacity to handle unpredictable disturbances; for this reason the WPPs can include
switchable capacitor (MSCs) for keeping the dynamic capability of the converters to the maximum and reducing the switching
converter losses. It should be noted that the operation of these switchable components is considered as a way to offset the
operation level and not as a voltage regulation itself.

The MSCs control strategy proposed in this paper is based on the idea that the steady state operation of the Q injected by the
converters is inside the range + 0.1 pu (which can be called steady-state converter operation band), in this way the step sizing of
the capacitor banks and its control are designed accordingly. The maximum size of the capacitor steps has to be equal to the size
of the chosen converter operation band. The change in system voltage upon capacitor bank switchings are also to be considered
when deciding the maximum size of the banks in the design process. It is possible that the size of step-change in voltage from a
switching event must be kept below a certain percent specified by the transmission owner.

One should realize that the bigger the steady state converter operation band, the lower the amount MSC switching operations,
but the bigger the energy losses due to the transportation of Q inside the plant and converter switching.

For the inductive operation area, MSRs are not included for two reasons; firstly the DFIGs by themselves can reach more than
needed the maximum inductive operation point at the PCC, and secondly with an operation band of 0.1 pu the required inductive
reactive power (PF= 0.95 ind.) at the PCC is reached.

The following figure shows with a black line the combined operation of the DFIG and the MSCs for the capacitive area and
for the inductive area only the DFIG operation is considered. The red line shows the P-Q grid code requirements at the PCC, and
the dotted green lines are showing the P-Q profile obtained when the DFIG are operating at 0.1 pu capacitive and inductive. The
flat green line shows the P-Q obtained when the DFIGs are operating at PF = 1 at generator terminals.
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Figure 3. Wind power plant load flow analysis at the PCC and P-Q requirements.

It can be seen in the Figure 3, that at full power there is a lack of reactive power according to the requirement, but one should
realize that the reactive power of the STATCOM is not included in this figure; therefore the requirement can be fulfilled without
any concern.

IV. WIND POWER PLANT CONTROLLER (WPPC)

Whenever the WPPs are required to control the characteristics of the power injected at the PCC, a centralized control is
needed, which supervises and commands the power injected at the PCC, following design requirements.

The plant control (WPPC) receives the references and feedback (measurements) and outputs the turbines and STATCOM set-
points, and also the switching commands for the capacitor banks. This plant control includes a measurement device which senses
the currents and voltages at the PCC, a dedicated computer which allocates the control and dispatcher algorithms, and a
communication hub, which collects all the feedback, packs and sends all the necessary references for the correct operation of the
WTGs, STATCOM and capacitor banks. This communication hub exchanges the control references and other signals with the
WTGs, STATCOM and capacitor banks, using for that purpose the communication WPP Ethernet network and specific
protocols. Figure 1 shows in details the connection between the plant components.



The voltage plant control used in this paper is based on a proportional controller, also called slope control. Normally, the gain
of the voltage controller (Kgope) and the plant voltage reference (Ve piane) are defined by the TSO.
The plant control law can be defined as (1).

K = 1 = LQF cc (1 )
slope S lnpe A VPCC

The slope controller is the outer loop, which is complemented with a plant reactive controller to compensate the Q losses that
occur inside the plant. The output of this control is the total reference to be sent to the WPP components (V¢ (ora). Before this
reference is sent to them it is altered by the capacitor control, which may subtract/add a fraction (AV,,) to the reference, if one
of the capacitor steps is going to be connected/disconnected, see Figure 4. This is done to minimize the transient effect of the
capacitor switching in the plant control. After this, the reference (V) is processed by the dispatcher block, which splits the
calculated reference among the WTGs and STATCOM.

The dispatcher has the functionality of splitting the references calculated previously (V) into the STATCOM and WTGs
composing the WPP. The way of splitting the reference can be done following several strategies, e.g. minimization of lost of
energy production. The strategy used in this paper is based on using the STATCOM as a reactive power back-up when the
reactive power injected by the WTGs is not enough for grid code fulfillment.
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C2 (ON/OFF)
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Control
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Figure 4. Plant voltage control, including the capacitor control.

The proposed Capacitor Control is depicted in Figure 5, and uses as an input the previous calculated V. to calculate the
needed reactive power (Qqef cap) by using (2), where Kwrg is the slope gain of the local voltage control of the WTGs and
STATCOM. This Qe cqp reference is compared with a threshold value (Converter operation steady-state); if the reference is
greater than this level, then the output is set to Qe cop Otherwise it remains 0. The Switching Logic block processes this signal
and decides which step to connect/disconnect based on some timer functions and the current status of the capacitors. Finally, the
outputs of the block are the switching commands to the capacitor steps and the AV ¢,,, which will offset the V¢ (a1

The effect of this AV,, is to center the disturbance of the capacitor connection, thus decreasing the peak value of the
transient. The action of the AV, offset is disabled when disconnecting the capacitors and the measured voltage is greater than
1.08 pu, as well as when connecting capacitors and the voltage is below 0.93 pu. In these situations, it is better not to center the
transient, to avoid increasing/decreasing the voltage even more.

Attention should be drawn to the input reference connected to the capacitor control (Vi instead Vi (o), doing in the way
that is shown in Figure 4, it is ensured that the processed V . is the one related to the operation of the WTGs and STATCOM.

(1_Vref )KWTG = Qreff('up (2)
C1 status
C2 status
l ™\
Vref E (2) Qref_cap T r [N Switching C1 (9N/OFF)
g. ) | Logic
C2 (ON/OFF)
Converter operation
steady-state J
v AVcap

Figure 5. Proposed capacitor control.

V. RTU

Usually a substation RTU monitors the field digital and analog parameters received from the different elements composing
the substation, and transmits relevant data to communicate to other RTUs and control centers, as well as it is able to execute



simple supervisory tasks related to protection. The RTU can be interfaced with different communication media, usually Ethernet
and can support standard protocols to interface any third party software. The gathering of direct-wired process information and
its transfer to a higher level control system is one of the major tasks of the remote control application. The concentration of
several functions on a central communication gateway reduces the number of required communication lines to higher control
level. This approach results in higher availability for the electrical system [19]. As it can be seen in Figure 1, the RTU monitors
the transformer tap position and status of capacitor breakers and contactors, and receives the switching commands to the
capacitors sent by the WPPC. The RTU will transfer these commands to the capacitor switches when the security and integrity
checking have been done.

VI. OLTC

The wind power plant transformer includes an OLTC and its voltage control. The tap changer voltage control commands the
transformer on load tap changer, so that the controlled voltage, in this case the medium voltage side (the OLTC measurement
sensors are located at medium voltage side of the transformer) is practically constant independently from the wind speed level
and voltage grid conditions. To achieve this, the tap control will select the right position of the OLTC in the power transformer.
An important requirement for tap control is, however, not only to keep the voltage profile but also to suppress the frequency of
operations to the lowest possible. These requirements basically contradict each other since frequent operations are usually
needed to perform a higher quality of voltages.

On-load tap changers are applied within several types of voltage control strategy used by transmission and distribution grid
operators and some methods have been compared, discussed and proposed [20]-[21]. In this paper, a tap control strategy for a
wind power plant is proposed, where the line drop used in the tap control is dependant on the capacitor bank status.

The line drop compensation function is to regulate the voltage at a remote point along the feeder. This voltage is estimated by
computing the voltage across a fictitious impedance (gain K| in Figure 6). By removing the capacitor current from the total MV
current, the line drop function estimates the voltage with more accuracy. As a consequence of that, better voltage regulation and
less tap movement actions are expected.

The main impedance between the WTGs and the medium voltage side of the substation transformer terminals is the WTG
transformer. Choosing a half compensation of this impedance has been found to be a good compromise, since the higher the
value of this impedance the bigger the deviation of the nominal medium voltage at MV bus-bar where other elements are
connected, such as the capacitor banks.

The voltage plant and voltage tap controllers can be considered decoupled, for two main reasons: different control time
response and different location of the voltage to control. The tap controller is controlling the medium voltage side, by changing
the transformer winding ratio, whereas the WPPC is controlling the voltage at the high side of the substation transformer, by
injecting Q. Looking at the time response of these two controllers it can be said that the WTGs and STATCOM are used for
dynamic voltage control while the OLTC is used for steady-state voltage control.

A simplified diagram of a typical OLTC and its control is shown in Figure 6 [22]. The block called LOGIC includes the
conditions to increase or decrease the tap position and is based on the input V.., and typically allocates a timer which
determines the duration of the voltage error exceeding the dead band value (D). The timer is increased if the error is outside the
dead band and, it is reset if the error is within the dead band, either if there is a tap change or if the error oscillates above and
below the dead band. Its operation is blocked in case that the voltage falls below some defined limits, (undervoltage blocking),
and also when voltage or current exceeds another user defined limit (overvoltage or overcurrent blocking) [23].

Typical line drop compensations are calculated based on the measured reactive current at medium voltage side (I vv) and a
gain K;. The DELAY block is used to prevent unnecessary tap changes in response to transient voltage variations or self-
correcting voltage variations and to introduce the desired time delay before a tap movement is commanded. The tap motor action
is modeled as a pure delay with a time constant Th,.

OLTC VOLTAGE REGULATOR MOTOR
DRIVE-UNIT
lq_mv
V ted D
e > LOGIC |— Delay esTm TAP
D POSITION
Vv

Figure 6. Typical OLTC scheme.

A. Proposed OLTC line drop compensation

In order the line drop calculation of the tap control works with more accuracy, the reactive current injection from the
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capacitor banks should be removed. The reactive current injected by the MSCs is generated just at the MV bus-bar, thus is
distorting the voltage drop related to the real distance to the converters, which the line drop should estimate. The following
equations are used to explain this concept in more details, and they are extracted using the diagram depicted in the Figure 7. The
resistances of the impedances are neglected.

Viv =V + lequv (3)

If no decoupling of the reactive current injected by the MSCs is done, (4) is obtained. In this case a deviance of I, K, in the
line drop (AV ) is expected.

AVdrop

_ - 4)
|4 14 _KLIq_MV =V, ted _KL(Iq_c +Iq_LV)

ref 7 rated ra

If the decoupling of the MSCs current is done in the OLTC control, (5) is obtained and as it can be seen the K line drop gain
can remove more clearly the impedance effect from the MV bus-bar to the WTGs. See (3) and (5).
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This last AV 4,0 _improvea OfTers a close solution to what really is intended to do.
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Figure 7. Single line diagram of a generic WPP with capacitor banks.

The desired current for the line drop control can be achieved by several ways. As an example, either the subtraction of the
measured capacitor current (I ) to the total measured current at MV (I myv) is done, or the total reactive current injected by the
WTGs and STATCOM is used directly. In both cases to implement these solutions it is needed to add new hardware.

One simple solution, without additional hardware requirements, is to send to the OLTC control the switch status (C;... C;) of
the capacitor banks. This solution implies that the RTU exchanges the needed data with the tap control about the capacitor
switch status in the existing communication link. Also, it is needed to add a simple algorithm inside the OLTC control, which
will translate the received signals into the current injected by the connected capacitors. This current is calculated based on the
rated capacitance of the capacitors and the measured voltage at medium side. As an example for 2 capacitor steps, the control
function (6) can be used.

IF _(CL_ON.AND.C2_ON)=1, .=1, ,+I, ,

IF _(CI_ON.AND.C2_OFF)=1, =1, ,

IF _(CI_OFF.ANDC2_ON)=1, =1, , ©
IF _(C1_OFF.ANDC2_OFF)=1, ,=0
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Figure 8. Proposed OLTC voltage control.

B. Interaction between the Plant and Tap Controls

The OLTC and plant controls work independently, thus they can not be considered perfectly decoupled, small interactions
among the control actions are a natural consequence. This section studies the interactions of the OLTC voltage regulator in the
voltage plant control, and the voltage plant control in the OLTC voltage regulator.

1) Affection of the OLTC Voltage Control into the Voltage Plant Control

The tap operation affects the medium bus voltage causing a consequent variation in the injected current at high voltage side of
the transformer, which will cause at the end a variation in the voltage at the PCC. This is a clear counteraction between
controllers, since an increment in the tap position to increase the MV will cause a decrement in the voltage at the PCC.

To study the magnitude of this counteraction the Figure 9 is used, which shows a simplified diagram of a transformer
connected to a grid characterized by its impedance Zgrip. I mv is the reactive current injected at medium voltage side of the
transformer. All the system is reduced to a pu system, and r reflects the tap position, for the neutral position r is equal to 1.

H /
lo mv T g pec GRID

Figure 9. Simplified diagram to study the tap changer effect in the Vpcc.

Thus, using the above scheme the interactions of the tap control with the plant voltage control can be analyzed.
Neglecting the resistances of the impedances, the following equations can be extracted.

Viece = Xerin! g_pcc T Vorm (7)
Viw = XTIq_MV +V; (8)

Where Vi is representing the measured voltage before the transformer positive sequence leakage reactance Xr.

Vi =1Viee )
Iq?MVZquPCC/r (10)

Applying small increments, the following equations are obtained:

AVpee = XripAl pec + AVprip (11)
AV =X ALy + AV, (12)

AV = ArVpeeo + 1AV pec (13)
AIquIV = (Aqupcc Iry)+ (quPCCO ! Ar) (14)

For the sake of simplicity, I ppco=0 is considered before the perturbation.



AVyy = XTAI(LMV +ArViceo + 1AV e (15)
Ar=(AVyy Vieeo) — (XTAIq_MV IVoeco) + (5AViee I Vipeeo) (16)
1 X X, +r’X
Ar :( JAVMV +[ . JAVGRID _( r o~ onn jAVPCC (17)
PCCO %X 6ripVpcco 0X gripYpcco

Thus, the coefficient which correlates the variation of the tap position with the voltage at the PCC is as follows:

X oV,
AV =— o GRII; PCCO_ |A (18)
X +1, Xorp

Following figure shows the variation of the voltage at PCC for different short circuit ratios and transformer reactances, when a
change in the tap position of Ar = -0.01 pu is done. And as it was expected, tap operations with low SCRs and high transformer
reactances are translated in higher voltage changes at PCC.

0,007{~., | === Xr=0,08 pu
RN —— X7=0,10 pu

. — - X=0,12 pu

0,006 \_ \\ — X;=0,15 pu

5 10 15 20
SCR

Figure 10. SCR vs. Changes in voltage at PCC for different transformer impedances.

2) Affection of the Voltage Plant Control in the OLTC Voltage Regulator
Also it is important to analyze the effect of the plant voltage controller in the voltage at medium side, where the OLTC control
is located. For this purpose (19) can be used to obtain (20).

AI‘I_PCC = KslupeAVPCC (19)
r—X,K
AV = T T slope AV
" 1+ XGRID Ksl()pe e (20)

It can be said that lower slope gains make the system more independent from the SCR, and higher slope gains make the
system more dependant on the grid impedance.

The impact of the line drop gain in the amount of tap changes can be extracted by looking to Figure 11 and Figure 12. The
bigger the line drop gain the closer the OLTC voltage reference variations to AVyy, and the smaller the gain the more closer to
AVyy.

Using the above equations and a disturbance in the grid voltage of 0.1 and 0.02 pu, the Figure 11 and Figure 12 are depicted.
In these figures, it is represented the deviation values from the rated MV and LV for different slope gains and SCR values.
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Figure 11. -0,1 pu grid voltage change, r= 1, Xt= 0,12 pu Xy= 0,08 pu.
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Figure 12. -0,02 pu grid voltage change, r=1, Xt= 0,12 pu X,= 0,08 pu.

It can be seen that for high slope gains and lower SCR values the amount of tapping operation are lower when the OLTC has
a small drop line gain. For lower slope gains the amount of tap operations will be lower when using higher gains in the line drop
compensator. The maximum reactive power injection is limited to 0.346 pu (which correspond to a PF=0.95). It can be seen that
the maximum Q is reached for high slope gains and big grid disturbances.

VII. SIMULATION SETUP AND RESULT ANALYSIS

The WPP diagram shown in Figure 1 which includes the aforementioned controllers has been tested through EMT
simulations. The WPP is tested under different SCRs and active power injection scenarios, analyzing the transient response of
the capacitor bank switching, the performance of the tap control and the overall design concept.

The WPPC slope gain of the plant voltage control is chosen to be 4 % in all the simulated cases, and the modeled plant layout
and data are based on an existing installation.

An aggregated WTG has been used, as it is shown in Figure 1, due to computational reasons. This WTG is connected through
a step-up transformer to the collector bus by means of a subterranean cable. This collector bus is stepped up to the high voltage
level, by means of the substation transformer, WPPT in Figure 1. The high voltage side of this transformer is connected to the
next substation through an overhead line. Upstream of this point, the whole electrical system is reduced to an equivalent
impedance, defined by its SCR and X/R, and an ideal voltage source (GRID).

The subterranean feeder cable is modeled as a II equivalent with its corresponding project data. The substation and WTG
transformers are modeled with 12 % and 8 % impedance and an X/R ratio of 24 and 10, respectively. The grid is represented by
an equivalent Thevenin circuit with different SCRs, according to the simulated cases. See more simulation data in the appendix

tables.

A. OLTC Analysis Performance
1) Comparison Performance of the OLTC controller
Some simulations have been done to check the performance of the proposed OLTC control. In these simulations the OLTC
control shown in Figure 6 (called “normal”) and Figure 8 (called “improved”) are used for comparing the performance.
In the simulated cases the SCR is equal to 5, the K is 8 %, and the active power injection of the plant is kept constant to a
level of 0.7 pu. The voltage of the grid (Vgrip) is stepped up and down 0.1 pu. The following figures show the grid voltage
(VGrm), the tap position (Tap position), the voltage at medium side (Vyy) and the voltage at WTG level (Viy) for both cases
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(normal and improved). See Figure 13.
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Figure 13. Comparison of two tap control configurations

Using the scheme shown in the Figure 8, the calculated AV, allows a better estimation of the voltage at another location in
the plant.

It can be seen how the number of tap operation is reduced drastically and the voltage at WTG terminals is closer to the
nominal value when the proposed OLTC control is used.

2) Performance of the Proposed OLTC Control under Different Conditions

Several EMTP simulations are done to show the amount of tap operations for different SCRs, slope gains and line drop
values. The summary of these simulations are shown in Table I. The grid voltage used in the simulations is the same as the one
shown in Figure 13.

The amount of tap operations is directly related to the magnitude AV y when the line drop gain is high (K;= 8 %), or AVyy

when the line drop gain is low (K= 0 %). Higher AV values are translated into more tap change operations.

It can be checked that the graphs shown in Figure 11 are in accordance with the simulation results.

By looking at Table I some conclusions can be extracted. When high K. gains are used in the voltage plant control, low
SCR values make lower tap operations compared to high SCR values. For low K., gains the amount of tap operations is almost
independent of the SCR value.
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TABLE I
SIMULATED CASES

CASE Slope [%] Ky [%] SCR Tap operations

1 4 0 5 0
2 4 8 5 3
3 4 0 25 9
4 4 8 25 6
5 15 8 5 11
6 15 8 25 12

B. Capacitor Control Analysis Performance

In the Figure 14, it is shown the transient effects of the capacitor switching in the voltage and reactive power at the PCC. Two
different cases are simulated, and in both cases it is shown the performance when the function which calculates the AV, is
activated (AV¢,, ON) and when is not (AV,, OFF). When it is activated, it can be seen how the transients are centered on the
previous Q and V values.

Two cases are simulated. Case A: one capacitor is connected with a SCR of 5, a grid voltage of 0.95 pu and the WPP active
power level injection is 1 pu. Case B: one capacitor is disconnected with a SCR of 10, a grid voltage of 1 pu and the WPP active
power level injection is 1 pu. The voltages at the PCC bus (Vpcc), and the Q injected at the PCC (Qpcc) are plotted for every
simulated case.

®

1,02
1.021 ~+ AVeop OFF ~ AV, OFF
e — AVgqp ON 3 101 — AVgap ON
8 3 ]
1
> 0,97 = 100
] 0,99
0,92 1 1 ; ; ; ; 1 0,98 ; ; ; ; ; ;
0,5 0,10
0,051
= 0,47 =
2 =
o§ 0§0,007
0,31 —~AVcap OFF -0,051 —AVcap OFF
— AVea, ON — AVcap ON
0,2 f f f f f f : f -0,10 f f f f f f f
229 231 233 235 237 239 241 243 39,9 40,1 403 40,5 407 40,9 41,1 413
Time [s] Time [s]

Figure 14. Capacitor switching transients: Case A: switching in 1 capacitor. Case B: switching Out 1 capacitor.

C. Full system Analysis Performance

The performance of the plant under different conditions is shown in the following figures. The used line drop gain is 4 %.

In Figure 15, the aggregated WTG is programmed to inject the active power measured at the PCC of a real WPP and the
voltage of the grid is kept constant and equal to 1 pu. It can be seen how the capacitors are switched in and out to keep the steady
state reactive power converter action of the plant within 0.1 pu.

In the following figure: the injected active power at PCC, the injected reactive power by the WTGs, STATCOM and
capacitors, and the voltage at WTG, STATCOM, and capacitor terminals (MV side of the transformer) are depicted.
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Figure 15. Real time series injection of active power. Vgrid =1 pu=cte, SCR=5
In the Figure 16, the aggregated WTG is programmed to inject a constant active power equal to 0.7 pu, but in this case the

voltage of the grid is stepped up and down 5 %. It can be observed that only one tap operation is done in this period, even that
the voltage of the grid is steeped up and down 5 %, which corresponds to the conclusion of the previous results shown in Figure

11. In the

following figure, the injected reactive power from the WTG, STATCOM, capacitors, and the measured voltages at the

grid, PCC and MV buses, are depicted.
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Figure 16. Voltage of the grid steeped up and down 5 %, P =0.7 pu=cte. SCR =5
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It can be seen as well, how the plant control connects and disconnects the capacitor banks in order the amount of used reactive
power from the converters is kept below a desired operation band of 0.1 pu, it should be mentioned that this operation band has
been found as a compromise to avoid excessive switching operations of the capacitors and reduce losses due to the converter
usage. The simulations show that the transformer voltage tap control can run independently of the plant voltage control without
any conflict.

VIII. CONCLUSIONS

The operation analysis of a wind power plant with a central voltage controller, including DFIG WTGs, STATCOM, capacitor
banks and OLTC is shown and tested through simulations. The STATCOM unit is introduced in the plant due to the lack of
reactive power capability from the WTGs and fast time reaction requirements to voltage disturbances in the grid. Capacitor
banks are included in the plant to ensure that the converters will have sufficient VAr capacity to handle unpredictable grid
disturbances and to reduce the losses due to the reactive power transportation inside the plant. The STATCOM and MSCs are
sized according to the load flow analysis at the PCC and the capacitor control characteristics.

These MSCs are controlled by a novel capacitor control, which is integrated successfully in the plant controller, allowing the
reduction of the capacitor switching transients and limiting the converter operation for reactive power injection during steady-
state. Moreover, the coordination of the STATCOM, WTGs and capacitor banks can be done in such way that the “steady-state”
reactive power usage of the converters is less than a desired band of 0.1 pu, which is a compromise between switching converter
losses and capacitor switching operations.

It is shown that for a wind power plant, if the current injection from the capacitor banks is removed from the OLTC voltage
control, the performance is improved. Therefore, the proposed OLTC voltage control is coordinated with the plant control, in
order the current provided by the capacitors can be removed from the total medium voltage current, thus reducing the amount of
tap operations and obtaining a better estimation of the line drop voltage.

IX. APPENDIX

TABLE II
ELECTRICAL DATA OF WIND TURBINE

Parameter Value Unit
Sbase 2100 [kVA]
Vhbase 0.69 [kV]
Electrical frequency 50 [Hz]
Stator Resistance 0.006 [pu]
Rotor Resistance 0.009 [pu]
Mutual Inductance 3.422 [pu]
Stator Inductance 0.072 [pu]
Rotor Inductance 0.101 [pu]
S step-up transformer 0.69:20kV 2100 [kVA]
Z step-up transformer 0.08 [pu]
TABLE III

ELECTRICAL DATA OF THE WIND POWER PLANT & GRID

Parameter Value Unit
Number of WTGs 23 [-]
XovL 1.81 [%]
RovL 0.89 [%]
CovL 0.51 [%]
LOVL 10.2 [km]
XwppPT 11.91 [%]
Rwepr 0.49 [%]
SwepT 55000 [kVA]
Angle of grid 75 [deg]
Medium voltage level 20 [kV]

High voltage level 115 [kV]
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TABLE IV
ELECTRICAL DATA OF STATCOM

Parameter Value Unit
Sbase 14000 [kVA]
Vbase 0.69 [kV]
Electrical frequency 50 [Hz]
S step-up transformer 0.69:20kV 15000 [kVA]
Z step-up transformer 0.09 [pu]
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Abstract— Wind power plants are growing in percentage of
penetration into the electrical grid compared with traditional
generation. Larger percentages of wind power penetration
translate to more demanding requirements coming from the grid
codes, for example, voltage support at the point of connection has
been introduced recently by several grid codes from around the
world. For a wind power plant of DFIG turbines, fast voltage
response and reactive power capability can be a challenge.

In this paper, a novel strategy and control architecture for a
wind power plant, DFIG turbine and a STATCOM unit is
introduced. The implemented voltage control scheme is based
upon the secondary voltage control concept. The proposed local
voltage control is only activated during grid voltage transients
allowing equal loading of the VAR sources.

Results of simulations in EMTP show that the combination of
the proper plant, WTGs, and STATCOM control can offer fast
response to grid voltage changes, and the fulfillment of the design
requirements can be extended for a wide range of short circuit
ratios.

Index Terms—Wind turbine generator, slope control, power
system, voltage control, doubly-fed generator, STATCOM.

1. NOMENCLATURE

Ctrl Control

COMM Communication

CT, VT Current and Voltage Transformer
DC, AC Direct Current, Alternate Current
DFIG Doubly Fed Induction Generator
DB Dead Band

EMTP Electromagnetic Transient Program
G Generator

LPF Low Pass Filter

P,Q Active, Reactive power

PCC Point of Common Coupling

PF Power Factor

PI Proportional and Integer control
PWM Pulse Width Modulation

S Laplace term

SCR Short Circuit Ratio

STATCOM  Static Compensator

TSO Transmission System Operator
V,1 Voltage, Current

Manuscript June 10, 2010.

J. Martinez and P. C. Kjaer are with VESTAS Wind System, Power Plant
R&D. Denmark.

R. Teodorescu and P. Rodriguez are with Aalborg University. Denmark.

OVL Overhead Line
WPP, WTG  Wind Power Plant, Wind Turbine Generator
WPPC Wind Power Plant Controller
WPPT Wind Power Plant Transformer
w Angular frequency
X,R,L Reactance, Resistance and Inductance
Z Impedance
Subscripts

a,b,c Three phase quantities

d,q Direct and quadrature axes

ref Reference

m Measured

II. INTRODUCTION

W ith increasing penetration of wind power generation,
the requirements for the connection of wind power
plants (WPPs) to the electrical grid are defined by new and
emerging grid connection codes. The grid connection
requirements vary in different parts of the world, but they
share common aims, such as permitting the development,
maintenance and operation of a coordinated, reliable and
economical transmission or distribution system. The new
requirements generally demand that wind power plants provide
ancillary services to support the network in which they are
connected [1].

Depending on the used wind turbine technology, different
reactive power capabilities can be obtained at the point of
common coupling (PCC). If the available reactive power from
the wind turbines is not enough to fulfill the requirements,
extra reactive compensation equipment should be installed in
the plant. If this is the case, coordination between the WTGs
and the reactive power compensation device is needed.

Since WPPs are modular (composed by a large number of
generation units), the communication delays of the operational
set points sent by the plant controller could be in the range of
hundreds of milliseconds. Therefore, when fast reaction time
to voltage disturbances is required, some local voltage control
scheme can be implemented at turbine level [2]-[3]. In the
other hand, the local voltage control has the undesired effect of
loading unequally the converters, since the reactive power
injected by every unit is dictated not only by the reference of
the central control, but also by the individual local voltage.

In this paper, it is presented a new voltage plant control,
including the dispatching functions to coordinate the



STATCOM with the WTGs, and a local voltage control
strategy, where the local voltage control collaborate in the
reactive power injection only during voltage transients.

III. VOLTAGE CONTROL REQUIREMENTS

Small-signal performance measures provide a means of
evaluating the response of the closed-loop excitation control
systems to incremental changes in system conditions. In
addition, small-signal performance characteristics provide a
convenient means for determining or verifying excitation
system model parameters for system studies. Small-signal
performance may be expressed in terms of performance
indices used in feedback control system theory. For a time
response output, the associated indices of interest are the
following: rise time, overshoot, and settling time [4].

When tuning the voltage regulator, an improvement to one
index will most likely be to the detriment of other indices.

Output [pu]
Overshoot
Peak value € Specified band for
r settling time
Steady state
value i W A N fm\y—~

0.9 of steady _|
state value

0.1 of steady
state value

Initial value -
Time

|
t, ‘tr

— b

ts

Fig. 1. IEEE std. for a typical transient response of a feedback control
system to a step change in input [4].

The most demanding indices, related to Fig. 1, are
extracted from different grid codes [5]-[8] and compiled in
Table 1. The indices listed in Table I will be used in the
following sections as control design criteria. The referred
indices are used to evaluate the measured voltage at PCC.

TABLEI
DESIGN REQUIREMENST ACCORDING TO FIG. 1

Parameter Value Unit
Overshoot 5 [%]
Band for settling time 2.5 [%]

ta 0.2 [s]

tr 1 [s]

tp Not defined [s]

ts 2 [s]

IV. WIND POWER PLANT

The wind power plant of interest is composed by 23 DFIG
turbines, which are distributed in 4 feeders, having 6, 7, 6 and
4 WTGs respectively. These WTGs are connected through a

set-up transformer to the collector bus by means of a
subterranean cable. This collector bus is stepped up to the high
voltage level, by means of the substation transformer, WPPT
in Fig. 2. The high voltage terminal of this transformer is
connected to the next substation through an overhead line
(Zovyp). Upstream of this point, the whole electrical system is
reduced to an equivalent impedance, defined by its SCR and
X/R (Zg), and an ideal voltage source (GRID). See following

figure.
GRID e

GRID bus

el

Wind Power Plant PCC bus

Fig. 2. Simplified diagram of the WPP, composed with 23 DFIG and 1
STATCOM.

It can be seen that the main active components of the plant
are DFIG turbines and a STATCOM. The following sections
describe in more detail these two components.

A. DFIG Turbine

The variable speed doubly-fed generator, see Fig. 3,
allows full control of generator active and reactive power,
using the rotor-connected frequency converter. Its rating is in
the order of 0.3 pu. Operating both with sub- and super-
synchronous speed, the power can be fed both in and out of the
rotor circuit.

Gearbox

WTGT

Rotor Grid
Converter Convertel
AC DC

1T
DC T AC

~ ?
Lot cemmsse s WTG |/ Reference--
control

Fig. 3. DFIG turbine simplified diagram.

Typical DFIG controls can be seen in [9]-[10], where the
active and reactive power are controlled using the d and q axis
respectively.

The following figure shows the P-Q chart of a DFIG



turbine. The asymmetry in the figure with respect to the Q
capability is due to the excitation of the generator and the
limited size of the converters. All P-Q combinations, inside the
plotted area, can be injected. Clearly, the maximum Q
injection is dependent on the instantaneous P value.

Q [%]
(P1,Q1) (P2,Q2)
Q
Capacitive
(P3,Qq)
(POrQO)(
P [%]
(P7,Q7) (¢
(P4,Qq)
Inductive
(PeQo) (P5.Qs)

Fig. 4. P-Q DFIG chart measured at stator terminals.

B. STATCOM

Most of the grid codes require voltage capability regulation
within a minimum power factor of 0.95 [6], for the whole
active power range. As it can be seen in Fig. 4, the limited
DFIG Q injection for high active power productions can be a
problem. To solve this situation, a STATCOM can be installed
in the wind power plant.

Flexible AC transmission systems based on voltage-source
converters, such as STATCOMs, have found increasing
utilization in power systems because of their ability to provide
improved performance [11]. The primary purpose of a
STATCOM is to support bus-bar voltage by providing
appropriate capacitive and inductive reactive power into the
system.

The single line diagram of the STATCOM for reactive
power supply to the system is shown in Fig. 5, where Vy is
the voltage of the bus-bar which is connected to, and Vgr is the
controllable output voltage bus.

DC-link T

1 g

9]
a
>

AC
7

STATCOM | |
--Reference>
control

Fig. 5. STATCOM simplified diagram.

FILTER

The STATCOM can be operated over its full output
current range even at very low system voltage levels. In other
words, the output current can be maintained almost
independently from the AC system voltage. The Q generation
or absorption changes linearly with the AC system voltage.

Fig. 6 represents the typical I-V chart for a STATCOM.

I [%]

(V1,11)

Capacitive

(V2,l2)
V [%]

(Vo,lo) )
G

Inductive (V3,l3)

Fig. 6. V-ISTATCOM chart measured at Vpy bus.

1) Sizing the STATCOM for the Wind Power Plant

The amount of VAr needed from the STATCOM can be
calculated by means of a load flow analysis for different wind
level productions and grid voltages.
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0 0,2 0,4 0,6 0,8 1

P [pu]
Fig. 7. Load flow analysis of the wind power plant at PCC bus.

Fig. 7 shows the load flow analysis of the WPP depicted in
Fig. 2, when the WTGs are operating at PF equal to 1 at stator
terminals. Thus, the reactive power consumption of the WPP
components for different levels of active power injection and
grid voltage levels can be evaluated.

The dotted lines show the maximum reactive power
capacity (inductive and capacitive) needed for every active
power injection (PF = 0.95).

The blue dot shows the intersection between the Q
produced at the PCC and the PF = 0.95 capacitive
requirement, when the turbines are operating at maximum
capacitive reactive power. Beyond this active power level, the
DFIGs are not able to fulfill the PF requirement by themselves.
Therefore, this point determines when the STATCOM is
starting to be needed to fulfill the PF = 0.95 requirement.

The green dot shows the maximum capacitive reactive
power capability at PCC when the WTGs are injecting their
maximum capacitive reactive power at maximum active power
injection, and it can be used to determine the amount of VAr



needed from the STATCOM.

The pink dot shows the maximum inductive reactive power
capability at PCC when the WTGs are injecting their
maximum inductive reactive power at maximum active power
injection.

V. SECONDARY SLOPE VOLTAGE CONTROL

The secondary voltage control concept is well known in the
literature. The main thrust of the secondary voltage control
scheme is to counteract, in real time, reactive power flow
changes in the system, by adjusting terminal voltages of
generators system-wide. The amount of voltage adjustment is
proportional to the voltage derivations at monitored buses
[12]-[14]. This concept can be applied to a wind power plant
[3], where the pilot bus is located at the PCC bus, and the wind
turbines include their own voltage controller.

Slope voltage control is widely used in power system
applications since it allows paralleling generators with
individual voltage slope controllers without hunting
phenomena or instability. When there is high SCR, as in most
of the cases in the transmission system, a slope controller will
offer the best solution. Slope control provides a coordinated
reactive power system, since it is known which the equilibrium
point will be for every voltage disturbance, independently of
the time reaction of the controller and the Q compensators. In
this way, it is easy to manage how the generators will share the
reactive power injection for a certain voltage disturbance.

The control law that is applied for the slope concept can be
defined in a generic way as follows:

me=Qo+( 1 J(me—Vm) (1)

Slope

Considering a wind power plant composed by a large
amount of generators, and everyone having its own slope
voltage control, it is important to investigate the interaction
between these controllers and the central plant control. For
studding this interaction, a generic system formed by two units
and a central control is used.

The single line diagram of this system is depicted in Fig. 9,
which shows two generation units. On top of that, a central
control unit (Central Ctrl.) is placed to control the voltage at
PCC by commanding these two units.

The following equation shows the control law applied to
unit #1.

(4

ref _V1)K1 =141 (2)
The following equation shows the control law applied to
unit #2.

v,

ref _Vz)Kz :qu (3)

The following equation shows the control law applied to
the PCC.

(Vrated _VpCC)KpCC = qurr (4)

Note that in the above equations, the voltage reference
(Vyer) will be equal to its nominal bus-bar voltage value, when
the central control unit is disabled, otherwise V. will be
dictated by the central control.
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Fig. 8. Simplified diagram of a system with two generator units and a
central control.

As it can be seen, these three controllers use different slope
gains (K, K, and K,..) when controlling their local bus-bar
voltage.

A. System Performance: Two Slope Voltage Control
Units without Central Control.

This section shows the system analysis when the central
controller located at PCC, see Fig. 8, is disabled and only the
local controllers of the units are activated.

In the following figures, it is shown the characteristics of
the reactive current for the units (UNIT 1 and UNIT 2), the
system characteristics for different voltages of the grid (Sys
PCC), and the characteristics of the combination between these
two slope controls (UNIT 1+2). The amount of reactive
current injected from every unit can be calculated as the
intersection with their respective characteristic curves.

Fig. 9 shows the equilibrium points, and the characteristics
of the controls and system, when the voltage of the grid is
stepped from 1 pu to 0.9 pu.

Point 1 shows the equilibrium point when the voltage of the
grid is 1 pu, and point 2 shows the equilibrium point when the
voltage of the grid is 0.9 pu.
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Fig. 9. Characteristics of two generator units with slope voltage control and
without a Central control.

Fig. 10 shows the same as Fig. 9, but in this case a
simulation with EMTP is done and plotted to show the
trajectory of the equilibrium point of the system when stepping
the grid from 1 pu to 0.9 pu, and back. This trajectory is
shown by the red line called (Simulation_without_PCC_ctrl),
which shows how the equilibrium points are located at the
intersection between the system (Sys PCC) and the control
characteristics (UNIT 1+2).
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| —® UNIT1
Sys PCC
—e— UNIT 1+2
= Simulation_without_PPC_ctrl

0,94 T
-0,6 -0,3

0,6

la [pu]

Fig. 10. Characteristics of two generator units with slope voltage control
and without a Central control, including EMTP simulation.

Fig. 11 shows how the resistances and active power
injection can affect the previous equilibrium points. In this
case, the units #1 and #2 are injecting the same active power
level, but the resistance value connecting them to the PCC is
different, R; = 2R,. As it can be seen, the effect of this active
power injection is to displace the previous equilibrium point 1
to a new position 1°, making Iqlr inductive and Iq2r capacitive
for a grid voltage equal to 1 pu. This offset could lead to
undesired behavior when having a centralized controller, since
all the units should collaborate in the same reactive power
direction.
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Fig. 11. Active power effect in the slope control equilibrium points.

B. System Performance: Two Slope Voltage Control
Units with Central Control (secondary voltage control
concept)

This section includes the system analysis when the central
slope voltage controller is activated (Central ctrl), and sends
the voltage references to the generator controls, see Fig. 8.
This configuration is called secondary voltage control scheme
[15]. This configuration offers a first and fast reaction to grid
disturbances from the individual unit controls and later it is
compensated by the slower central control unit. This central
control unit sends voltage references to the units according to
the central slope characteristics.

For this case, another curve is plotted (Ctrl PCC) which
shows the characteristics of this centralized controller.

The equilibrium point is located in the intersection between
this characteristic and the system one (Sys PCC). As in the
previous cases, the voltage of the grid is stepped from 1 pu
(point 1) to 0.9 pu (point 3), see Fig. 12.
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Fig. 12. Characteristics of two generator units with slope voltage control
and with a Central control.

Fig. 13 includes the EMTP simulation response when
stepping the grid from 1 pu to 0.9 pu and back. This is shown
by the red line (Simulation_ with_PPC_ctrl).
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Fig. 13. Characteristics of two generator units with slope voltage control
and with a Central control, including EMTP simulation.

The followed I-V trajectory shows several interesting
points. Since there is some delay in the communication of the
central PCC control when sending the references to the local
units, it can be seen how the first system reaction is to reach
their local controller equilibrium point (point 2), being this
point the same as in Fig. 10, then the reference from the
central control arrives moving the equilibrium to point 3. After
that, when the grid voltage is stepped back to 1 pu, it is
possible to see a similar reaction. The first reaction from point
3 to point 4 is done by the local controls and then point 4 is
moved to 1 through the central control action.

VI. WIND POWER PLANT, WTG AND STATCOM CONTROLS

Wind power plants are required to control the
characteristics of the power injected at the PCC [16]-[17].
Therefore, a centralized control is needed to supervise and
command the power injected at the PCC. And as it was
mentioned before, the control concept used in this paper is
based on the secondary slope voltage control.
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Fig. 14. WPP control and communication link diagram.

As voltage control is actuated by reactive power, it is
possible to affirm that the voltage control design will cover an
inner and fast reactive power/voltage control loop, located at

turbine level, and an outer voltage control loop, located at the
PCC where it is intended to control the voltage. In general, this
control structure allows fast response and improves the overall
performance, since the same tuning that was limited by the
gain and delays in the system can be extended now to cover a
greater range of SCRs.

The implementation of the secondary slope voltage control
is done by including additional structures in the WTG and
STATCOM q-axis controller. The WPPC is adapted to
provide new references according to the new WTG and
STATCOM control.

A. Wind Power Plant Control

The plant control (WPPC) receives the references and
feedback (measurements) and outputs the turbines and
STATCOM set-points. This controller is formed by a
measurement device, which senses the currents and voltages at
the PCC, a dedicated computer which allocates the control
algorithms, and a communication hub. This communication
hub will exchange control references and other signals with a
large amount of WTGs, using for that purpose the
communication WPP FEthernet network and particular
protocols.

As it is shown in Fig. 14, the power plant controller is
formed mainly by the following blocks:

1) Grid Meter

The measurement device or “Grid Meter”, samples at very
high frequency values the output of the CTs and VTs located
at the PCC. This meter processes the signals by first
calculating one cycle rms value of the signals, and then
filtering for anti-aliasing. These rms signals are used by the
control as the feedback.

2) Proposed Plant Control

The plant control included in this paper is based on a
proportional controller, also called slope control. Normally,
the gain of the voltage controller and the reference to the plant
are fixed by the TSO.

The slope can be defined as follows:

AV
Slope ==
Pe= 20 Q)

The control gain is defined in (6).

1
Slope

(6)

slope

It is clear that for high system gains, small slope and SCR
values (SCR can be defined in pu as the inverse of the grid
impedance, and it is a ratio between the installed power and
the grid short circuit capacity) the system becomes more
difficult to be controlled, moreover, the delays in the
communication processes reduce the control stability margin



when the gain of the system increases. In order to expand the
stable area of the system, normally a lag compensator is added
to the control.

A phase-lag compensator tends to shift the root loci towards
the right-half plane. For this reason, the pole and zero of a lag
compensator must be placed close, usually near the origin, so
they do not appreciably change the transient response or
stability characteristics of the system.

The tuning objective of the control is to achieve a settling
time of less than 1 s and an overshoot below 5 %. See Table 1.

The plant slope controller is extended with a plant reactive
controller which calculates the voltage references to be sent.

Since the slope controller is meant to inject Q at the PCC,
proportionally to PCC voltage variations, it is important to
compensate the Q losses which occur inside the WPP, to reach
the dictated Qs by the plant slope control. For this reason, a
closed loop using the feedback Q,, is added to the control
structure, which ensures that the Q at PCC is matching with the
Q. calculated by the slope gain. The output of the plant
control (V) will be processed by the dispatcher block.

The resulting diagram of the WPPC structure is shown in
the following figure.
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Fig. 15. Proposed plant control.

3) Dispatcher

The dispatcher has the functionality of splitting the
references calculated by the plant control into the different
elements composing the WPP. The way of splitting the
reference can be done following several strategies, e.g.
minimization of lost of energy production.

The strategy proposed in this document is based on using
the STATCOM as the Q back-up for the system when the
reactive power injected by the WTGs is not enough for grid
code fulfillment.

Following figure shows the dispatcher block in a schematic
way, where the active power measured at the PCC “P,” is
filtered with a low pass filter (LPF) and used for calculating a
“K” factor with a look-up table.
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Fig. 16. Dispatcher block.

The settings of the look-up table are obtained from the load
flow analysis. This “K” factor varies between O and 1, and

29

multiplies the “V,f”, calculated by the control, thus obtaining
the reference for the STATCOM; “V,e statcom”- It can be

seen that the reference for the WTGS “V,¢t wrg” 1S “Vier .

4) Communication

This block (COMM. in Fig. 14) represents the
communication hub which collects all the feedback, packs and
sends all the necessary references for the correct operation of
the WTGs and STATCOM. This process adds delays in the
control loop.

B. Proposed WIG Control

In the proposed WTG rotor converter control, shown in Fig.
17, the reactive current reference (Iy.s) is generated according
to the difference between the stator turbine terminal voltage,
represented by V,,, and the V¢ sent by the WPPC. Therefore,
the WTG outer control loop is a local voltage control, which
can be adjusted by an external set-point.

The references (P.t, Vier wrg) are processed by the WTG
control loops, which generate the needed voltage references
(V4 rets Vg ref) Which are translated by the PWM to pulse the
rotor converter, see Fig. 17. Finally, the rotor is fed with a
voltage that produces the desired P and Q at the stator
terminals.

The WTG grid converter is only used to regulate the
voltage level of the DC-link, and its control is not shown in
this paper.
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Fig. 17. Proposed DFIG rotor converter control diagram.
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Following figure shows in more details the local voltage
control of the WTG. The main difference with other secondary
controls shown in the literature [3] is that this local voltage
control will be active only during voltage transients.

Voltage control

Viet wrG 4 )

Freeze

| qref

Fig. 18. Proposed WTG voltage control.



In this voltage control, the WTG slope gain and time
constant, Kwrg and T; respectively, are calculated to provide
fast reactions to voltage changes at generator terminals. The
stator voltage variations are filtered with a differential pole
filter with a time constant T,, therefore, only reacting to
changes on the stator voltage but not to steady state voltage
errors. Thus, removing the voltage offset effect, caused for
instance by the active power injection and the resistance of the
cables.

By using a differential filter, it is possible to say that this
voltage control is only active during voltage transients, during
steady-state the Iy is proportional to the one dictated by the
plant control and does not depend on the stator voltage, having
all the units of the plant the same Igey.

The voltage control includes, as well, a protection against
DFIG stator overvoltage, performed by a secondary loop, see
Fig. 18, and an over-under voltage protection, which is
installed in the reference signal sent by the central control
(Viep). If the value V,, is greater or lower than some threshold
levels, normally 1.1 and 0.9 pu, and the Vs increases or
decreases respectively, then the block “Freeze”, which is
allocating this supervisory conditions, will freeze this external
reference until these conditions are not fulfilled anymore.

C. Proposed STATCOM Control

The conventional de-coupled control system based on an
outer loop control system that sets the reference for the inner
control system is depicted in Fig. 19, where Vpc, is the
measured DC-link voltage and V, is the measured voltage at
STATCOM terminals.

The proposed scheme for the local voltage control is the
same as the one depicted in Fig. 18.
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Fig. 19. STATCOM proposed control diagram.
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The outer control loops independently regulate the reactive
power injection and the DC-link voltage of the STATCOM.
The inner current control loop generates the d-q voltage
components, V4 and V, at the AC-side of the converter, and
they are used by the PWM module to generate the gate control
signals to the converter [18].

VII. SIMULATION SETUP

The proposed cases of table II have been simulated in
PSCAD. The modeled plant layout and data are based on an
existing installation. The WPP is tested under different SCRs
and active power injection scenarios. The WPPC slope
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controller is chosen to be 4 % in all the simulated cases. The
grid bus voltage is stepped from 1 pu to 0.9 pu in all the cases.
A step of 0.1 pu has been chosen as a representative case,
since most of the grid operators define the normal range of
operation in between + 0.1 pu of the rated value.

The WPPC has been tuned for an optimal output at SCR
equal to 5, even though a wide range of different SCRs are
tested to prove the concept of the proposed controllers.

The following table shows an overview of the simulated
cases.

TABLEII
SIMULATED CASES
CASE SCR Active GRID bus
Power disturbance [pu]
1 5 Medium 1.0-0.9
2 Full 1.0—0.9
3 10 Medium 1.0-0.9
4 Full 1.0—0.9
5 25 Medium 1.0—-0.9
6 Full 1.0—0.9
A. WPP Layout

Fig. 2 is used to represent the layout of the studied system.
The subterranean feeder cables are modeled as a IT equivalent
with its corresponding project data. The OVL (Zgyy) is also
modeled as a Il equivalent. The substation and WTG
transformers are modeled with 12 % and 8 % impedance and
an X/R ratio of 24 and 10, respectively. The grid is
represented by an equivalent Thevenin circuit (Zg) with
different SCRs, according to the simulated cases. See more
simulation data in the appendix tables.

B. Wind Turbine Generator Model

The used WTG model is a detailed model, which includes
the back to back converters with their respective controls. The
mechanical part is modeled as a two mass system, coupled by
a shaft [19]-[20].

A schematic representation of the WTG model is depicted
in Fig. 3.

C. STATCOM Model

The used STATCOM model is essentially a current source
behind a coupling reactance with the corresponding V-I
characteristic shown in Fig. 6 [21]- [22].

The STATCOM current control is based on d-q vector
control as described in previous sections, where the g-axis is
defined such affects the reactive power and d-axis affects the
active power component.

VIII. SIMULATION RESULTS

In the following, each of the simulated cases is plotted. In
all of the following simulations, the grid voltage is stepped at
time equal to 10 s, from 1 pu to 0.9 pu.

The voltage at the grid and PCC buses, the Q reference and
the Q injected at PCC are plotted for every case.
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Fig. 20. Case 1 and Case 2: voltages at PCC and GRID bus.
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Fig. 23. Case 3 and Case 4: Voltages at PCC and GRID bus.
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Fig. 27. Case 5: Q reference and injected at PCC
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Fig. 28. Case 6: Q reference and injected at PCC

IX. ANALYSIS OF THE RESULTS

The following table summarizes the results obtained for
every simulated case, according to the indices shown in Fig. 1.
All cases fulfill with the design criteria.

TABLE III
PERFORMANCE EVALUATION OF THE SIMULATED CASES

CASE Overshoot [ %] ta[s] t: [s] ts [s]
1 1 0.02 0.32 0.69
2 1 0.02 0.32 0.69
3 0 0.02 0.72 0.92
4 0 0.02 0.72 0.92
5 0 0.02 0.61 0.70
6 0 0.02 0.80 0.93

As the waveforms in the previous graphs demonstrate, the
SCR influences the results. With high SCR values, the WPP is
nearly unable to move the voltage level at PCC, see Fig. 26. In
the cases in which the turbines are at full production, the
generators reach the ceiling reactive power, needing the
STATCOM action to reach the desired Q at the PCC. The
action of the STATCOM makes almost no difference between
the cases at full and medium active power injection; see Fig
20, 23 and 26.

It can be seen that the possible maximum reactive power
delivered at full active power production at the PCC is close to
the one corresponding to the requirement of PF = 0.95, see
Fig. 27 and Fig. 28.

For the sake of illustration, Fig. 29 is included to show the
references sent by the WPPC to the STATCOM (Ref
STATCOM) and to the WTGs (Ref WTG) for the case 1. For
full production cases the references for the WTG and
STATCOM are the same according to the dispatcher action.

Clearly, having this secondary voltage control implemented
in the WTGs and STATCOM in conjunction with the
appropriate plant control, the delay in the response (ty) is
reduced to very low levels for all the simulated cases, and the
fulfillment of the design requirements is extended to a wide
range of SCR values, even though the design was done to have
an optimal response for a SCR of 5.
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Fig. 29. Case 1: References sent to the WTGs and STATCOM

X. CONCLUSIONS

The design and analysis of a novel slope voltage controller
for a wind power plant, DFIG turbine and a STATCOM, based
in the secondary voltage control concept, are shown. The
STATCOM unit is integrated in the plant control by a novel
dispatching function. The STATCOM compensates the lack of
reactive power of the turbines during periods of high wind
speed.

The voltage control performance of the WPP is improved
by placing some voltage controllers inside every unit. These
local voltage controllers are designed in such way, that they
are only active during voltage transients.

In so doing, the following is achieved:

-The wind power plant still offers fast response to
voltage transients, since the local voltage controllers are
activated during the transients. Therefore, the tuning of
the controllers can be used for a wide range of SCRs
since communication delays have less impact into system
stability.

-This fast local voltage control reaction is removed
slowly by a differential pole filter; meanwhile, the
references sent by the central plant control command the
WTGs and STATCOM to the desired operational point.
As a consequence, the reactive power loading of every
unit is the same, and is the one dictated by the central
plant control. Having all the units loaded equally, avoids
counter-action and stressing more some units than others.

XI. APPENDIX

TABLE IV
DISPATCHING LOOK-UP TABLE

P [%] K
0 0

45 0
65 1
100 1



TABLE V
V-Q STATCOM CHART COORDINATES

Point )\ 1 Unit in STATCOM base
0 0 0 [%]
1 92 100 [%]
2 100 100 [%]
3 108 100 [%]
TABLE VI

P-Q DFIG CHART COORDINATES

Point P Q  Unit in WTG base
0 0 10 [%]
1 10 60 [%]
2 70 60 [%]
3 100 20 [%]
4 100 30 [%]
5 85 60 [%]
6 10 60 [%]
7 0 15 [%]
TABLE VII

ELECTRICAL DATA OF WIND TURBINE

Parameter Value Unit
Shase 2100 [KVA]
Vbase 0.69 [kV]
Electrical frequency 50 [Hz]
Stator Resistance 0.006 [pu]
Rotor Resistance 0.009 [pu]
Mutual Inductance 3.422 [pu]
Stator Inductance 0.072 [pu]
Rotor Inductance 0.101 [pu]
S step-up transformer 0.69:20kV 2100 [kVA]
Z step-up transformer 0.08 [pu]

TABLE VIII
ELECTRICAL DATA OF THE WIND POWER PLANT & GRID

Parameter Value Unit
Number of WTGs 23 [-]
XovL 1.81 [%]
Rovr 0.89 [%]
CovL 0.51 [%]
LovL 10.2 [km]
XwppPT 11.91 [%]
Rwepr 0.49 [%]
SwepT 55000 [kVA]
Angle of grid 75 [deg]
Medium voltage level 20 [kV]
High voltage level 115 [kV]
TABLE IX

ELECTRICAL DATA OF STATCOM
Parameter Value Unit
Shase 14000 [kVA]
Vbase 0.69 [kV]
Electrical frequency 50 [Hz]
S step-up transformer 0.69:20kV 15000 [kVA]
Z step-up transformer 0.09 [pul]
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Abstract—This paper addresses a detailed design of a wind
power plant and turbine slope voltage control in the presence of
communication delays for a wide short circuit ratio range
operation.

The implemented voltage control scheme is based upon the
secondary voltage control concept; which offers fast response to
grid disturbances, despite the communication delays, i.e., this
concept is based on a primary voltage control, located in the wind
turbine, which follows an external voltage reference sent by a
central controller, called secondary voltage control, which is
controlling the voltage at the point of connection with the grid.

The performance has been tested using PSCAD/EMTDC
program. The plant layout used in the simulations is based on an
installed wind power plant, composed of 23 doubly-fed generator
wind turbines. The resulting performance is evaluated using a
compilation of grid code voltage control requirements. The results
show that fast response to grid disturbances can be achieved
using the secondary voltage control scheme, and the fulfillment of
the design requirements can be extended for a wide range of short
circuit ratios.

Index Terms—Wind turbine generator, slope control, power
system, voltage control, doubly-fed generator, grid codes.

1. NOMENCLATURE

COM Communication

CT Current Transformer

DC, AC Direct Current, Alternate Current
DFIG Doubly Fed Induction Generator
DB Dead Band

G Generator

L Inductance

LPF Low Pass Filter

P,Q Active, Reactive power

PCC Point of Common Coupling

PI Proportional-Integral controller
S Laplace term

SG Synchronous Generator

SCR Short Circuit Ratio

PWM Pulse Width Modulation

V,1 Voltage, Current

VT Voltage Transformer

OVL Overhead Line
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WPP, WTG  Wind Power Plant, Wind Turbine Generator
WPPC Wind Power Plant Controller
WPPT Wind Power Plant Transformer
WTGT Wind Turbine Generator Transformer
w Angular frequency
X, R Reactance, Resistance
Z Impedance
Subscripts

a,b,c Three phase quantities

d,q Direct and quadrature axes

ref Reference

m Measured

II. INTRODUCTION

Wind power plants (WPPs) are growing in percentage of
penetration into the electrical grid. Larger percentages
of wind power penetration translate to more demanding
requirements coming from the grid codes, for example, voltage
support at the point of connection has been introduced recently
by several grid codes from around the world [1]-[4]. The grid
connection requirements vary in different parts of the world,
but they share common aims, like to permit the development,
maintenance and operation of a coordinated, reliable and
economical transmission or distribution system. The new
requirements generally demand that WPPs provide ancillary
services to support the network in which they are connected
[5].

WPPs differ from other generation sources; therefore, they
are particular in certain aspects of their control. The main
differences with traditional power plants with synchronous
generators (SGs) are that the energy source fluctuates, it is
unpredictable, and the WPPs are highly modular by being
composed of a large number of generation units. This
introduces communication delays when sending the
operational set points, these delays can be in the range of
hundredths of milliseconds. Additionally, the SGs inject the
reactive power directly to the transmission system through
their unit transformer, this provides a more efficient voltage
regulation, since the reactive power is not transported over a
long distance and through several transformers, as the wind
turbine generators (WTGs) do. Finally, WTGs have bigger
limitations in their reactive power and current capability due to
the size of their electronic power converters. Therefore,
replacing traditional power plants, including their control



characteristics during periods of strong wind, could be a
concern. Grid operators are solving this challenge by means of
redacting specific sections in the grid codes for WPP
performance.

Usually, the requirements of the utilities can be solved by
the turbines and the park controller. The wind power plant
control (WPPC) can take place at park level, and/or turbine
park level combination.

When designing a voltage control for a WPP, in addition to
the communication delays, the variable grid configuration,
especially during contingencies, has to be taken into account.
In the present case the short circuit range (SCR) moves from 5
(contingency operation) to 25 (normal operation). The aim of
this paper is to overcome these challenges by using traditional
control structures distributed between the WTGs and the plant
controllers. These distributed voltage controls can be seen as a
typical secondary voltage control scheme [6].

As voltage control is actuated by the reactive power from
the WTGs, it is possible to affirm that the voltage control
design covers an inner reactive power/voltage control loop,
located at WTG level, and an outer voltage control loop,
located at the point of common coupling (PCC) where it is
intended to control the voltage [7]-[8].

III. VOLTAGE CONTROL REQUIREMENTS

Small-signal performance measures provide a means of
evaluating the response of the closed-loop excitation control
systems to incremental changes in system conditions. In
addition, small-signal performance characteristics provide a
convenient means for determining or verifying excitation
system model parameters for system studies.

Output [pu]
Overshoot
B Specified band for
Peak value r settling time
Steady state
value

0.9 of steady
state value

0.1 of steady
state value

Initial value -
Time

Fig. 1. IEEE std. for a typical transient response of a feedback control
system to a step change in the input [9].

Small-signal performance may be expressed in terms of
performance indices used in feedback control system theory.
For a time response output the associated indices of interest
are; rise time, overshoot, and settling time [9].

When tuning the voltage regulator, an improvement to one
index will most likely be to the detriment of other indices.

The more demanding indices, related to

Fig. 1, were extracted from different grid codes [1]-[4] and
compiled in Table I.

TABLEI
DESIGN REQUIREMENST ACCORDING TO FIG. 1

Parameter Value Unit
Overshoot 5.0 [%]
Band for settling time 2.5 [%]

tq 0.2 [s]

te 1.0 [s]

tp Not defined [s]

ts 2.0 [s]

The indices listed in Table I will be used in the following
sections as control design criteria. The referred indices will be
applied to the measured voltage at PCC.

IV. DOUBLY FED INDUCTION GENERATOR WIND TURBINE

The variable speed DFIG wind turbine, see Fig. 2, allows
for full control of the generator’s active and reactive power
using the rotor-connected frequency converter. Its rating is in
the order of 0.3 pu. Operating both with sub- and super-
synchronous speed, the power can be fed both in and out of the
rotor circuit. The rotor-connected converter can employ
various power dissipation solutions during severe transients,
sometimes referred to as active crowbar, which is located at
the rotor terminals, or as a chopper, located in the DC-link,
Rch in Fig. 2. The grid converter is used to regulate the
voltage level of the DC-link. The simplified control of the
rotor converter is depicted in Fig. 3, in which the active and
reactive powers are controlled using the d and q axis
respectively [10]-[11].

G WTGT
Wind
_> /—\
: | |
| |
N Rotor Grid
converter DC-link converter
AC/TR,E _L|bC
DC AC
i T o g
[ WTG control k __reh ref

Fig. 2. DFIG wind turbine simplified single line electrical diagram.

The DFIG controller calculates or receives power
references from an external controller (P, Q). These
references are processed using two PI-controllers in cascade,
which generate the needed voltage references (Vg rer, Vg rer)
which are then translated by the PWM to pulse the rotor
converter. Thus, the rotor is fed with a voltage that produces
the desired P and Q at the stator terminals.
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Fig. 3. DFIG simplified controller diagram

Fig. 4 shows the P-Q chart obtained from the stator
terminals of a DFIG machine. The asymmetry in the figure
with respect to the Q injection is due to the excitation of the
generator. All P-Q combinations, inside the plotted area, can
be injected. Clearly, the maximum Q injection is dependent on
the current P value, Qu.= f(P). The ratio Q/P gets its
maximum value at 10 % active power injection.

Q [%]
(P1,Q1) (P2,Q2)
Capacitive %
(P3,Q3)
(Po,Qo)
P [%]
(P7.Q7)
(P4,Qq)
Inductive | 3
(Pe,Qs) (P5,Qs)

Fig. 4. DFIG P-Q chart.

TABLE I
DFIG P-Q CHART COORDINATES

Point P Q Unit in WTG base
0 0 10 [%]
1 10 60 [%]
2 70 60 [%]
3 100 20 [%]
4 100 30 [%]
5 85 60 [%]
6 10 60 [%]
7 0 15 [%]

V. POWER PLANT CONTROLLER

Usually, WPPs are required to control the characteristics of
the power injected at the PCC. Therefore, a centralized control
is needed to supervise the power injected at PCC level. This
controller is formed by a measurement device, which senses
the currents and voltages at the PCC, a dedicated computer
which allocates the control algorithms, and a communication
hub. This communication hub will exchange control references
and other signals (using the communication WPP Ethernet

network) with a large amount of WTGs.
In Fig. 5 the dotted lines represent the communication
network of the WPP.

WPPT

GRID

WPPC
= Grid

Fig. 5. WPP diagram.
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VI. SLOPE VOLTAGE CONTROL

Slope control is widely used in power system applications
since it allows paralleling generators with individual voltage
slope controllers without hunting phenomena or instability.
When there is high SCR (the SCR of a system is defined as the
ratio between the installed power and the grid short circuit
capacity) as in most of the cases in the transmission system, a
slope controller will offer the best solution. Slope voltage
control provides a coordinated reactive power system, since it
is known which will be the equilibrium point for every voltage
disturbance, independently of the time reaction of the
controller and the Q compensator dynamics.

This voltage controller will cause the injection of reactive
power proportionally to variation of voltage levels; thus, it
supports the grid voltage recovering process after
disturbances.

The slope of the voltage control can be defined as follows:

AV
Slope = —
P AQ (1)

The control law that applied for the slope concept can be
defined in a generic way as the following one:

Qref = QU + (I\J(Vref - Vm) (2)
Slope

Fig. 6 can be used as an illustrative example of slope
control performance. In this case the grid voltage is stepped
from 1 pu to 0.9 pu and back to 1pu, the total impedance from
the WTG to the grid is 0.31 pu, and the control slope is 5 %.

Fig. 6 shows the equilibrium point (point 2) after stepping
down the grid voltage, and the equilibrium point (point 1)
when setting the voltage of the grid to 1 pu again. It can be
seen that the equilibrium points are located at the intersection
of the system and control characteristics.

The horizontal axis shows the magnitude of the reactive
power, and the vertical axis displays the voltage at WTG



terminals. The trajectory during the transient event from point
1 to 2, and from 2 to 1, is depicted with a green line.

By adding a certain offset to the slope controller (Qy) or to
the voltage reference (V) the control characteristic (grey line
in Fig. 6) can be shifted upwards or downwards, thus
regulating the generator Q injection. In this way, it is easy to
manage how the generators will share the reactive power
injection for a certain voltage disturbance.

1,04
/
@ /
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0,961_ _ System, Vgig=1pu
Control
—— Trayectory
—System, Vgig=0,9 pu
0,92 ‘ i ‘ |
02 0 02 o4

Q [py]
Fig. 6. Slope control and system characteristics.

VII. SYSTEM ANALYSIS

In order to study the system control behavior, both the
WPP and the grid will be subjected to simplifications and
linearization processes, as explained in the following sections.

A. Wind Turbine Generator Representation

For the sake of simplicity, the WTG reactive power
dynamics can be characterized by a low-pass filter with the
bandwidth of the outer PI power controller [12], see Fig. 3.

As mentioned, the WTG controller is formed by two PI
cascade controllers. The inner one (current controller) is
designed with a bandwidth approximately 10 times faster than
the outer power control loop. Therefore, the above
approximation is possible since the dynamics of the system are
dictated by the closest poles to the origin [13].

N
1+ sT

WIG

Fo(s)= 3)

The communication delay (T¢oy) can be represented by the
first order Pade function [13].

1—s Teon

Fpp ()= = 7T2 4)
145N

B. Grid and Collector System Representation

For the sake of simplicity, in the representation of the
transformers and the cables, all shunt elements are neglected,
i.e. only the resistances and inductive series impedances are
considered. Therefore, the voltage drop across these

impedances can be defined as (5) and (6).

AV =ri+Lw s)
dt

Y=L ©)
@, is the angular frequency of the grid.
X=olL ™)

The d axis is considered to be aligned with the direction of
V. By replacing (6) and (7) in (5), (8) and (9) are obtained.

AV, =(R+ si)id - Xi, @®)
w

s

AV, = (R+5°9)i, +Xi, ©)
(1)

s

Additionally, for small disturbances we can assume the
following approximation:

V+AV|=J(V+AV,)> +AV? =V + AV (10)
d q d

Hence, the transfer function between the injected reactive
current and the voltage drop becomes:

AV:Rid—Xiq (11)

C. Wind Power Plant Control Representation

As it is shown in Fig. 5, the power plant controller is
formed mainly by the grid meter and the control.

C.1 Grid Meter

A measurement device or “grid meter”’; which samples at
very high frequency the output of the CTs and VTs, located at
the PCC. This meter processes the signals by calculating one
cycle rms value and anti-aliasing filtering.

Va b,c 4 A Q
A —{ LPF m,
1 cycle
Ia,b,c R rms LPF Vm R
- —

Fig. 7. Grid meter representation.

The calculated rms signals (Q,, and V,,) are used by the
control as the feedback. The rms calculations and filtering
actions can be represented by a first order function with a time
constant 7, [14].

F,(s)= (12)

1+sT,



C.2 Control

The plant control receives the external references and
feedback (measurements), and then issues the turbine set-
points. The sample time (7}) of the control is represented as a
pure delay using half of the sampling time. Additionally, this
can be linearized by the Pade function [13]. The control
architecture is represented as a gain (K,,.) following (2).

D. System Gain Analysis

The simplified system is represented in Fig. 8. The
communication and sampling delays are represented, as
mentioned previously, with T¢oy, and T respectively.

Slope gain  Sampling Communication Turbine Grid
Vier + sTs ST, 1
-3 lcom -
Ksiope e 2 e Qref_’ T+sTwro —> XGRriD
V|~
# Grid Meter
1+8Tm
T Vecc () AV
\T/Jr
Vgrid

Fig. 8. Simplified system diagram.

Using this representation it is possible to investigate the
influence of the slope gain and SCR on the system stability.
The SCR can be defined in pu as the inverse of the Xgrip-
Hence, with high SCR, the grid becomes less sensitive to the
plant operation, but also less dependent.

The open loop gain (K7) is defined in (13).

X

GRID

KT = XGRID slope ( 1 3)

B Slope

By grouping together the communication and sampling
times, the total time delay (7)) is defined.
T =0.5T +Tcoy (14)

The closed loop transfer function (Vpco/V,y) can be
calculated as follows.

VPCC :F(S)z KT(1+ST;n) — e*xT
14 (+sT,,,)1+5T,)+K, e

ref

(15)

By using the assumption and simplification of T,,<<Tyrg
(T,, is in the order of one grid cycle, and the Ty is in the
order of several hundredths of milliseconds) the close loop
transfer function can be represented as follow.

KT (1 + ST‘m ) e—xT

F(s)=
(s) (I+ 5Ty )+ Ko™

(16)

F(s) can be linearized by replacing ¢*’ with the Pade
function, obtaining (17). Therefore, the poles of the system can

be calculated. See (21).

K, (1+sT, )(1-50.5T
F(s)= (LT, JAZ39.5T) (17)
(14 5T,y )1+ $0.5T) + K, (1— 50.5T)
By calculating the poles of the system a clear picture can
be seen about the stability for different slope gains and SCRs.
See Fig. 9.

E. Practical Application
The following data has been replaced in (17): T,, = 15 ms,
Twrc = 160 ms, and T = 150 ms (7 is obtained by using Tcoy=
100 ms and T,= 100 ms). Hence, Fig. 9 is obtained.

15

131
<117 STABLE
> AREA
8 9]
e .
B 71
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3 T T T
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Fig. 9. Stability operation area.

It is clear that for high system gains (small slope and SCR
values) the system becomes more difficult to control.

For example, a WPP operating with a 4 % slope and a SCR
equal to 5 would create instability, as shown in Fig. 9.

In order to expand the stable area of the system, a lag
compensator is added to the control slope gain.

A phase-lag compensator tends to shift the root loci
towards the right-half plane. For this reason, the pole and zero
of a lag compensator must be placed close, usually near the
origin, so they do not appreciably change the transient
response or stability characteristics of the system.

The transfer function of this controller is:

1+ T,
F‘z‘lr[ (s) = Ks[npe( : ]

1+ T (18)

1
Fig. 10, shows the resulting diagram of the WPPC
structure. A dead band module (D.B.) is included for the sake

of illustration, since it is quite often used when doing voltage
control. Additionally, some grid codes may ask for this.

D.B.

s

Fig. 10. WPPC slope control. Centralized voltage control concept.

Vref + 1+sT,

— K —Q;ef
1 +ST1 slope

Vi

The tuning objective of the lag compensator is to achieve a
settling time of less than 1 s, and an overshoot below 5 %. See
Table I.



The time constant 75 can be roughly estimated by using the
time communication delay of the system, and 7, has to be
tuned to provide a stable system operation under low SCR
values, in which the grid gain reaches high values. However,
the selected value for T, may be unsuitable (slow time
response) for high SCRs, where the Xggyp is lower.

For low SCR values the following lag compensator tuning
is obtained: 7>,=0.17 sand T;,= 1.7 s.

With these values the total gain of the system (K7) can be
placed between 3.17 and 5.5 for fulfilling the design
requirements. The maximum calculated gain to reach
instability is 8.3.

3.17<K,, X <5.5

slope “* GRID . (19)

It can be checked that with this setting the WPP will fulfill
the design criteria only under some specific SCRs. If the gain
of the grid decreases, meaning that the SCR increases, one of
the poles will move toward the right half plane, slowing the
system. For this reason and to fulfill the settling time of 1,
another set of parameters is needed, i.e., one set of values for
low SCRs and another for medium and high SCRs.

For medium and high SCRs the following values are
obtained: T,= 0.17 s and T,= 0.53 s. With this setting the
maximum system gain (K,,.Xgrip) is equal to 1.6, and the
minimum gain is equal to 0.61 in order for the design
requirements to be fulfilled. The maximum system gain value
for reaching instability is 3.1.

06<K,, X <l.6

slope “* GRID . (20)

Usually, the slope of the controller is fixed by the system
operator. In some cases the system operator could decide to
change the predefined slope to another value, but since it is a
known data, the controller can be adapted with new constants
for the phase-lag compensator according to the new slope.
However, changes in the SCR of the system are happening
constantly and cannot be foreseen, which could require the
addition of gain-scheduling based controllers [15].

TABLE III
LAG CONTROLLER PARAMETERS FOR THE PRACTICAL APPLICATION

CASE SCR Parameter Value Unit
0.17 S
A Low T (5]
T, 1.70 [s]
0.17 S
B Medium-High 7 s
T, 053 [s]

Table IV shows under which conditions the previous
settings (CASE A and B) meet the design criteria. Blank
spaces in the table indicate that none of them fulfill the
requirements.

TABLE IV
FULFILLMENT OF DESIGN CRITERIA FOR DIFFERENT SCR & SLOPES

lope [%]

SCR
4
6
8

10
12
14
16
18
20
22
24
26
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It is clear that communication delays in the system reduce
the control stability margin when the gain of the system
increases. See table IV.

It can be said that using a centralized WPP controller in the
presence of large communication delays will require the WPP
to have a different set of control parameters for different SCR
scenarios. Moreover, the fulfillment of the required t4 could be
physically impossible to achieve, if the total sampling and
communication control delays are bigger than the required tg.

VIII. SECONDARY SLOPE VOLTAGE CONTROL

A secondary voltage control strategy is implemented in
order to overcome the limitations previously listed, thus
achieving fast system reaction and extension of the fulfillment
of the design requirements to a wide range of SCRs.

The secondary voltage control concept is well known in the
literature. The main thrust of the secondary voltage control
scheme is to counteract, in real time, reactive power flow
changes in the system, by adjusting terminal voltages of
generators system-wide. The amount of voltage adjustment is
proportional to the voltage derivations at monitored buses
[16].

The implementation of this concept can be done by
replacing the WTG reactive power controller by a voltage
controller, allowing the WTG to react faster to generator
terminal voltage changes. Moreover, the WPPC is changed to
provide voltage references to the WTG voltage control. In
general, this new control structure allows the improvement of
the overall performance, since the same tuning that was limited
by the system gain and control delays can be extended to cover
a greater range of SCR values.

Additionally, the previous plant controller (see Fig. 10) is
complemented with an inner Q control loop. It is important to
compensate the Q losses that occur inside the WPP (i.e. due to
the power transformers) to reach the dictated Qs by the
WPPC. A closed Q loop using Q,, as the feedback is added,
which will ensure that the injected Q at the PCC is matching
with the Qs calculated by the slope gain.

Fig. 11 and Fig. 12 show the proposed controllers for the
WPP and the WTG, respectively.



A. WPPC

The WPP controller is extended with a plant reactive
controller which calculates the V reference (v%') to be sent

to the WTGs. This ensures that the needed Q.; at PCC is
injected.

WTG
Vier + DB. K Qrer + 1+sTp | || : Vet
7+l > slope 1 +ST1 —>
V| Qm

Fig. 11. WPPC, secondary slope voltage control concept.

B. Wind Turbine Voltage Control

The WTG reactive power control, shown in Fig. 3, is
replaced by the one depicted in Fig. 12. In this way, the
reactive current reference (Iy.¢) is generated according to the
difference between the stator turbine terminal voltage (V in
Fig. 12) and the voltage reference sent by the WPPC (v ¥'%).

Therefore, the WTG outer control loop is changed from being
a reactive power control, following Q references, to a local
voltage control, which can be adjusted by an external set-point
[8].

The gain and time constant of the WTG voltage control,
Kwre and T; respectively, are calculated to provide fast
reactions to voltage changes at generator terminals.

V, e K Iqref

ref WTG .
Freeze T+sT,

—»V LpF | Ym

Overvoltage loop

<
3
2
1
™M Y
X
]

Fig. 12. WTG voltage control, secondary slope voltage control concept.
The control includes a protection against stator
overvoltages, overvoltage loop in Fig. 12. After filtering the
stator voltage (V), V,, is obtained, which is compared with a
maximum voltage level (V). In the case that the V, is
greater than V,,,, the gain K will multiply the difference
between V,, and V., and this value will be subtracted from
the yWT6 ,

ref

Another voltage protection is installed in the reference sent
by the WPP. If the value V,, is greater or lower than some
threshold levels, normally 1.1 and 0.9 pu, and the VrgTG

increases or decreases respectively, then the block “Freeze”,
which allocates this supervisory logics, will freeze the external
reference (VY') until these conditions are not fulfilled

anymore.

IX. SIMULATION SETUP

The proposed cases of table V have been simulated in

PSCAD/EMTDC. An installed WPP has been used to model
the plant layout and the main electrical components. The WPP
is tested under different SCRs and active power injection
scenarios. The slope is chosen to be 4 % in all the simulated
cases. The grid bus voltage is stepped from 1 pu to 0.9 pu.

The WPPC has been tuned for an optimal output at SCR
equal to 5, even though a wide range of different SCRs are
tested to prove the robustness of the proposed concept.

Table V shows the overview of the simulated cases.

TABLE V
SIMULATED CASES
CASE SCR Active GRID bus [pu]
Power
1 5 Medium 1.0—0.9
2 Full 1.0—-0.9
3 10 Medium 1.0—0.9
4 Full 1.0—-0.9
5 25 Medium 1.0—0.9
6 Full 1.0—0.9

A. Wind Power Plant layout

The WPP is composed by 23 DFIG WTGs, which are
distributed in 4 radials, having every one of them: 6, 7, 6 and 4
units, respectively. See Fig. 13. These WTGs are connected
through a set-up transformer to the collector bus by means of a
subterranean cable.

This collector bus is stepped up to the high voltage level by
means of the substation transformer (WPPT). The high voltage
terminal of this transformer is connected to the next substation
through an overhead line (Zgyy). Upstream of this point, the
whole electrical system is reduced to an equivalent (Zg),
defined by its SCR and X/R.

GRID bus

Zeaio 20—

——— Zeabio 2 H

Fig. 13. Simplified diagram of the simulated WPP, composed by 23 WTGs.

The subterranean feeder cables are modeled as a II



equivalent with its project data (Zcype ;). The OVL (Zgyy) is
also modeled as a Il equivalent. The substation and WTG
transformers are modeled with 12 % and 8 % impedance and
an X/R ratio of 24 and 10, respectively. The grid is
represented by an equivalent Thevenin circuit with different
SCRs, according to the simulated cases (Zg). See more data
simulation details in the appendix tables.

The grid voltage is stepped in all the simulated cases,
following table V, to check the response of the system.

B. Wind Turbine Generator Model

The wind input to the WTG model is based on a real wind
speed time series data, measured at the top of the WTG
nacelle. Since this data has been measured after the blades, it
needs to be filtered to obtain similar power spectrum between
the WTG model and the real WTG. Hence, the 1P and 3P
harmonics have been filtered out in the measured wind data.

The aim of using real wind data as an input to the WTG
model is to introduce similar fluctuations in the injected active
power than obtained in reality; this will cause voltage
fluctuations according to the grid impedance, thus testing the
robustness of the controller.

Fig. 14 shows the time series for the DC, 1P and 3P active
power components, obtained by the simulated WTG model
(Sim) and the real WTG (Real).

1,4

£08 | ——Sim_DC
= ——Real_DC
o 0,6 ——Sim_1P
——Real_1P
0,4 1 ----Sim_3P
02 —Real_3P

Time [s]

Fig. 14. Active Power Time series comparison, between the model and the
real WTG.

The filtered wind speed time series is used as the input to
the mechanical module of the WTG model, which includes the
pitch control, the Cp-A curves, and the drive train, which is
modeled as a two mass system [17].

X. SIMULATION RESULTS

In this section, each of the simulated cases is plotted. The
test circuit used in the simulations is shown in Fig .13.

Additionally, and for the sake of illustration Fig. 24 is
included, which shows the performance of the different
controllers mentioned in this paper.

In all of the following simulations the grid voltage is
stepped at time equal to 10 s from 1 pu to 0.9 pu, the voltages
at the grid and PCC buses, and the reference and the injected

Q at PCC are plotted.
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1,00
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-
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99 10,1 103 105 10,7 109 11,1 11,3
Time [s]

Fig. 15. Case 1 and Case 2: voltages at PCC and grid bus.
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Fig. 16. Case 1: Q reference and injected at PCC
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Fig. 17. Case 2: Q reference and injected at PCC
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Fig. 18. Case 3 and Case 4: Voltages at PCC and grid bus.




XI. ANALYSIS OF THE RESULTS

It can be observed that the SCR influences the results; with
higher SCR values the WPP is nearly unable to move the
voltage level at PCC (see Fig. 21), whereas for low SCR
values the WPP can change the voltage at PCC without any
limitation (see Fig. 15).

Moreover, the amount of Q injected is higher the higher the
SCR is, see Fig. 16 and Fig. 22. This is due to the stiff
characteristic of the grid for high SCRs. In the cases in which
the WTG is at full production or the SCR is 25, the generators
reach the ceiling reactive power. See Fig. 17, Fig. 20 and Fig.
23. This is a combination effect of the P-Q chart of the WTG
(see Fig. 4) and the reactive power losses inside the WPP.

In any case, it can be seen that the time delay is very low (=
20 ms) since the WTGs react first with its own voltage
controller, e.g. see Fig. 22 where it can be seen how the
reactive power (Q ) starts increasing before the first WPPC
reference is issued (Q ).

Although, the time response is increased for high SCRs
since the system tuning is done based on the contingency case
(SCR 5), i.e. the lower the grid impedance is the slower time
response is, the selected parameters and control configuration
shown that the design requirements can be fulfilled for a wide
range of SCRs.

Table VI summarizes the results obtained for every
simulated case, according to the indices shown in Fig. 1.

TABLE VI
PERFORMANCE EVALUATION OF THE SIMULATED CASES

CASE Overshoot [ %] ta[s] t: [s] ts [s]
1 0 0.02 0.32 0.69
2 0 0.02 0.05 0.06
3 0 0.02 0.71 091
4 0 0.02 0.05 0.06
5 0 0.02 1.06 1.31
6 0 0.02 0.05 0.06
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Fig. 19. Case 3: Q reference and injected at PCC
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Fig. 20. Case 4: Q reference and injected at PCC
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Fig. 21. Case 5 and Case 6: Voltages at PCC and grid bus.
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Fig. 22. Case 5: Q reference and injected at PCC
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Fig. 23. Case 6: Q reference and injected at PCC

Clearly, the delay in the response (ty) is reduced to very
low levels for all the simulated cases, and the fulfillment of the
design requirements is extended to a wide range of SCR
values. Note that the requirement for t, cannot be fulfilled for
SCR values equal or greater than 25.

XII. CONCLUSIONS

The use of a centralized voltage control scheme in a WPP
with communication delays, in which the WTGs are following
Q references, shows some limitations in terms of time response
to grid disturbances and SCR sensitivity. This SCR sensitivity
may lead to the use of different control set parameters
according to the SCR range of interest

However, by installing in the WTGs a local voltage
controller (secondary voltage control concept) the following
can be achieved; higher time reaction to system disturbances,
without comprising the stability, and extension of the control
tuning for a wide range of SCR values, while still fulfilling the
design requirements.



By making the WTGs participate actively in the voltage
regulation, faster reaction response can be achieved, since the
WTG will contribute with a fast reaction, proportional to the
voltage variations at its generator terminals, meanwhile the
slower references coming from the WPPC arrive to the WTG
control.

XIII. APPENDIX

TABLE VII
ELECTRICAL DATA OF WIND TURBINE

Parameter Value Unit
Shase 2100 [KVA]
Vbase 0.690 [kV]
Electrical frequency 50 [Hz]
Stator Resistance 0.006 [pu]
Rotor Resistance 0.009 [pu]
Mutual Inductance 3.422 [pu]
Stator Inductance 0.072 [pu]
Rotor Inductance 0.101 [pu]
S step-up transformer 0.69:20kV 2100 [kVA]
Z step-up transformer 0.080 [pu]
TABLE VII

ELECTRICAL DATA OF THE SYSTEM

Parameter Value Unit
Number of WTGs 23 [-]
XovL 1.81 [%]
Rowvr 0.89 [%]
CovL 0.51 [%]
LowvL 10.200 [km]
XwppPT 11.91 [%]
Rwept 0.49 [%]
Swepr 55000 [kVA]
Angle of grid 75 [deg]
Medium voltage level 20 [kV]
High voltage level 115 [kV]
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Fig. 24. Comparison between controllers. Case with SCR 10 and medium
power active power production.
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