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Abstract

Power systems have varying characteristics, in terms of network topology, demand
size and pattern, or installed power generation capacity and technology. In strong
interconnected systems, voltage levels are stiff, system inertia is high and stability
is rarely lost. Power supply is therefore guaranteed, and the integration of renewa-
ble energy sources is key to a diversified generation mix. In weak power grids, the
penetration of non-synchronous power generation can be challenging from two pers-
pectives: regarding the impact of variable generation assets in the power system and
vice versa. For the power system, power quality issues, such as flicker, can arise due
to the variability of renewable energy sources, unit commitment and dispatching can
be challenging especially in weak networks with no interconnection, and stability
can be compromised above certain penetration ratios. On the other hand, genera-
tion assets have to face the technical issues present in such power systems: resonance
problems in extense weak power grids, great frequency excursions and propagation
of low voltage dips to the whole system in island power grids, control interactions,
poor power quality with the presence of flicker, unbalance, or harmonics, or voltage
out of permissible ranges.

Besides, system operators often impose on to non-synchronous generators strict tech-
nical requirements, which are challenging within already technically and economi-
cally constricted system contexts such as island power grids. Firstly, generating units
are not always allowed to disconnect upon the occurrence of voltage or frequency
disturbances so as not to lose system stability. And secondly, power plants inclu-
ding those based on renewable energy sources can be requested to actively support
the power system performance. Both aspects will be reviewed in the present thesis,
based on most relevant regulation. In addition, grid codes should be complemented
by corresponding compliance verification procedures. The current alternatives and
common practices will be hereby analysed, including compliance testing by using
practical tests and compliance simulation by means of simulation studies and revi-
sion against actual measurements. The alternative based on simulation has a lower
cost, is easier to implement and has no side effects on the grid, even if validation
is required. Thus, verification processes are streamlined for manufacturers, facility
owners and system operators. However, simulation based compliance verification is
yet at an early stage and basically limited to a unique requirement: Low Voltage
Ride-Through (LVRT). Current procedures comprehend testing simulation models
lacking data, or parameterised to represent a certain power system.

Therefore, this thesis proposes a grid code compliance verification methodology ba-
sed on generic simulation models that are simple and valid for verifying grid code
regulation aspects. As technical rules regarding power plant connection are deci-
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dedly related to power system characteristics, island power grids have been selected
as target systems. Most critical requirements in isolated power grids are Frequency
Ride-Through, LVRT and voltage and current unbalance. Hence, the generic grid
models will be adapted and particularised for each of the requirements, based on
theoretical analysis and sensitivity studies. Finally, the parameterisation of the equi-
valent grid models will be developed so as to fit any power system.

The methodology will be applied to three study cases, where the installation of a
renewable power plant will be studied. So, it will verified whether the generation as-
set is compliant with the grid codes under force, including the passive requirements
Frequency Ride-Through, LVRT and voltage and current unbalance, and active re-
quirements such as frequency response and current contribution during faults. In
the first study case, a new photovoltaic plant will be installed in a medium size
island grid, where only minimum information is available at the Point of Common
Coupling (PCC). The second study corresponds to Terceira island, in the Açores ar-
chipelago, where a new wind farm will be installed. Static and dynamic data about
the power system are available, but there is still no grid code under force to be met by
renewable power plants. Finally, the methodology will be applied to the third study
case consisting in the upgrade of an existing wind farm in Fuerteventura-Lanzarote
subsystem in the Canaries, where both complete system data and grid code are avai-
lable. The numerical application to these three study cases will back the validity of
the methodology proposed in the present thesis.

Key words: weak power grids, island power grids, grid code, compliance verification,
renewable energy sources, wind power, fault ride-through, voltage unbalance, current
unbalance, frequency control, voltage control, generic model, model validation.



Laburpena

Sistema elektrikoek zenbait ezaugarri berezi dituzte, sarearen topologiaren, energia-
eskaeraren ezaugarrien eta sorkuntzako instalazioen kapazitate eta teknologiaren
arabera. Elkarkonektaturiko sare elektriko sendoetan, tentsio-mailen aldaketak su-
maezinak dira, sistemako inertzia altua da, eta egonkortasuna ez da normalki gal-
tzen. Hortaz, hornidura elektrikoa bermatzen da, eta energia berriztagarrien inte-
grazioa baliabide bat da mix energetikoa dibertsifikatzeko. Sare elektriko ahule-
tan, bestalde, erronka bat da energia-iturri aldakorreko sorkuntza, sorgailuek sa-
rean edota sareak sorgailuetan duten inpaktuari dagokionez. Horrela, hornidura
elektrikoaren kalitateak txarrera egin dezake, energia-iturrien aldakortasunak era-
gindako ’flicker ’ bezalako fenomenoak direla eta; horrez gain, ’unit commitment’ eta
sorkuntza-unitateen despatxua ere zaila izan daiteke kanpoko interkonexiorik gabe-
ko sare ahuletan; eta, azkenik, sistemaren egonkortasuna kolokan jar daiteke energia
berriztagarrien ratioak altuak diren egoeretan. Bestetik, sorgailuek ere jasan behar
dituzte sare horietan agertzen diren arazo teknikoak: sare ahul zabaletako erreso-
nantziak, sare isolatuetako maiztasun-desbideraketak eta tentsio-hutsen hedapenak,
kontrol-elkarrekintzak, hornidura elektrikoaren kalitatea txarra -flickera, desoreka
eta armonikoak barne- eta maila onargarrietatik at dauden tentsioak.

Gainera, bete beharreko baldintza tekniko zorrotzak eskatzen dizkiete sistema-
operatzaileek sorgailuei. Erronka handia da hori, berez teknikoki eta ekonomikoki
murriztuta dauden uharte-sareetan. Alde batetik, sorgailuek sareari konektatuta ja-
rraitu behar dute tentsio- eta maiztasun-perturbazio larriak egon arren, sistemak
egonkortasuna gal ez dezan. Beste alde batetik, sorkuntzako zentralek -energia be-
rriztagarrietan oinarritutakoak barne- aktiboki hartu behar dute parte sistemaren
operazioan. Honako tesi honetan bi alderdiok berrikusiko dira, nazioarteko araudi ai-
pagarrienetan oinarrituta. Sareko kodeak betetzen direla egiaztatzeko prozedurak ere
beharrezkoak dira. Lan honetan gaurko aukera eta praktika nagusiak aztertuko dira,
tokian edo laborategian burututako froga praktikoak eta neurri errealekin balioztatu-
tako simulazio bidezko jardunbideak argituz. Simulazioan oinarritutako hautabidea
merkeagoa da, errazagoa gauzatzeko orduan eta ez du zehar-efekturik sarean. Modu
horretan, arrazionalizatu egiten da sareko kodeak egiaztatzea ekoizle, sortzaile eta
operatzaileentzat. Hala ere, aukera hori ez dago gaur egun oso garatuta eta baldintza
tekniko bakarrera mugatzen da, hots, Low Voltage Ride-Through (LVRT) delakora.
Oraingo prozeduretan agertzen diren simulazio-ereduak ez dira osoak, edota para-
metrizatuta daude sistema elektriko jakin bat adierazteko.

Ondorioz, tesi honek simulazio-eredu generikoetan oinarritutako metodologia bat
aurkeztuko du, sareko kodeen betetzea baieztatze aldera. Ereduok sinpleak baina
baliozkoak dira baldintza teknikoen zeinbat alderdi egiaztatzeko. Sorkuntza elektri-
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korako zentralen konexioa erregulatzen duten arau teknikoak estuki loturik daude
sistema elektrikoen ezaugarriekin. Hortaz, uharte-sareak aukeratu dira azterketara-
ko, energia berriztagarrien integrazioak berebiziko garrantzia baitu bertan. Metodo-
logia hori uharte-sareetan erabakigarrienak diren baldintza teknikoetara mugatuko
da, hau da, Frequency Ride-Through, LVRT eta tentsio- eta korronte-desoreketara.
Tesian proposatutako eredu generikoak baldintza bakoitzera egokitu eta zehaztuko
dira, analisi teorikoetan eta sentikortasun-azterketetan oinarrituta. Azkenik, sareko
eredu baliokideen parametrizazioa argituko da, edozein saretara moldatzeko.

Metodologia hori hiru ikasketa-kasutara aplikatuko da. Hiru uharte-saretan ener-
gia berriztagarrietan oinarritutako zentral berrien edo aurretik dauden zentralen
hobekuntza aztertuko dira. Horrela, sorkuntza-unitateok sare-kodeetako baldintza
pasiboak (Frequency Ride-Through, LVRT eta tentsio- eta korronte-desorekak) zein
aktiboak (maiztasun-erantzuna eta akatspeko korronte-injekzioa) betetzen ote di-
tuzten egiaztatuko da. Lehen kasuan, tamaina ertaineko irla batean zentral fotovol-
taiko bat instalatu nahi da; baina konexio-puntuari buruzko datu minimoak baizik
ez daude eskura. Bigarren kasuan, parke eoliko berri bat eraikiko da Azore uhar-
teetako Terceira-n; sistema elektrikoari buruzko datu estatiko eta dinamikoak eza-
gunak dira, baina ez dago sorgailu aldakorren konexioari buruzko araudi berezirik.
Azkenik, metodologia hirugarren kasu batera aplikatuko da, Kanariar uharteetako
Fuerteventura-Lanzarote azpisistemako parke eoliko baten hobekuntza aztertuz; sa-
rearen datu estatiko eta dinamikoak ezagunak dira eta indarrean dago araudi berezi
bat. Metodologia hiru ikasketa-kasuotara aplikatzeak tesian proposatutako prozedu-
ra balioztatuko du.

Gako-hitzak: sare ahulak, uharte-sareak, sareko kodea, energia berriztagarriak,
energia eolikoa, fault ride-through, tentsio-desoreka, korronte-desoreka, maiztasun-
kontrola, tentsio-kontrola, eredu generikoa, ereduen balioztapena.



Resumen

Los sistemas eléctricos se distinguen entre sí por la topología de la red, características
de la demanda, así como la capacidad y tecnología de las instalaciones generadoras.
En redes eléctricas fuertemente interconectadas, las variaciones de niveles de tensión
son imperceptibles, la inercia del sistema es alta y rara vez se pierde la estabili-
dad. El suministro eléctrico queda así garantizado y la integración de fuentes de
energía renovables es clave para la diversificación del mix energético. Sin embargo,
en redes consideradas débiles la penetración de generación de fuente variable supo-
ne un desafío tanto en cuanto al impacto de los generadores sobre la red, como al
impacto de la red sobre los generadores. En este sentido, la calidad del suministro
eléctrico puede verse perjudicada con fenómenos como el ’flicker ’ ocasionado por la
variabilidad de las fuentes; la programación de grupos y el despacho de unidades de
generación puede resultar problemático en redes débiles sin interconexión externa; e
incluso la estabilidad puede verse comprometida a partir de ciertos ratios de penetra-
ción. Por otro lado, los generadores deben afrontar los problemas técnicos presentes
en dichas redes: problemas de resonancias en redes débiles extensas, grandes excur-
siones de frecuencia y propagación de huecos de tensión en pequeñas redes insulares,
interacciones de control, baja calidad del suministro debido a la presencia de flicker,
desequilibrios y armónicos, así como tensiones fuera de los niveles permitidos.

Además, actualmente los operadores del sistema imponen el cumplimiento de requi-
sitos técnicos estrictos incluso a generadores no síncronos, lo cual es especialmente
exigente en sistemas de por sí limitados técnica y económicamente como las redes
insulares. Por un lado, los generadores deben permanecer conectados a la red bajo
graves perturbaciones de tensión y frecuencia, de modo que el sistema no pierda la
estabilidad. Por otro lado, las centrales de generación, incluyendo aquellas basadas
en fuentes de energía renovables, deben en ocasiones contribuir activamente a la
operación del sistema. Ambos aspectos serán revisados en la presente tesis, basán-
dose en las normativas internacionales más relevantes. Además, los códigos de red
deben completarse con los correspondientes procedimientos de verificación. En la
presente tesis se analizarán las alternativas y prácticas habituales, incluyendo prue-
bas prácticas, in situ o en laboratorio, o herramientas de simulación con validación
mediante medidas reales. La alternativa basada en simulación tiene un coste más
bajo, es más fácil de implementar y no tiene efectos colaterales en la red, aunque
los modelos de simulación deben ser validados. De este modo, los procesos de ve-
rificación se racionalizan para fabricantes, generadores y operadores. Sin embargo,
la verificación del cumplimiento del código de red basada en herramientas de simu-
lación se encuentra poco desarrollado y limitada básicamente a un único requisito:
Low Voltage Ride-Through (LVRT). Además, los procedimientos existentes incluyen
modelos de simulación incompletos o parametrizados de modo que representan un
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sistema eléctrico concreto.

Por lo tanto, la presente tesis propone una metodología de verificación del cum-
plimiento de código de red basada en modelos de simulación genéricos, simples y
válidos. Dado que las normas técnicas de conexión de centrales de generación eléctri-
cas están unívocamente unidas a las características de los sistemas eléctricos, se han
seleccionado las redes insulares donde la integración de fuentes de energía renovables
es de vital importancia. Así mismo, la metodología se limita a los requisitos técnicos
más críticos en pequeñas redes insulares: Frequency Ride-Through, LVRT y desequi-
librios de tensión y corriente. Los modelos genéricos se adaptarán y particularizarán
para cada uno de estos requisitos, en base a estudios analíticos y de sensibilidad de
los parámetros más influyentes. Finalmente, se llevará a cabo la parametrización de
los modelos equivalentes de red, de modo que se puedan ajustar a cualquier tipo de
red.

La metodología se aplicará a tres casos de estudio, donde se estudiarÃą la instalación
o mejora de centrales de generación renovable en tres redes insulares. De este modo,
se verificará si las unidades de generación cumplen con los códigos de red en vigor
incluyendo requisitos pasivos como Frequency Ride-Through, LVRT y desequilibrios
de tensión y corriente, así como los requisitos activos de respuesta de frecuencia y
contribución de corriente durante faltas. En el primer caso de estudio, se contempla
la instalación de una planta fotovoltaica en una pequeña isla, donde únicamente
se dispone de información mínima en el punto de conexión. El segundo caso de
estudio incluye la isla de Terceira en las Azores, donde se instalará un nuevo parque
eólico. Se dispone de datos estáticos y dinámicos del sistema eléctrico, pero no existe
ninguna regulación técnica específica sobre la conexión de generadores variables. Por
último, la metodología se aplicará a un tercer caso que consiste en la ampliación de
un parque eólico existente en el subsistema de Fuerteventura-Lanzarote en las Islas
Canarias. En este caso, se dispone de datos estáticos y dinámicos sobre la red y hay
una regulación en vigor. La aplicación de la metodología a estos tres casos de estudio
apoyará la validez del procedimiento propuesto en esta tesis.

Palabras clave: redes débiles, redes insulares, código de red, energías renovables,
energía eólica, fault ride-through, desequilibrios de tensión, desequilibrios de corrien-
te, control de frecuencia, control de tensión, modelo genérico, validación de modelos.
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Chapter 1

Introduction

1.1 Background

Although a large proportion of power systems worldwide are large strongly intercon-
nected systems, there is an increasing interest in isolated or poorly interconnected
systems, called weak power grids. Weak power grids can be classified as subsystems
connected to the main grid via weak interconnections, such as loads at remote loca-
tions and offshore wind farms, and autonomous power grids without connection to
the main grid, e.g. islands, microgrids temporarily disconnected from the mains, or
remote rural areas. This thesis focuses on the second category: isolated power grids
which are weak by nature.

Standard IEEE 1204 [1] defines a weak Alternating Current (AC) power grid accor-
ding to its static and dynamic performance:

1. AC system impedance may be high relative to AC power at the point of con-
nection, i.e. short-circuit power at the point of connection may be low.

2. AC system mechanical inertia may be inadequate relative to the AC power
infeed.

The first condition is met in wide area weak power grids, usually operated at me-
dium voltage levels with long radial feeders and low X/R ratios. In small island
power grids, both static and dynamic aspects do often apply. In addition, power
is supplied by few generating groups, mostly fed by diesel or heavy oil, with small
unit power and low inertia. Overall, generators are large with respect of the system
load for economic reasons [2] and so, higher reserve margins than in interconnected
systems are necessary. Demand patterns depend on the climate and the activity.
Thus, minimum to maximum demand ratios are low in tropical isolated power grids,
while islands with seasonal tourism activity have low load in winter and high load
in summer.

The static power strength is characterised by the short-circuit power level, which is
low in weak power grids. However, the measure only applies to the Point of Common
Coupling (PCC) from the grid point of view. It is therefore convenient to take into
account the generation connected to the PCC, using a grid stiffness index such as
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the Short-Circuit Ratio (SCR):

SCR = Ssc

Sn
(1.1)

where, Sn is the installed capacity of the generation power plant and Ssc the short-
circuit level at the PCC.

A power grid is considered strong for SCR values above 20 [3] to 25 [4] and weak
for SCR values below 6 to 10 [5], although other reference values might be found in
literature.

On the other hand, dynamic weakness of a power network can be characterised
by the overall inertia constant H (seconds) and the composite frequency response
characteristic β (MW/Hz), which relates the active power response of a system to
a change in frequency. The composite power/frequency characteristic of a power
system depends on the combined effect of the droops of all generators and on the
frequency response of all the loads in the system. Island power grids have a low
inertia and regulation capability.

Aforementioned characteristics of weak power grids result into technical and eco-
nomic issues which can constrain the secure operation of power systems, especially
regarding renewable energy sources.

1.1.1 Technical issues in isolated power grids

The frequency and duration of unsafe situations in weak grids is much greater than
in high performance strong grids. Electricity supply interruption duration is also
significantly higher. Based on collected operational data, [6] points out that incidents
of loss of generating units are quite common and cause serious problems in non-
interconnected grids. On the other hand, weak grids are mainly composed of rural
overhead networks, where faults occur more frequently than in strong interconnected
power grids and fault clearing times are usually longer.

Aforementioned disturbance patterns, in addition to inherent characteristics of weak
power systems, lead to technical issues related to voltage and frequency regulation,
and stability.

Voltage regulation Weak power systems experience significant fluctuations in bus
voltages, both in steady-state and under dynamic events. In addition, under weak
grid condition, voltage sensitivity with respect of reactive power is high, which means
that the same amount of reactive support (injection or absorption) results in larger
voltage deviations. Based on the simplified power system in Figure 1.1, the relation
between reactive power and voltage control can be clarified.

The voltage drop between the sending end (Bus 1) and the receiving end (Bus 2) is:

∆V = Rs · P +Xs ·Q
E

+ j · Xs · P −Rs ·Q
E

= ∆Vp + j ·∆Vq (1.2)
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E
Rs + j ·Xs

Bus 1
Bus 2 (PCC)

F

P + j ·Q

V

Figure 1.1. Simplified power system model

Transmission networks are mostly inductive, although X/R ratio tends to be lower in
weak power grids. Therefore, reactive power is proportional to voltage drop and so,
voltage magnitude is mainly controlled by reactive power exchange in transmission
networks. However, in more resistive networks both active and reactive power do
affect voltage. In weak power grids, source impedance is higher, and hence, even low
reactive power injection produces a high impact on voltage.

Frequency regulation The swing equation in (1.3) relates active power and fre-
quency, showing that any active power mismatch results in a frequency deviation in
a power system ruled by synchronous generation.

2 ·H · d
2δ

dt2
= Pm − Pe −KD ·

dδ

dt
(1.3)

where H is the inertia constant, δ load angle, Pe electromagnetic power, Pm mecha-
nical power, and KD damping factor.

Based on (1.3), it can be concluded that after an active power mismatch the initial
frequency gradient (Rate of Change of Frequency ROCOF) and deviation of fre-
quency in steady-state (∆fss) depend on the mismatch magnitude ∆P , inertia H,
system frequency response and regulating capacity R, and damping KD (Equations
(1.4) and (1.5)).

ROCOF = ∆P
2 ·H (1.4)

∆fss = ∆P

KD + 1
R

(1.5)

Frequency regulation is primarily troublesome in isolated power grids. In fact, both
ROCOF and steady-state frequency deviation following an active power mismatch
result into high values, because of their low inertia constant, low regulating capabi-
lity and big size of generators with respect of the total load. Therefore, frequency
stability issues could happen [7], especially in isolated systems with high renewable
energy penetration, contributing with dismissable inertia, as generators are usually
not required to actively support frequency.
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Stability Both voltage and frequency issues could lead to instability.

Frequency instability is more common in island power grids, whereas voltage stability
is a major concern in vast area weak power grids.

Transient stability can also be compromised in weak power grids during short-
circuits. On one hand, the magnitude of a voltage dip following a fault results into
higher values at a point with low short-circuit power, i.e. low strength, as indicated
by (1.6) for a three-phase fault based on Figure 1.1. On the other hand, transient
stability might be lost sooner in weak power grids because of low system inertia
(mainly in island grids), and longer fault duration. Besides, in small isolated power
grids severe voltage dips can easily propagate to the whole power system.

Vdip(p.u.) = Vpf,Bus1(p.u.) · Zf

Zs,1 + Zf
= Vpf,Bus1(p.u.) · Zf

V 2
pf,P CC

Ssc,P CC
+ Zf

(1.6)

where Zf is the fault impedance at fault point F, Zs,1 the positive sequence source
impedance, and Vpf the pre-fault voltage at Bus 2. Short-circuit power at the PCC
is represented by Ssc,P CC .

1.1.2 Economic issues in isolated power grids

Special mention should be made of economic aspects in insular power systems. The-
se power systems are usually burdened with additional costs stemming from their
insularity, as electricity must be generated on-site. This aspect affects negatively the
cost of electricity by burdening the tariff with increased fuel (due to import and
transportation) and operating costs. Most insular systems operate with generation
margins around 30-40% in order to increase reliability, which implies higher costs
compared to 15-20% in mainland [8]. In the case of the French SEI operated by EDF
overcost can double prices in mainland France [9], even if some solidarity policies are
often applied. The same applies in other island grids such as the Spanish isolated
power grids.

In addition, market and investment situation in islands is very closely related to
population density: the smaller the population, the smaller the market. Therefore,
the challenge of establishing a sustainable energy system is greater, and as a result,
most islands do not enjoy many options for diversifying their energy supply and
usually rely on oil-fired diesel engine generation for their power generation [8]. This
situation does not smooth the way to a competitive market, and adapted economic
models have to be adopted in some islands.

Aforementioned economic drawbacks do also have an impact on grid code aspects.
On one hand, a sustainable integration of renewable energies in weak power grids
requires new assets to participate on voltage and frequency ancillary services, which
have an economic cost for the system. On the other hand, technically demanding
performance of generators involves an investment by manufacturers. Both aspects
could be compromised in economically constrained power systems, such as islands.
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1.1.3 Integration of renewable power generation in isolated
power grids

Several studies have been carried out to determine limiting factors for renewable
power generation integration. Most research has been focused on wind power inte-
gration. Ideally, the only limit to the wind power generation in an isolated system
would be its instantaneous power demand [10]. However, some limitations apply to
wind penetration. Technical, resource and economic limitations are mentioned in
literature [11]. Resource is not a limitation in most island grids. However, the eco-
nomics of wind generation will tend to get worse as penetration increases. Partly,
because of additional costs of dealing with technical issues, and partly, because wind
generation does not match electrical demand, leading to lower average electricity
prices for electricity and eventually substantial curtailment [12].

Regarding technical limitations, voltage and frequency regulation, and stability is-
sues, troublesome ’per se’ in weak power grids, become more important with an
increasing penetration of Renewable Energy Sources (RES), which are highly va-
riable and intermittent. In addition, insular power grids cannot import energy from
neighbouring power systems and cannot export renewable energy in excess. And, due
to their small-size, they cannot take advantage of the ’portfolio’ effect [13]. Those
factors result into dispatching, reliability, security and power quality issues [14].

1. RES are considered non-dispatchable and can be subject to output power limi-
tations, related with technical constraints of the conventional generating units,
namely the minimum loading levels of the thermal units (technical minima)
[15].

2. Islands with RES show often rapid changes in both demand and generation
[16], as RES are highly variable and intermittent. Diesel generators, base to
many isolated power grid generation, cannot always follow these variations, as
their step load capability is approximately 50-75% of the remaining capacity
due to the dynamics of the turbo-lag [17].

3. In small-size power grids with medium voltage distribution networks, the power
quality issues may become a serious concern because of the proximity of RES
to loads. Renewable source discontinuity and variability can generate voltage
fluctuations above the flicker limit, harmonics, voltage variations, voltage dips
and voltage unbalances [18].

4. Renewable power generation technologies are commonly based on non-
synchronous machines with no inherent inertia. Hence, larger frequency de-
viations happen upon any large power mismatch event. As renewable energy
sources replace synchronous generation, they have to take on frequency and
voltage control functions previously in charge of conventional generating units.

In order to avoid technical issues due to a massive integration of renewable energies,
the penetration of this type of generation has been limited in some power systems.
These limits vary across the power systems, depending on the specific circumstan-
ces prevailing in each autonomous system, both in terms of conventional units (e.g.
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production technology, control capabilities, etc.) and RES generating units (e.g. in
the case of wind farms, size and technology of the wind turbines, dispersion of wind
turbines on the island, etc.). A share of RES of 15% is widely established as the
upper-limit on power systems [19]. On the other hand, in some networks the ma-
ximum penetration of RES is set by law. Electricité de France (EDF) policy is to
limit in real time at 30% the part of non-predictable renewable to avoid the risk
of black-out [20]. In autonomous island grids of Greece, such as Crete, wind farm
generation is limited at 30% of the instantaneous demand [21]. Similarly, Ireland’s
Electricity Supply Board (ESB) suggested that wind power levels should be limited
to 30% of instantaneous load during daytime, with possibly a higher contribution at
nights [22]. In Sardinia penetration is limited to 400 MW for 1200 MW of minimum
load [23]. In the Australian small isolated systems, such as Tasmania, a maximum
of 40% of instantaneous consumption is permitted, although primary reserve is big-
ger than in aforementioned cases [24]. Therefore, those limits to the output of RES
generation assets results into power curtailments during their operation. In other
cases, the penetration of renewable energies is based on a minimum Short-Circuit
Ratio (SCR) level required for the connection of generation assets. In interconnected
power grids, some grid codes require a minimum source strength for the connection
of non-synchronous generation. In German VDN grid code, an initial value of 6 is
required, whereas in Denmark and in Portugal the limit is set on 10 and on 5 in
Spain [25, 26].

However, curtailment is not a solution, because the maximisation of the integration
of RES into island grids is called to be a solution in order to assure their self-reliance
and energy supply security [27]. Therefore, new initiatives and innovative projects
have been promoted regarding following matters: efficient energy management sys-
tems including forecasting techniques and demand side management [28], optimal
exploitation and efficient short-term operation of RES [13, 29], upgrade of power
networks and assets, more flexible and high-performance thermal plants [8], new
control algorithms in RES converters [30–32], or external assets providing active
power storage (e.g. batteries, hydro-pumping, flywheel...) [14]. In addition, seve-
ral system operators include in their grid codes strict frequency and active power,
and/or voltage and reactive power requirements. Even more, RES are being reques-
ted to actively contribute in the power system control and security, as conventional
synchronous generation technologies do. Therefore, reliable grid equivalent models
are necessary so as to emulate most critical disturbances and operation situations
in island grids. Adequate grid models would provide a useful tool during grid code
compliance procedures, as well as to test protection and control algorithms.
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1.2 Statement of objectives
This thesis proposes a new methodology to validate the integration of new rene-
wable generation to install in isolated power grids. Compliance simulation models
will be developed, with a double objective: to enable a valid emulation of static and
dynamic behaviour of insular power grids under most frequent and critical distur-
bances and operation scenarios, and to provide power generating facility owners and
manufacturers with a validation benchmark in order to verify grid code fulfilment.

Partial objectives of the thesis are also listed below.

• Review of technical characteristics in isolated power grids.

• Review of grid code requirements in relevant power grids.

• Review of procedures for verification, validation and certification of grid code
requirements in relevant power grids.

• Development of generic grid code compliance simulation models.

• Methodology to adapt generic grid models to isolated weak power grids cha-
racteristics.

• Theoretical analysis of dynamic frequency, voltage dip and voltage unbalance.

• Characterisation of steady-state and dynamic performance of real medium size
island grids.

• Practical application and verification of the proposed methodology.

1.3 Outline of the thesis
The thesis is divided into three major parts. First, grid code requirements for rene-
wable energy integration under force in well-known power grids are reviewed, as well
as procedures for verification, validation and certification cited in literature. Then,
a methodology for the verification of the integration of renewable power generation
is proposed to be applied in island grids is proposed. Finally, the methodology is
applied to three cases.

Part I. Introduction

Part I consists of Chapter 1 and presents the introduction to the thesis. The
background and motivation are explained, as starting point and cornerstone
for the description of the objectives to be fulfilled within the present work. The
contents of the thesis are also outlined, briefly summarising each chapter.

Part II. State of the art

Part II reviews the state of the art regarding the two main topics of the thesis.
On the one hand, relevant grid codes are synthesised in Chapter 2. On the
other, grid code compliance verification procedures regarding non-synchronous
generation assets are reviewed in Chapter 3.
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Part III. Methodology for the verification of the integration of renewable
power generation into island power grids

Part III encompasses the methodology proposed in this thesis for the verifica-
tion of the integration of renewable power generation in isolated weak power
grids. First, the simulation based compliance verification is introduced in Chap-
ter 4. Then, three grid code requirements and corresponding disturbances are
theoretically analysed: Frequency Ride-Through in Chapter 5, Low Voltage
Ride-Through in Chapter 6, and voltage and current unbalance in Chapter 7.
Based on these studies, a generic simulation model is particularised and para-
meterised for each event, in accordance with the characteristics of the grid at
the connecting point and the corresponding grid code limits.

Part IV. Practical application of the compliance verification methodolo-
gy

The compliance verification methodology is applied to three study cases: a ge-
neral case in order to validate the theoretical analysis of the three events under
study in Chapter 8, the island of Terceira where the integration of renewable
generation assets is not ruled by any technical regulation as presented in Chap-
ter 9, and finally, the Fuerteventura-Lanzarote system based on the Sistemas
Eléctricos Insulares y Extrapeninsulares (SEIE) grid code, which is in Chapter
10.

Part V. Conclusions and future research

Chapter 11 indicates the conclusions and contributions of the work developed
in the thesis. Possible future research lines are as well outlined.

Appendices

Appendices are gathered at the end of the document and develop some theore-
tical and practical aspects that complement the document. Appendix A studies
the influence of the SFR study model on frequency response. Appendix B pre-
sents the connection of sequence circuits for short-circuits, series faults and
unbalanced loading. Sequence currents and voltages are calculated for all th-
ree cases. Appendix C details power plant modelisation for the three practical
applications: the general case, Terceira island, and Fuerteventura-Lanzarote
system. The power systems in Terceira island and Fuerteventura-Lanzarote
system are described respectively in Appendix D and Appendix E, including
the network topology, and the characteristics of the power plants and subs-
tations in the systems. Besides, demand and generation scenarios are listed,
together with the unit commitment and generation dispatch.
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Chapter 2

Review of grid codes in weak power
grids

2.1 Introduction

Environmental constraints leading to a carbon-free society are driving the change
to a larger penetration of renewable energy sources as power generation agents.
However, best resources are often located at remote or even isolated regions. The
integration of variable energy sources in such weak power grids poses many technical
and economic issues. Both aspects have an impact on the development of grid codes,
that is worth analysing.

Grid code evolution has been extensively studied in the literature, mainly focused
on technical requirements for large wind power plants. Thorough analysis and com-
parison of grid codes were conducted most recently in [33–40]. However, grid codes
are under constant revision and information update is necessary. Even if harmonisa-
tion efforts are being launched by international organisms, e.g. the European Wind
Energy Association (EWEA) and the European Network of Transmission System
Operators for Electricity (ENTSO-E), differences between system operator requi-
rements continue to be considerable. Reasons for the differences are often a result
of environmental conditions, government policies, local utility practices, network
strength and characteristics, and grid asset types present in the system [33, 34].
Although existing literature is wide for strong power systems, information is sparse
regarding small and weak power grids [41].

Therefore, this chapter studies differences between technical requirements imposed
on to generation assets influenced by the strength and characteristics of the power
system. Thus, countries with very distinct characteristics have been selected for the
study: a large power system with weak subsystems such as Australia (as counterpart
to Tasmania island); leading countries in renewable energy penetration and poli-
cies, e.g. United Kingdom and Denmark; interconnected regions including isolated
territories with a specific regulation such as France, including some isolated systems
outside the metropolitan France operated by Electricité de France (EDF), called
Systèmes Energétiques Insulaires (SEI) and Spanish extra-peninsular and insular
territories known as Sistemas Eléctricos Insulares y Extrapeninsulares (SEIE); or
island territories such as Ireland and New Zealand. The grid codes under study are
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listed in Table 2.1. Technical requirements applying to both synchronous and non-
synchronous generating units at transmission networks have been studied, in order
to focus the analysis on the constraints imposed by power system characteristics,
mainly oriented to weak and isolated power systems.

Table 2.1. Grid codes under study

Region Title

Australia National Electricity Rules Version [42]

Denmark Technical regulation 3.2.5 [43]
Technical regulation 3.2.3 [44]

France SEI Referentiel Technique HTB [45]

United Kingdom The Grid Code [46]

Northern Ireland SONI Grid Code [47]

Republic of Ireland EirGrid Grid Code [48]

New Zealand Electricity Industry Participation Code [49]

Spain SEIE OP SEIE 1 [50]
OP SEIE 12.2 (Draft) [51]

Tasmania Tasmanian Frequency Operating Standard Review [52]

This chapter is organised as follows. Section 2.2 compares the most outstanding
technical regulations in the power systems under study, followed by a comparative
discussion of the influence of power grid strength and characteristics on current and
future regulatory aspects in Section 2.3.

2.2 Review and comparison of technical require-
ments

Technical requirements applying to both synchronous and non-synchronous genera-
ting units at transmission networks have been studied, in order to focus the analy-
sis on the constraints imposed by power system characteristics, mainly oriented to
weak and isolated power systems. Among the grid codes reviewed, three different
approaches regarding generation assets have been identified. Technical regulation
in Australia and New Zealand is technologically neutral, whereas Ireland, Denmark
and UK have a separate grid code specifically for wind power. Finally, grid codes
in France SEI and Spanish SEIE not only apply to wind power but also to other
intermittent energy technologies.

As grid code review and comparison can become cumbersome due to significant
differences between system operator requirements even regarding structure and ter-
minology, the generic grid code format proposed by the EWEA in [53] has been used
as a basis for the analysis hereafter. The requirements have been classified into six
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groups: operating ranges, active power, frequency control, reactive power, voltage
control and fault ride-through.

2.2.1 Operating ranges

Continuous operation of generating units is required around the rated frequency,
usually between 49 and 51 Hz (Table 2.2). Transiently, generators shall remain con-
nected being allowed to operate during some limited time periods for frequency
values outside this band. Minimum and maximum frequencies correspond to 47 and
52 Hz as a general rule, respectively. However, in France SEI the band enlarges up
to 44-54 Hz. New Zealand South Island has also a wider band than the average:
45-55 Hz. These frequency excursions could correspond either to slow phenomena
or to disturbances leading to frequency excursions such as e.g. generation loss and
short-circuit faults.

Outside continuous operating bands, generators must withstand with disconnecting
short time periods, as indicated in Table 2.2. In the case of Denmark, it only applies to
Wind Turbine Generators (WTGs) with a rating higher than 25 kW. The continuous
operating range in that case is 49.5-50.2 Hz.

Table 2.2. Remain connected frequency ranges
Frequency (Hz) Denmark SEI UK Ireland SEIE

52-54 5 s
51.5-52 15 min 1 h
51-51.5 15 min 90 min 60 min
50.5-51
49.5-50.5 Cont. Cont. Cont. Cont. Cont.
49-49.5 5 h
48-49 30 min 90 min 60 min
47.5-48 3 min 1 h
47-47.5 20 s 3 min 20 s 20 s 3 s
46-47
44-46 30 s

Table 2.2 applies for normal operation voltage levels, normally situated in a ±10 %
band. Some grid codes require generators to continue operating out of this band for
limited time periods. Requirements in French islands, Spanish SEIE and Denmark
include a voltage-frequency graph for frequency and voltage rating capability of
generating power plants in steady-state, as recommended in EWEA’s generic grid
code format.

2.2.2 Active power

Active power control is the ability of power plants to regulate their active power
output to a defined level and at a defined ramp rate. Currently, most grid codes
require to implement this feature not only to synchronous generation, but also to
renewable power generation installations.
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Except for the French islands, the rest of the grid codes under study limit active po-
wer ramp rates, corresponding to the gradient control mode. Most grid codes exempt
from ramp-down rates on purpose for low wind conditions and underfrequency res-
ponse mode. Regulation from EirGrid is the most complete regarding the ramp rate
requirement, to be met not only by generation assets, but also by demand side units
and interconnectors. Generators should have a ramp-up and ramp-down capability
of at least 1.5% of installed capacity. For wind farms, ramp rate average values mea-
sured over 1 and 10 min are specified for any situation, being applicable to every
operation including start up, normal operation and shut down. It shall be possible
to vary each of these two maximum ramp rate settings independently over a range
between 1 and 30 MW per minute. The ramp rate settings shall be specified by the
system operator previously to the operation date.

In the Australian grid code, there is such a requirement for scheduled and semi-
scheduled generators, limiting ramp-up and ramp-down rates to the lower of 3
MW/min or 3% of the maximum capacity (with a minimum requirement of 1
MW/min). The same limit of 3% of maximum capacity is required in Northern
Ireland for centrally dispatched generating units, set up as a minimum. Specific
ramp requirement is issued for wind farms, which in turn shall have a positive ramp
rate controller capable of being set within a range from 1 MW per minute to 10
MW per minute under normal operating conditions, and including a zero ramp rate
setting, in order to block that feature.

In SEIE power systems in Spain, generators are requested to be able of limiting
ramp-up and ramp-down rates (not related to decrease in primary energy source
production) according to orders from the system operator. In contrast, in New Zea-
land the grid code leaves ramp-rate requirement for intermittent generators to be
agreed between generators and system operators.

Regarding active power production constraint, in Northern Ireland, the active power
restriction can be between 50% and 100% of the maximum instantaneous produc-
tion. In the Republic of Ireland, wind farms can be also requested to operate at a
restricted output value indicated as set-point by the system operator.

The Danish grid code requires the absolute production constraint, delta production
constraint and power gradient constraint modes. After receiving a setpoint change
order, execution must start within 2 s and be completed not later than 30 s. The ac-
curacy of the control performed must not deviate by more than ±2 % of the setpoint
value or by ±0.5 % of the rated power.

Finally, any grid code which indicates a frequency response mode requires to apply
the delta constraint function, although it is only specifically mentioned in the Danish
grid code. This feature is further explained in next subsection.

2.2.3 Frequency control

Regarding frequency control, conventional generating units are requested to partici-
pate in primary frequency control, implemented through a speed governor system,
so as not to decrease active power generation during frequency drops and not to
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increase active power generation during frequency rises. Speed governors shall have
a droop between 2% and 8% with a maximum permitted dead-band, as indicated
in Table 2.3.

Table 2.3. Primary frequency control requirements for conventional generation

Region Droop Dead-band Response time

France SEI 3-8% ±15 mHz 15 s

UK 3-5% ±15 mHz –

Northern Ireland 4% – –

Republic of Ireland – ±15 mHz 30 s

New Zealand 0-7% – –

Spain SEIE 2-5% ±30 mHz 30 s

Besides, in regions with large penetration of variable source power generation or
frequency regulation issues (such as isolated power grids), renewable generating units
are also called to participate in frequency control, with an automatic variation of
the generated power output in relation to the frequency in the system. Two types of
frequency regulation are cited in the literature.

• Frequency Sensitive Mode (FSM) or frequency regulation with droop charac-
teristic: generators are compelled to provide frequency response for low and
high frequencies, respectively increasing or decreasing their output.

• Limited Frequency Sensitive Mode (LFSM): generators are only compelled to
provide partial frequency response, normally for high frequencies, reducing
their output at a given rate.

In the grid code issued by National Grid, both LFSM and FSM can be instructed.
For LFSM, in response to an increase in system frequency above 50.4 Hz a minimum
rate of 2% of output per 0.1 Hz deviation shall be decreased. Maximum execution
time depends on the device used for accomplishing this feature, with a maximum
time of 5 min.

In most grid codes, primary frequency control is compulsory, although in the Spanish
SEIE some installations can be exempted from this service depending on the cha-
racteristics of the isolated power system. If frequency response is based on a speed
governor or analogous device, corresponding action parameter values are shown in
Table 2.4 for non-synchronous generating units. In some grid codes, during low vol-
tage events (e.g. under 0.85 p.u. in the case of the SEIE), this regulation feature may
be disabled.

2.2.4 Reactive power

All grid codes under study include specific reactive power capability limits. However,
they differ on the point at which the requirement is specified, voltage range at the
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Table 2.4: Primary frequency control requirements for non-synchronous generating
units

Region Droop Dead-band Response time

France SEI 3-8% ±15 mHz 15 s

Northern Ireland 4% – –

Republic of Ireland – ±15 mHz 30 s

New Zealand 0-7% – –

Spain SEIE 2-6.66% ±30 mHz to ±200 mHz 30 s
Note: in the UK, the same requirements are applied to synchronous and non-synchronous
generating units.

connection point, as well as the method for measuring the reactive power capability,
either expressed in terms of power factor or reactive power. In the case of synchronous
generating units, generator performance charts specify their reactive power capability
limits. Minimum short-circuit ratio is also usually stated, as in the case of UK (0.4 for
units under 1600 MVA and 0.5 for larger units) or Northern Ireland (0.5). For non-
synchronous generators, such as WTGs, grid codes specify reactive power capability
in terms of PQ and UQ diagrams. In Figure 2.1 reactive power limits for non-
conventional power plants are compared in terms of reactive to active power (PQ
diagram), except for Australia and New Zealand which are technologically neutral.
In Figure 2.1 only the operating limits are considered without taking into account
voltage conditions.

P (%)

Q (%P)
39.5% 30% 30% 50%

20%

80%
Australia
New Zealand
Spain SEIE
SONI50%
EIRGRID

LaggingLeading

UK

0%

Figure 2.1. Comparison of PQ diagrams

In the Spanish grid code, the reactive power generation requirement is reduced above
80% of the power output, as the need for voltage control is lower at high levels of
active power and the simultaneous generation of maximum active and reactive power
increases cost. Reactive power requirement is also reduced for low power output:
below 50% in the EirGrid code, and below 20% in the Spanish case. In both cases,
10% is indicated as limit value, where compliant operation is still desirable with a
certain flexibility. The Danish grid code for wind farms sets different requirements
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as a function of the rated power of the wind farm. So, largest installations have
to comply with more stringent requirements and be able to manage wider reactive
power ranges.

Terminal voltage limitations also affect reactive power capability of variable gene-
rators. Hence, grid codes indicate voltage limits for the obligatory compliance of
the reactive power requirement. For inductive compliance, Spanish regulation sets a
maximum voltage limit of 1.05 p.u. and for capacitive condition, a minimum limit of
0.95 p.u. In New Zealand, voltage thresholds depend on the voltage level, with 1.1
and 0.95 p.u. for 220 and 110 kV transmission networks in case of inductive capabi-
lity and 1.1 and 0.9 p.u. for capacitive capability. Some grid codes specify reactive
power versus voltage characteristic separately from the reactive range, by means of
a UQ chart (Figure 2.2). The most and less restrictive requirements correspond res-
pectively to Spanish islands and Northern Ireland. For non-synchronous generators,
lagging capability may diminish as terminal voltage increases because of converter
current constraints. Leading capability normally grows with the increase of terminal
voltage [54].

U (p.u.)

Q (%P)

Denmark >25 MW

LaggingLeading
032.86%

1
1.05

1.1

0.95

0.9

32.86%22.79%

SONI
Spain SEIE
GB

Figure 2.2. Comparison of UQ diagrams for wind farms

2.2.5 Voltage control

Regarding voltage control for non-synchronous generators, all three control modes
(reactive power, power factor and voltage control) are selectable in Ireland (both
Republic of Ireland and Northern Ireland), Denmark, Spain and Australia. The latter
includes this condition both for WTGs based on synchronous and asynchronous
machines. On the contrary, the UK grid code only indicates voltage control mode,
regardless of the generation technology. The voltage control mode and set-points can
be changed on-line in some regions, as for the SEIE case.

Fast response of voltage control is of highest importance, and therefore, most im-
portant parameters in the grid codes under study for intermittent power generating
units are summarised in Table 2.5. Comparison is not straightforward, as parameter
definition often is not consistent. The National Grid regulation is the most stringent,
due to the conditions of fast settling time and high resolution.
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Table 2.5. Voltage control requirements

Region Slope Rise time Settling time Resolution

Australia – 2 s for a 5% step – 0.5%

Denmark – – 10 s 0.1 kV

UK 2-7% 1 s for a 90% 2 s 0.25%

Ireland 1-10% 1 s for a 90% 20 s –

Spain SEIE 0-25 1 s for a 90% 1 min 0.01 p.u.

2.2.6 Fault ride-through

During short-circuits, voltage drops in all (three-phase fault) or at least some of
the phases (unbalanced faults). During unbalanced short-circuits, voltage can as
well swell in some of the phases. So, two requirements can be defined in relation
to Fault Ride-Through (FRT): LVRT for voltage drops and High Voltage Ride-
Through (HVRT) for voltage swells. HVRT is less common, but present in some
interconnection rules.

All reviewed grid codes include LVRT requirements. Same rules for any type of gene-
ration apply in Australia, French SEI and UK power systems, whereas in Denmark,
any generation power plant with a rated power higher than 1.5 MW must ride-
through low voltage dips. Different profiles are applied to synchronous and wind
power generation. In the case of synchronous generation, shorter duration faults
must be withstood in Western Denmark, which is a weaker power system compared
to Eastern Denmark.

Figure 2.3 shows comparative graphs with the LVRT requirements in the grid codes
under study. New Zealand profile has not been included in the figure, as it is not still
accepted as a rule (but expected to be included in future versions of the grid code
[55, 56]). Separate requirements are proposed to be met by generators connected to
the North Island and the South Island. Besides, regarding grid voltage before the
FRT event, a prefault voltage value of 0.9 p.u. is considered in contrast to other grid
codes. Regarding UK for faults shorter than 140 ms no specific profile is mentioned.
It is stated that any generator connected to the transmission grid should be able
to withstand zero volt voltage dips for a total clearance time of 140 ms. For faults
longer than 140 ms a FRT profile is indicated. In the case of Australia, hypothesis
mentioned in [57] have been taken into account for the 250 kV network, as only
maximum fault clearance times as a function of the voltage level are stated.

In most of the technical regulations under study, the Zero Volt Ride-Through (ZVRT)
requirement is stated, which could pose some difficulty to non-synchronous genera-
ting units such as WTGs to comply with. However, the compliance is required at the
high voltage terminals of the interconnection transformer, i.e. PCC. Therefore, ta-
king into account booster transformers and interconnection cables, a higher voltage
would have to be ridden through at the generator terminals. On the other hand, the
Irish grid code requires the most stringent profile regarding voltage recovery, with a
lower slope, which depends on the electrical machines present in the power grid and
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Figure 2.3. Comparison of LVRT requirements in the grid codes under review

power grid characteristics. The presence of induction type machines, slow voltage
control systems or weak power grids can result into slow voltage recoveries.

Although only envelopes corresponding to three-phase faults have been represented
in Figure 2.3, some grid codes require separate characteristics depending on the short-
circuit type. It is the case for the Spanish SEI, where a less stringent profile is required
to be withstood by generating units during two-phase short-circuits, with a lowest
value of voltage of 0.5 p.u. In Australia (and therefore in Tasmania), three-phase
short-circuits have to be ridden-through during shorter times if compared to the rest
of the short-circuit types, i.e. 120 ms versus 250 ms in 250 kV networks. Both EirGrid
and SONI Transmission System Operators (TSOs) indicate a LVRT profile to be
withstood in all phases or any of the phases. Hence, a single envelope specifies the
requirements upon any short-circuit, balanced or unbalanced. In Denmark, recurrent
short-circuits have to be withstood in the case of unbalanced faults. In addition,
wind power plants have to comply with the requirements if at least two independent
faults occur within 2 min. In UK, a zero LVRT requirement has to be met upon the
occurrence of a solid three-phase or unbalanced earth fault.

In addition, a feature which is being required in many codes is active and reactive
power contribution during faults and after fault clearance. French islands do have a
LVRT profile, but no requirement regarding active support of wind farms during the
disturbed regime until recovery. Grid codes issued by EirGrid and REE for Spanish
islands set conditions for active power during faults. In the Republic of Ireland,
wind farms shall provide active power in proportion to retained voltage, and in the
SEIE during disturbances and for voltages under 0.95 p.u. active current injection
shall be within a certain area. The requirement shall be complied with until voltage
recovery. In Denmark, active power must be maintained during voltage dips, even
if a reduction in active power is acceptable. Upon the clearance of the fault, a fast
recovery of active power generation is required in many regions as indicated in Table
2.6. Australian grid code sets the most stringent condition.

Regarding the time delay of the active power recovery, it should be delayed until
the post-fault voltage is stabilised. An immediate increase of active power could
cause voltage fluctuations and instability, especially in weak power grids [58]. From
this perspective, the time delay should be as long as possible. The least stringent
grid code, i.e. France SEI, requires a time delay of maximum 10 s, but values below
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Table 2.6. Active power recovery upon fault clearance

Region Time (s) P (% of pre-fault P)

Australia 0.1 s after clearance 95%

Denmark 0.5 s after voltage recovery 90%

France SEI 10 s after clearance 95%

UK 0.5 s after clearance 90%

Ireland 1 s after voltage recovery 90%

1 second are mostly found. This requirement is due to the load demand in the
transmission grid. Hence, there is a conflict of interest between the voltage stability
support and the demand for a quick active power recovery. The limit value should
therefore be set dependent on the voltage stability situation in the grid, leading
to higher values in weak power grids. Regarding the gradient of the active power
recovery, it is independent of the voltage stability situation and depends on the
machine ratings. High gradients may impose stress on the components of a WTG.
Finally, the minimum level of active power is of highest importance for transient
stability and should be kept below the maximum transferable limit.

Regarding reactive power support during LVRT, its maximum level and gradient are
normally specified. The maximum level of reactive power influences the voltage con-
trol capability and transient stability. On the other hand, a high post-fault reactive
power generation can impose overvoltages. Hence, it is necessary to down-ramp the
reactive power when the voltage recovers. According to the Australian grid code,
generation assets shall provide capacitive reactive current of at least the greater of
its pre-disturbance reactive current and 4% of the maximum continuous current for
each 1% reduction with respect to its pre-fault level during faults. Both EirGrid
and SONI require to maximise reactive current within reactive power capability of
the WTGs. Spanish regulation for islands indicates a more detailed reactive current
behaviour, both during voltage dip and subsequent recovery, where reactive current
is expressed as a linear function with several sections for different voltage ranges. For
voltage values below 0.1 p.u. and above 1.15 converters are allowed to be blocked,
and not to inject current into the grid. However, as soon as the system recovers,
the blocking must be suppressed. Danish grid code states that reactive power must
be controlled to support voltage with a linear graph requiring a maximum of 100%
IQ/IN injection from 60% to 20% of voltage during faults. Below 20% of voltage
disconnection is allowed, and hence no reactive power is required.

LVRT requirements are usually expressed using positive sequence. However, in the
Spanish grid code it is specified that reactive current can be injected/absorbed in
the three phases (i.e. positive sequence current only), or in the faulty phases as
synchronous generators do (i.e. using positive and negative sequence currents). The
latter option is preferred. In addition, the system operator shall be able to indicate
the reactive current to be injected by the wind farm.

In recent years, similar voltage-time profiles have also been defined for overvoltage
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or voltage swell conditions, caused by large load switching, capacitor energising or
faults in the network. This feature is in turn referred to as HVRT, and among the
grid codes under study, it applies in the SEIE and Australia for both synchronous
and non-synchronous generation, following the graph in Figure 2.4. A highest value of
respectively 1.25 and 1.3 p.u. has to be withstood during 50 ms. Lowest overvoltages
have corresponding longer remain connected times following a linear and exponential
evolution, respectively, with a maximum time of 1 s.
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Figure 2.4. HVRT requirement in Australia and Spain

2.2.7 Synthesis of requirements

The technical requirements under review can be broadly divided into two categories:

• Operating ranges for both steady-state and transient performance, during
which generation assets are not allowed to disconnect from the grid. These
requirements are often named as remain connected requirements or passive re-
quirements.

• Active requirements under which generation assets shall contribute to fre-
quency and voltage control in the system.

Remain connected requirements are summarised in Table 2.7, classified in three
categories: voltage, frequency and power quality. Except for power quality, which
often is regulated by international standards or only pointed out in distribution grid
codes, the rest of the requirements are indicated in almost any grid code under
study, except for the HVRT and phase angle jump. In contrast, active requirements
are not widely harmonised and applied to RES. Main current active requirements
are summarised in Table 2.8.
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Table 2.7. Synthesis of remain connected requirements

Requirement AUST DEN SEI UK ROI NI NZ SEIE

Freq. range X X X X X X X X
Freq. ride-through X X X X X X X
Freq. gradient X X X X

Voltage range X X X X X X X X
LVRT X X X X X X X X
HVRT X X

Phase jump X X

Unbalance X X X X
Flicker X X X X X X X X

Harmonics X X X X X X X X

Note. AUST: Australia, DEN: Denmark, SEI:France SEI, UK:United Kingdom, ROI:
Republic of Ireland, NI: North Ireland, NZ: New Zealand, and SEIE: Spanish SEIE.

Table 2.8. Synthesis of active requirements

Requirement AUST DEN SEI UK ROI NI NZ SEIE

P regulation for
low frequenciesa

AASc X X X

P regulation for
high frequenciesa

AASc X X X

Inertial responseb X

P support during
FRT

X X X X X

Q support during
FRT

X X X X X

a: Primary frequency regulation
b: Mentioned as future requirement in the Spanish SEIE grid code
c: AAS corresponds to Automatic Access Standard

2.3 Analysis of current and future grid code requi-
rements in relation to grid power characteris-
tics

2.3.1 Influence of power grid strength and characteristics on
grid codes

Grid codes shall be adapted to technical constraints in the corresponding power grid,
such as the network strength and the characteristics of generation technologies. In
[59] the impact of regulatory scenarios on the development of renewable energy on
islands is studied. In this section, the influence of weakness and isolation of the power
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grid on the interconnection conditions imposed by system operators to grid users is
analysed. With that purpose in mind, selected grid codes under study have been
compared to those applying in the corresponding stronger continental networks.

Tasmania versus mainland Australia The mainland Australian regulatory fra-
mework rules in the Tasmanian transmission network, except for the frequency ope-
rating standard. Limits for continuous operation in normal operation are equal: 49.85
and 50.15 Hz. On the other hand, limits for maximum and minimum frequency are
wider in both power systems for island operation, as frequency excursions in the
system result into higher values without interconnection. But underfrequency and
overfrequency thresholds (49 and 51 Hz) and remain connected frequency bands are
even greater in Tasmania. Figure 2.5 compares operational frequency ranges in the
Australian mainland system and in the Tasmanian power grid, based on [52]. Tas-
manian frequency standard requires a more restrictive frequency ride-through profile
compliance.

50 Hz
51 Hz
52 Hz

55 Hz

49 Hz
48 Hz
47 Hz

Normal operating bands
Single contingency band
Double contingency band

Tasmania

Australia

Figure 2.5: Comparison of the Tasmanian frequency standard with the Australian
mainland

SEIE versus peninsular Spain Figure 2.6 compares LVRT profiles required res-
pectively in peninsular and insular Spain. The latter regulation is more restrictive.
Deeper voltages must be ridden through in the insular territories, where a zero volt
condition must be withstood for grounded short-circuits. In the case of two-phase
faults, a lowest value of 0.5 p.u. must be withstood in the islands, and 0.6 p.u. in
the peninsula.

There are also notable differences regarding active and reactive current support.
The grid code in the SEIE sets the same requirements for reactive and active cu-
rrent for any type of short-circuit, whereas in peninsular Spain different conditions
are indicated, with more stringent requirements for balanced faults. In peninsular
Spain, during and after any type of fault no reactive nor active power shall be consu-
med. Exceptionally, consumption of reactive and active power is permitted (on the
contrary to SEIE regulation), with lower maximum reactive current and higher ma-
ximum active current consumption permitted for unbalanced faults. In addition, du-
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Figure 2.6: Comparison of LVRT requirements in insular and extrapeninsular territo-
ries with peninsula, in Spain

ring short-circuits, lower reactive current generation is required in peninsular Spain
for voltages under 0.95 p.u. Therefore, regulation in the peninsula is less stringent
regarding dynamic support during LVRT.

SEI versus continental France For generation connected to high voltage net-
works, the LVRT requirement in the French islands is the same as in metropolitan
France. However, at lower transmission levels, a shorter zero voltage has to be withs-
tood, with a slower recovery (Figure 2.7). No active or reactive power support is
required during a voltage dip in any French territory.
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Figure 2.7: Comparison of LVRT requirements in insular and metropolitan territories,
in France

ENTSO-E The ENTSO-E has proposed a common set of requirements for grid
connection [60], where specific values to be assigned to various parameters depend
on the type and region of the power generating module. Power generating modules
are categorised depending on the connecting point voltage and maximum capacity
of the generator. Four categories are defined: type A, B, C and D. For the first
three types connecting point is below 110 kV, and for type D, at 110 kV or above.
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While requirements applicable to type A are basic level requirements, increasing
requirements are imposed on to the other types. On the other hand, five synchronous
areas are designated in the ENTSO -E grid code: Continental Europe, Nordic system,
United Kingdom, Ireland and Baltic system.

With regard to frequency ranges, slight differences appear depending on the syn-
chronous area. Any synchronous area should be capable of continuous operation for
frequencies between 49 and 51 Hz. However, outside this band, generators should be
able to withstand exceptional frequency ranges during determined time periods. In
the case of United Kingdom, frequency bands are not only timely longer, but also
wider, i.e. lower minimum and higher maximum frequencies have to be withstood
by generators in this synchronous area (Table 2.9). On the contrary, with regard to
voltage bands, United Kingdom and Ireland have to withstand narrower operation
ranges during shorter times. As instance in Ireland, a type D generator has to re-
main connected under a voltage range between 0.9 and 1.05 p.u., while in continental
Europe the band enlarges to 0.85-1.1 p.u.

Table 2.9. Remain connected frequency ranges
Frequency (Hz) Continental Europe Ireland UK

47-47.5 20 s
47.5-48.5 ≥ 30 min 90 min 90 min
48.5-49 ≥ 47.5-48.5 band ≥ 90 min ≥ 90 min
49-51 Cont. Cont. Cont.
51-51.5 30 min 90 min 90 min
51.5-52 15 min

Reactive power capability of the generating units is also defined depending on the
synchronous area of application. UQ graphs can be customer defined, provided that
the graph is inside the maximum fixed outer envelope and meets maximum ranges
as indicated in Table 2.10. Reactive power range for power module units is lower
than for synchronous generators, but no general pattern in function of the weakness
of the synchronous area can be extracted.

Table 2.10. Parameters for UQ inner envelope

Area Max. Q/Pmax (SG) Max. Q/Pmax (WF) Voltage range

Continental EU 0.95 p.u. 0.75 p.u. 0.225 p.u.

Nordic 0.95 p.u. 0.95 p.u. 0.15 p.u.

United Kingdom 0.95 p.u. 0.66 p.u. 0.1 p.u.

Ireland 1.08 p.u. 0.66 p.u. 0.218 p.u.

Baltic 1.0 p.u. 0.8 p.u. 0.22 p.u.
Note: SG stands for synchronous generation and WF for wind farms

Finally, it can be concluded that the ENTSO-E grid code is more demanding for
weaker synchronous areas, as smaller generating units installed outside continental
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Europe are requested to comply with the same level of requirements than much
bigger generators in continental Europe.

Conclusions Regarding the influence of a power system strength and characteris-
tics on the grid code, it can be concluded that the main differences between the
technical regulation in interconnected power systems and weak power systems are
the following:

• Wider operating ranges. Weak power systems have usually more onerous tech-
nical requirements for generators than those found in larger, interconnected
grids.

• More stringent primary frequency response requirements, especially in isolated
power grids. In order to provide support under low frequencies, generation
assets based on RES can be requested to curtail their power output.

• A wider range of power factor is usually required for weak areas, especially
during low power output, as voltage fluctuations can be large.

• Fault ride-through requirements are more onerous. Concerning voltage dip
magnitude to be ridden through, ZVRT is common practice. Voltage reco-
very after a fault can be slow in weak power grids, and hence some restrictions
on power restoration can be imposed both regarding active and reactive po-
wer. Active power recovery cannot be too fast, as important overvoltages can
happen. Regarding reactive power, active contribution is often requested.

However, grid codes are in constant evolution, because of advances in generation
and new trends in regulation. Special attention shall be paid to the regulatory frame
regarding the integration of generation assets in weak power grids, adapting requi-
rements in order to achieve a stable, secure and sustainable power supply, and so,
overcome voltage and frequency regulation and stability issues.

2.3.2 Future regulatory aspects

The study of the latest drafts of international grid codes shows that more stringent
requirements are to be imposed, especially concerning large renewable power genera-
tion installations and weak power systems. In order to take advantage of the existing
resources and assure the security of the supply, system operators may require more
demanding features. Specifically, following aspects are expected to be included in
future grid codes for non-conventional power generation: (1) reactive power support
during the fault period, (2) inertia emulation, (3) power oscillations damping, (4)
other features such as black-start and island operation capability. In other words,
non-conventional power plants will be designated to fully comply with requirements
formerly meant only for synchronous generators. Hence, new devices and techniques
such as power plant controllers will be necessary to achieve compliance [61].

On the other hand, FRT requirements were initially imposed only on to wind farms,
but later some grid codes (e.g. Ireland) have stated the obligation of also synchronous
generating units to ride-through extremely low voltages during faults. Therefore,
the tendency is to conceive technologically neutral grid codes, as proposed by the
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ENTSO-E grid code. Harmonisation processes have been launched, both for structure
(EWEA) and for requirements (ENTSO-E). This type of processes are necessary at
least to fix some terminology and common requirement types, but power system
characteristics must be also taken into account.





Chapter 3

Current procedures and practices
on grid code compliance verification

3.1 Introduction
Grid codes include the electrical performance to be complied by generating units.
Demonstrating grid code compliance and achieving a grid connection agreement are,
therefore, essential milestones in the development of a power plant project. The
increase in renewable generation plants formed by a large number of individual ge-
nerating units poses a challenge to system operators, in terms of connection process
and plant modelling management. In order to cope with these issues, both com-
pliance procedures based on testing and simulation, and modelling and validation
requirements for renewable generation plants have already been established in many
countries.

According to ENTSO-E [60], compliance testing is defined as the process of verifi-
cation that power generating facilities comply with the specifications and require-
ments provided by the grid code. It can be carried out, for example, before starting
operation of new installations. The verification should include the revision of docu-
mentation (including technical data and models), the verification of the requested
capabilities of the facility by practical tests and simulation studies and the validation
of the model performance based on actual measurements. This compliance shall be
maintained throughout the lifetime of the facility. Hence, power plants shall undergo
periodical compliance monitoring processes, in order to verify that their technical
capabilities are maintained and simulation models are still valid.

A grid code verification plan is as important as the regulation itself and it should
not need to leave room for interpretation regarding how each requirement shall be
assessed. Unfortunately, not every grid code is complemented by a clear and detailed
compliance verification plan.

Grid code evolution has been extensively studied in the literature, mainly focused
on technical requirements for large Wind Power Plants (WPPs). Thorough analysis
and comparison of grid codes were conducted most recently in [33–40, 62]. However,
grid code verification and generation unit and system certification procedures are
still at an early stage, and information is sparse, scattered [35] or focused on specific
countries [63]. Often it can also be found within grid code review documents [64]. A
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review of modelling and simulation requirements for variable generation in the grid
codes would also be useful [65] and previous works can be found in [57, 66].

Therefore, this chapter aims to carry out an updated review of the international re-
gulations and current practices regarding the verification and certification of the elec-
trical performance in renewable generation systems, mainly focused on wind power
generation. The countries analysed are Australia, Denmark, Ireland, New Zealand,
Spain and UK. The selection covers a broad spectrum of countries with different
power system structures and different levels of renewable energy penetration, whose
grid codes were also reviewed in Chapter 2. Besides, German technical guidelines ha-
ve also been included in this study, as their verification, validation and certification
procedures for generating systems are pioneering in Europe.

This chapter is organised as follows. Section 3.2 describes renewable power generation
asset modelling and simulation requirements, reviewing generic model development
initiatives. Simulation models must be accompanied by validation tests to show the
validity of the models. Model validation practices and practical set-ups are indica-
ted in Section 3.3. Finally, compliance verification procedures regarding technical
requirements in grid codes are gathered in Section 3.4, with special emphasis on
certification procedures in Spain and Germany.

3.2 Renewable power generation modelling and si-
mulation

Grid code requirements regarding data, modelling and simulation have been pre-
viously reviewed in [57, 66]. [66] gathers practices by several system operators regar-
ding modelling requirements, ranging from Argentina -where non-confidential and
non-black box models are required for all WPPs above 10 MW- and Croatia -where
no generator model is required before connecting a generator-. However, the enquiry
was carried out in 2005, and since then, modelling requirements have evolved. There-
fore, requirements regarding modelling and simulation in the countries under study
are hereby described and compared, including the application scope, model charac-
teristics, and simulation requirements. Table 3.1 indicates the documents containing
modelling and validation prescriptions required by system operators for renewable
generation. Regulations are often complemented by guidelines with a more specific
explanation. This is the case for most of the countries under study.

3.2.1 Challenges regarding renewable power generation mo-
delling

In the traditional power systems, it was not necessary to include renewable power
generation models in dynamic simulations, because penetration was still low and,
regarding wind generation, disconnection during disturbances was a usual practice.
Nowadays, situation has reversed and variable generation assets can even affect sys-
tem stability. Therefore, many grid codes require manufacturers and generators to
supply valid dynamic models.
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Table 3.1: Renewable generation modelling and validation requirements in the coun-
tries under study

Country Title

Australia

National Electricity Rules [67]
Generating System Model Guidelines [68]
Data and Model Requirements for generating systems of less than
30 MW [69]
Dynamic Model Acceptance Guideline [70]

Denmark Technical regulation 3.2.5. for wind power plants with a power
output greater than 11 kW [71]

Germany

FGW Technical Guidelines for Power Generating Units Part 3,
Determination of electrical characteristics of power generating
units and systems connected to MV, HV and EHV grids [72]
FGW Technical Guidelines for Power Generating Units Part 4,
Demands on Modelling and Validating Simulation Models of the
Electrical Characteristics of Power Generating Units and Sys-
tems [73]

Republic of Ireland EirGrid grid code [48]

New Zealand
Connecting and Dispatching New Generation in New Zealand.
Overview [74]
Asset Capability Information Overview. Guideline [75]

Spain

OP 9.0 Información intercambiada con el operador del sistema
[76]
Guía descriptiva del procedimiento de puesta en servicio [77]
Requisitos de los modelos de instalaciones eólicas, fotovoltaicas
y todas aquellas que no utilicen generadores síncronos directa-
mente conectados a la red [78]
Condiciones de validación y aceptación de los modelos [79]

UK The Grid Code [46]
Guidance Notes-Power Park Modules [80]

Main challenges reported in the literature regarding renewable power generation
modelling are [81, 82]:

• Generators are usually based on power electronic devices. Thus, modelling can
pose some issues, especially regarding control systems and algorithms which
are often proprietary.

• Available models typically represent only large signal performance, but the
impact of renewable generators on small signal performance needs also to be
assessed.

• Performance under unbalanced network conditions, caused by unbalanced
faults or asymmetric line impedances and loads, can impact significantly power
electronic control systems and is difficult to model using only positive-sequence
models. Hence, some grid codes require models that can represent both balan-
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ced and unbalanced situations.

• In some areas, such as Australia, it is becoming more common to connect
renewable generation in weak points of the network. Concerns about simulation
model accuracy under these circumstances is highlighted in some references
[63, 83].

• The aggregation approach might not be adequate to represent a large wind
farm by a single equivalent for all cases. This can be the case for large wind
farms with multiple feeders, where the response of individual or groups of
turbines might be different, or power plants where generators are operating at
different speed. The equivalencing of collector, transformer and compensation
devices might show the same issues.

Among the countries under study, in Australia all new generating plants must provide
validated models, regardless of the technology. Requirements regarding modelling are
technology-neutral, as technical requirements imposed on to generation assets in the
grid code [81]. In the Danish grid code, synchronous generators, as well as wind
farms with a power output greater than 1.5 MW, must supply a valid dynamic
model. The minimum capacity for wind power plants with the obligation to supply
modelling information is set to 5 MW in the Republic of Ireland, as well as in the
UK, where it applies to any power park module type, i.e. generating units powered
by an intermittent power source. In Germany all generators are subject to dynamic
model provision, unlike New Zealand where little information can be found with
regard to asset modelling.

In most of the countries under review, aggregated models are accepted. In any case,
in Australia the model aggregation methodology must be clearly specified and in
Denmark, it must be proved that aggregation does not significantly impact simu-
lation results. The aggregate models of wind farms must include in some cases the
central park level controller (Australia), as well as the collector network (Ireland).

The scope of application normally includes both the generating unit and the com-
plete generation system. In Australia, the complete wind or solar power plant model
includes any dynamic reactive power support and the power plant controller. The
German regulation indicates the modelling requirements at generating unit level,
whereas modelling fundamentals for power generation system are only described as
a framework for future application. Installation models shall include generating units,
transformers, cables, reactive power compensation systems and the external grid. In
Ireland, the wind farm model shall include the WTG models, converter controls,
reactive compensation and protection relays.

3.2.2 Root Mean Square (RMS) against ElectroMagnetic
Transient (EMT) models

Static and dynamic simulations are needed for operational, planning, interconnection
and plant design purposes. System models are required at three general levels [73, 84]:

• Load flow and short-circuit models are used for basic design studies.
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• Positive sequence or RMS models have traditionally been used for system inte-
gration studies and stability studies. Perfect balanced conditions are assumed
and stability issues under study tend to be bounded within a small frequency
band around the fundamental frequency of the system.

• Detailed three-phase EMT level models are necessary to study the effect of
fast transients and electromagnetic interference, which require higher frequency
components.

Generally, positive sequence RMS models must be handed in by manufacturers.
This is the case for large power plants in Australia, Germany, and UK. In Denmark,
it must be possible to use the simulation models for RMS balance and unbalance
studies. Besides, the grid code indicates that models must be valid for a frequency
range of 47-53 Hz and 0-1.4 p.u. of voltage.

The bandwidth of dynamic models is directly related to the required simulation
time-step and, thus, to the resulting simulation speed. EMT models result into sma-
ller time-steps and longer simulation times. However, they are necessary, because
phenomena such as Subsynchronous Resonance (SSR), Subsynchronous Torsional
Interaction (SSTI) or the study of behaviour of variable generators in weak nodes of
a power system require detailed models. For instance, in Australia, detailed EMT-
type models must be provided when seeking assessment of the model for a SCR
lower than three. In addition, transient stability models should have a bandwidth
of at least 0.05Hz to 10Hz. On the other hand, EirGrid regulation indicates that
dynamic models must represent features likely to be relevant to angular and voltage
stability. However, using EMT-type models for the whole system can be imprac-
ticable if the connecting network is large [63]. So, some simplifications need to be
assumed. For instance, positive-sequence EMT models are used for routine stability
studies in Australia [63].

When the power system topology and simulated disturbances are balanced, positive
sequence models are adequate. However, unbalanced conditions can affect power
electronics and, therefore, are required to be studied. It can be performed by using
three-phase RMS or EMT simulations. In addition, positive sequence models might
not be adequate for representing sufficient details of the converter control system
[63].

Related to the model type, model minimum constants and simulation time steps are
often specified. In Australia, transient stability models must allow numerically stable
and accurate performance for time step-sizes down to 1 ms. Time constants of less
than 5 ms should only be included if their inclusion is critical. Regarding model time
constants, dynamics under 5 ms and 10 ms must be discarded in Spain and in the UK
respectively. In Ireland, simulation time steps must be higher than 5 ms, whereas in
Germany the limit is set on 10 ms, even if it must be demonstrated that simulations
with different increment sizes obtain equivalent results. Last, simulation models in
Denmark must be capable of using numerical equation solvers with variable time
steps.
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Besides, system operators often specify the software simulation package. On the
whole, the preferred option is PSS/E from Siemens. In UK, the model structure and
complexity must be suitable to be integrated in Powerfactory from DigSILENT.
However, model could be implemented in the software package chosen by the ma-
nufacturer. In Denmark and New Zealand, there is no indication about the software
simulation package to be used. However, according to [82], the system operator in
New Zealand performs steady-state, dynamic and transient networks analysis using
DigSILENT Powerfactory.

3.2.3 Generic models against proprietary models

Regarding dynamic modelling requirements, system operators and manufacturers ha-
ve conflicting perspectives [57]. System operators prefer to use standard models that
represent with sufficient accuracy the plant performance and are simple enough to
be included in large network simulation runs. On the contrary, equipment manufac-
turers are concerned with achieving a high degree of accuracy and protecting their
intellectual property. They are reluctant to disclose details of their products and,
hence, models are often not standardised. Proprietary models include user-written
positive-sequence models and three-phase detailed equipment models. However, in
recent times manufacturer-specific models have become available in software tools
such as DigSILENT [82].

In Australia, black box type representations are not accepted by the system ope-
rator and functional block diagrams, as well as model source code, is compulsory
for generating systems over 30 MW, preferably in source code formats FORTRAN
and FLECS. In Denmark, simulation models must be supplied in the form of block
diagrams using primarily transfer functions and accompanied by model descriptions.
Models consisting of compiled code are acceptable provided the source code is also
sent. In any case, encrypted parts are not acceptable. Black box modelling is allowed
for individual WTGs making up a wind farm with a power output greater than 25
MW. In Germany, a grey box approach is adopted. Even if during generating unit
certification black box models are accepted, they must be accompanied by simplified
open models. In Spain, user models shall be provided as open code objects in FLECS
or FORTRAN programming languages.

During recent years, the need of harmonised generic model standards for the different
parts and applications of power systems has been enhanced [85]. The development of
generic models regarding variable generators has been mainly focused on wind power.
During recent years, generic models representing different types of wind turbines and
their controls have been published and provided for power system studies [65, 84].
They allow simulating the typical behaviour of wind generator types and control
concepts and are well suited for general power system planning studies or feasibility
studies. Wind speed variations have been commonly neglected in proposed generic
WTG models, as it can be considered constant during the simulation period -up to
20 seconds in typical transient stability simulations [86]-. Generic models not only
have been proposed for wind farms, but also for solar photovoltaic generation [87],
reactive power compensation equipment (SVC, STATCOM) [88] or High Voltage
Direct Current (HVDC) [89, 90]. In the United States, many of the initiatives come
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from the Western Electricity Coordinating Council (WECC), whereas the National
Renewable Energy Laboratory (NREL) has been engaged in an extensive model va-
lidation project aimed at testing the models against field measurements and refining
the WECC generic models if needed. Models proposed by the WECC are included in
PSS/E, PSLF and PowerWorld software packages. Internationally, IEC 61400-27-1
is an ongoing effort to standardise generic simulation models of individual wind tur-
bines for transient stability simulation in large power systems. The main differences
with regard to WECC models is that a common modular structure applies to all
wind turbine types and the turbine and plant model are separated [91]. A future
release of IEC 61400-27-2 will include the plant controller.

For generating systems of less than 30 MW, the Australian Energy Market Opera-
tor (AEMO) accepts the use of generic models for connection studies (e.g. standard
IEEE models for synchronous generators or IEC/WECC generic wind farm models)
provided that the model can reasonably represent the plant components of the gene-
rating system and the SCR is reasonably high [69]. In Ireland, user-written models
must be supplied if there is no suitable library model. Similarly, in Spain a list with
preferred models regarding conventional generation assets, as well as wind and pho-
tovoltaic power, reactive compensation systems such as Flexible AC Transmission
System (FACTS) and protection relays, has been released. For synchronous genera-
tors, IEEE standard, CIM and PSS/E preferred models are indicated, whereas for
renewable generation, generic models in PSS/E are stated. If none of these models
allows to represent adequately the dynamic performance, user-written models are
also accepted. In the UK, the use of standard models is encouraged.

However, generic models might be inadequate for studies aiming to improve or assess
equipment details [82]. Besides, the validity of generic models for system frequency
disturbances is still pending [84, 86]. Generic models have been tested against vendor
models, but should be compared to actual recorded disturbance monitoring.

3.3 Renewable power generation model validation

The purpose of model validation is to ensure the correct performance of control
systems and validate the computer models used for stability analysis [92]. Conse-
quently, model parameters must represent adequately the dynamic performance of
the device being modelled for power system studies [84]. Thus, along with the re-
quirement for simulation models, there is an increasing demand in the grid codes to
assure the proximity of models and physical behaviour [93]. Table 3.1 indicates the
documents containing validation prescriptions required by system operators, which
are strongly related to modelling requirements. Model validation is compulsory in
all the countries.

There is considerable international experience regarding the validation of synchro-
nous generator models [92, 94–97]. Validation methods are mainly based on staged
tests, involving off-line tests such as enhanced short-circuit tests and partial load re-
jection tests [92], and frequency response testing covering Standstill Frequency Res-
ponse (SSFR), Open Circuit Frequency Response (OCFR) and On Line Frequency
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Response (OLFR) described in [92, 98]. These processes take significant time and are
expensive, and might be harmful for the generating units [97]. An on-line disturbance
monitoring based methodology is presented in [97], where validation is carried out
by comparison with generator measurements recorded during system events. Then,
parameters can be optimised through an automated iterative simulation approach.
In addition, reactive capability, excitation system and governor testing is also exten-
sively described in literature [92].

There is less experience regarding validation with generation based on renewable
energy sources, and it is mainly focused on wind power. Validation must ensure that
wind turbine models represent the turbine characteristics with sufficient accuracy,
especially during severe transient disturbances.

Figure 3.1 illustrates the main steps that are necessary to evaluate the correspon-
dence of a model with reality, based on a model definition [84, 93]:

1. Collect actual data from the modelled devices, which can be recorded or mea-
sured during tests.

2. Simulate the same set of tests or events during the data collection process on
the model.

3. Compare measured or recorded data to simulation results and decide if the
validation is acceptable or the model parameters should be adjusted.

Each of the steps is further explained in next subsections.

Test
data

Measurement
Record

Model

Match?Sim.
results

Successful
validation

Yes

No

Figure 3.1. General validation process

3.3.1 Test data collection

In the early stages of the development of standard models, generic RMS models were
validated against manufacturer detailed EMT models using a similar simulation tool
[82]. It is an easy method, but it has some shortcomings regarding the model assum-
ptions and the area of application. However, parallel validation of positive-sequence
RMS against EMT models could be necessary for generation assets connected to
weak power grids [63].
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Currently, validation is mostly carried out by testing. Tests can be carried out on-
site or off-site, via factory, laboratory or test beds [99]. On-site or field tests are
more realistic and, as a consequence, are generally preferred by system operators. In
Australia model validation must be carried out with on-site tests whenever possible.
In Spain, the validation report shall include results obtained under real tests, even if
test benches are accepted. In Ireland, both test types are accepted, because validation
is based on the comparison of simulation results with actual observed behaviour of
a prototype under laboratory conditions and/or actual observed behaviour of the
real WTG as installed and connected to a transmission or distribution network. In
Germany, the use of bench tests is permitted only if the behaviour of the generating
unit is equal to the free-field measurement or when free-field testing equipment is
used, as mentioned in standard IEC61400-21.

However, real tests might have some impact on the nearby grid users, so significant
cost and test-time reductions can be obtained via proper factory testing [100]. Re-
peatability of the tests is also possible and, thus, it is much easier to identify any
equipment problem, if necessary.

Model validation is required for different transient conditions, depending on the
country. Generally, dynamic models are validated by testing the generating unit
performance under faults. Thus, LVRT capability of the generation asset under test
is evaluated. In these cases, staged testing is a preferable option, with two factory
implementation options [82, 101]:

• Staged generator testing: it can be carried out using the turbine generator
and controls alone, without the blades, during manufacturing process or at a
dedicated test facility.

• Staged full-scale testing: a full-scale turbine is subjected to electrical distur-
bances at dedicated test facilities.

Factory test set-ups for short-circuit emulation are called voltage dip generators,
which are able to emulate the actual network impedance during a fault. Four types
of emulators have been proposed in the literature [100, 102–104]: generator based,
shunt impedance based, transformer based, and full converter based emulators. Full
converters have the advantage to be able to emulate any voltage waveform [100], not
only voltage dips but also active and reactive power steps, or voltage and frequency
changes, as presented in [105]. Some commercial testing solutions have been patented
such as the Megha for LVRT tests or QuEST Lab, also able to carry out HVRT or
phase angle jump tests [106], which are aimed for on-site tests.

The most common approach among the countries under review is based on the shunt
impedance based voltage dip generator as a voltage divider, proposed in standard
IEC61400-21 [107] (Figure 3.2). German and Danish validation tests are based on
this standard. In the case of Germany, it can be used to validate both WTGs and
photovoltaic generation units, for which the power at the DC side could be supplied
by a suitable source. It has the advantage that it can be easily constructed and the
setup is quite similar to a real fault situation, and thus, a realistic voltage dip is
obtained [100]. The impedance Z2 emulates the fault impedance. The voltage dip
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Figure 3.2: Low voltage ride-through test equipment principle based on voltage divider

starts when the circuit breaker is closed, and ends when the breaker opens and clears
the fault current. The impedance Z1 is needed in order to limit the influence of the
voltage dip in the supplying grid. In order to be able to set the remaining voltage
level during the dip, according to the grid code requirements, the impedance values
have to be adjusted accordingly, or a shunt impedance bank can also be used [104].
In the German regulation, the impedances employed in the testing equipment must
have an X/R ratio of at least 3. The SCR at the connection point must be at least
3. The Fault Ride-Through (FRT) tests must be performed for three-phase and two-
phase faults at partial and full load. The test is aimed both for model validation and
compliance verification for LVRT requirement. Nonetheless, other test benches other
than a short-circuit simulator based on the voltage divider principle, are permitted,
such as grid simulators or transformer-based testing equipment.

For weak connection points, on-site staged fault testing is usually more appropriate
[63]. Several methods exist for the implementation of on-site staged fault testing,
including the fuse-wire method, the dropped conductor method and the direct eart-
hing method. A practical set-up and results of the latter method are presented in
[63].

However, other non-fault disturbance tests are also required in Australia, Denmark,
Republic of Ireland or UK. In Australia, general model acceptance tests are fault
disturbance tests (three-phase-to-ground) and non-fault disturbance tests, such as
step response test on machine active and reactive power, or grid voltage magnitu-
de, rate of change of frequency and step response test on grid voltage angle. The
same case studies are required for wind farms and synchronous generators, although
additional case studies are stated for each one: regarding LVRT for variable gene-
ration technologies, and regarding excitation sytems, and governors for synchronous
generators. Model acceptance tests are also indicated for dynamic reactive support
plants and HVDC links. Model acceptance set-up for wind farms is shown in Figure
3.3. A similar set-up is proposed for synchronous generation, although the connec-
tion arrangement of the generating unit is slightly different. Models are expected to
work for a range of the simulation parameters rather than for specific settings. Fault
disturbance tests must consider factors such as fault duration, grid SCR, grid X/R
ratio, pre-fault load levels, or fault X/R ratio. For each test, a combination of study
cases are presented based on varying aforementioned factors.

In Denmark, aside from voltage drop tests, model behaviour under voltage increase
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Figure 3.3. Test circuit for model acceptance testing

and frequency variations must be tested and results shall be obtained from test sta-
tions or measurement at commercial systems. In Germany, dynamic generating unit
models are validated for LVRT requirement and at power station level, focuses on
active and reactive power. Finally, the conditions validated in Ireland must be simi-
lar to those of interest, such as short-circuit levels, severe faults, voltage excursions,
or large wind variations.

Test data can also be collected by opportunistic testing, also called on-line moni-
toring [82]. Thus, measurement equipment installed on-site records naturally power
system disturbances used to validate the simulation models. However, transient mo-
del validation requires three-phase fault events, which rarely occur, and in any case,
they seldom present the sufficient magnitude. Therefore, validation against single-
phase short-circuits has been carried out in some cases [82, 108], as measurements
were considered valid and it was reported to be a successful approach also for syn-
chronous generators [97]. Otherwise, long-term monitoring approach can be used,
and progressive model validation can be performed [63].

3.3.2 Model simulation

Model acceptance processes are often based on play-back techniques [84]. The simu-
lation model is fed with recorded measurements from the low voltage terminals of
the actual device. Accordingly, the same set of tests or events can be reproduced. In
that case, the grid impedance and the dynamic behaviour of the grid is not included
in the model. This choice is called open-loop model validation. Play-back techniques
are more commonly used with positive-sequence models [63]. However, open-loop
validation could lead to error, if the correlation between wind speed and voltage
is not taken into account [109] and if the non-linear characteristics of the step-up
transformer are omitted [63].

An analogous technique is reported in [108], in use by WECC for some time. It is
achieved with the aid of a modified classical generator model (GENCLS) capable
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of holding terminal voltage and frequency as specified in an input file with actual
records. However, for some simulation software packages, it is not possible to use an
external file to establish a fictitious voltage. So, two alternatives are possible:

• Simulation of a similar event by adjusting disturbance conditions.

• Application of a specific voltage profile using a user-written model.

The latter option is adopted for wind farm simulation in Spain, in the case of grid
code compliance verification. On the other hand, closed-loop model validation entails
a farm level model being connected to the rest of the network [63]. The validation of
an entire WPP is reported in [84], using recorded voltage and current at PCC level.
However, according to the experience of system operators in Australia, a number of
high-speed data recorders at several locations are necessary, including the low and
medium voltage terminals of critical nodes [63].

3.3.3 Model validity acceptance rules

Model simulation should provide an adequate match that captures the relevant dy-
namics and properly represents the dynamic response of the plant [84]. Few grid
codes indicate the minimum accuracy level. For instance, in Denmark, the accuracy
of simulations models must be kept within ±10 % for voltage, active power, active
current, reactive power and reactive current. The actual accuracy shall be docu-
mented in the validation report. In Germany, the accuracy tolerances depend on the
parameter under study ranging from 2% to 7%. In Australia, accuracy requirements
are detailed for both load flow and short-circuit models, and transient and oscillatory
stability models. Regarding load flow models, the deviation of the plant model from
the actual plant response for active power and reactive power must not exceed 10%
of the total change in that quantity, and the model must not show characteristics
that are not present in the actual plant response. These accuracy requirements apply
also for transient stability models and further specifications are indicated for control
system models, time domain responses including non-linear responses or performance
and responses to switching or controlled sequence events.

If simulation and test results show a different behaviour from the generation as-
set, model parameter values can be adjusted or derived upon the observance of test
response or through internal measurements [81]. However, unlike the case of syn-
chronous machines, for power electronic interfaced technologies it is not generally
possible to derive most model parameters directly from time-domain analysis of on-
site test results nor from frequency domain transfer function testing [63]. Indeed,
parameter tuning based on curve fitting against on-site testing measurements has to
take into account a wide range of operating conditions.

Type validation is admitted in most regulations. In Australia validation on a single
generating unit would be sufficient, as the same performance is observed in other
units of the same type. However, factory and/or type tests alone are not sufficient
for model validation, so a long-monitoring program must also be established [81].
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3.4 Verification of the compliance of technical re-
quirements

Manufacturers and generators must prove compliance with the technical connection
requirements included in the grid codes under force. There are two alternatives to
carry out this compliance verification [60]: practical tests or simulation, provided that
the generating unit model has been validated. Each approach has its own advantages
and disadvantages, and the risk and costs of both methods have to be assessed. Tes-
ting represents the real behaviour of the power system, but it has a high cost and can
have side effects on the system if it is performed on-site. On the contrary, simulation
does not involve any additional charge and it is harmless. However, validation of the
model against field measurements is necessary. In general, on-site testing is the pri-
mary approach expected to be applied [63]. However, compliance verification can be
also performed through a combination of both techniques, including on-site testing,
comparative simulation studies, long-term monitoring and provision of overseas test
experiences [63].

In addition, the relative size of the generating system has to be taken into consi-
deration, as well as the type of generation technology and the location at which
requirements are expected to be met. Regarding generation systems based on re-
newable energy sources, power plants are made up of several small size generating
units, but grid code requirements are expected to be met at the PCC. Therefore,
depending on the technical rule under study, verification shall be carried out on two
levels [110]: a single generating unit, and the entire plant level.

3.4.1 Review of compliance verification practices

Comparison of compliance verification practices in the countries under study is a
demanding task, since procedures are related to heterogenous grid code structu-
res and requirements. Besides, the degree of detail, structure and even terminology
employed in the relevant documents is heterogenous. Nonetheless, following are gat-
hered the most remarkable international compliance testing practices and rules. This
section introduces general requirements and practices regarding generating system
performance verification in order to comply with grid codes under force. Reference
documents for the countries under study are summarised in Table 3.2.

Australia As stated in [111], during commissioning applicants must demonstrate
that their generating system meets the performance standards. Wherever practica-
ble, the performance must be demonstrated by testing. However, these tests cannot
demonstrate that the performance standards are met under all system conditions.
Indeed, some requirements cannot be demonstrated by testing. The actual plant
performance must meet the expected behaviour within predefined and agreed tole-
rances. Commissioning tests are undertaken considering power system conditions at
the time of commissioning. However, the comparison of actual results with simula-
tion results provides reasonable evidence that the generator can remain in service
for the full range of power system conditions.
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Table 3.2. Grid code compliance verification in the countries under study

Country Title

Australia Commissioning requirements for generating systems [111]
Template for Generator Compliance Programs [112]

Denmark

Technical regulation 3.2.5. for wind power plants with a po-
wer output greater than 11 kW [71]
Appendix 5.1. Wind power plants with a power output range
of 1.5 MW to 25 MW [113]
Appendix 5.1. Wind power plants with a power output greater
than 25 MW [114]

Germany

FGW Technical Guidelines for Power Generating Units Part
3, Determination of electrical characteristics of power gene-
rating units and systems connected to MV, HV and EHV
grids [72]

Republic of Ireland Grid Code Compliance Test Procedure [115]
EirGrid grid code [48]

New Zealand Companion Guide for Testing of Assets [116]

Spain

Procedure for verification, validation and certification of the
requirements of the Procedimientos de Operación (PO) 12.3
on the response of wind farms and photovoltaic plants in the
event of voltage dips [117]

UK The Grid Code [46]
Guidance Notes-Power Park Modules [80]

The rules do not detail any specific commissioning test. Instead, as technologies,
types and the specific installation may vary from site to site, tests are expected to
be tailored to the requirements of the equipment. In order to assist the applicant,
typical tests for synchronous and non-synchronous machines are outlined based on
former practices. For some of the rules more than a testing and monitoring met-
hod is proposed, along the required testing frequency and the basis for compliance
assessment.

Some of the performance standards can be fully demonstrated based on on-site tests,
such as power quality, protection system, active power control, monitoring and con-
trol requirements or power station auxiliary supplies. However, reactive power can-
not be fully demonstrated on-site for the full voltage range. Voltage disturbances or
contingencies are also unlikely to be demonstrated on field. Only the limits of the
protection system related to these requirements may be proved. Regarding frequency
control, the actual performance of the system under frequency variations cannot be
demonstrated on-site. With respect to voltage and reactive power control, the actual
performance of the generating system during all oscillations considering all system
conditions is unlikely to be demonstrated on-site, but the performance of the system
may be partially demonstrated through model validation. Some of the rules can as
well be tested by modelling and simulation of the plant, such as fault level, partial
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load rejection, or responsiveness of governor system. The response to voltage dis-
turbance, frequency control, impact on network capability and voltage and reactive
power control can also be demonstrated through model validation.

Denmark In Denmark, verification requirements depend on the generating unit
technology and size, analogously to grid code requirements. Regarding wind power
plants, plant owners are responsible for ensuring that generating assets comply with
technical regulation and to provide some documentation in accordance with the to-
tal rated power of the power plant at the point of connection [43]. Even small wind
power plants above 11 kW require type-approval and power quality verification ac-
cording to standard IEC 61400-21 [107], apart from other documents. In addition,
wind power plants with a power output above 1.5 MW need to verify the capability
of the power plant to remain connected during voltage drops, and dynamic simula-
tion is an acceptable verification method [43]. [113] and [114] contain guidelines for
implementing commissioning tests for wind power plants respectively with a rated
output over 1.5 MW and up to 25 MW, and over 25 MW. Regarding electrical con-
ditions, tolerance to frequency and voltage deviations, and power quality are listed
for verification, and many items can be verified by using simulation models. For
instance, under normal operation, wind farms must withstand phase-angle jumps
without disconnecting and the compliance can be verified by using a simulation mo-
del. LVRT requirements regarding balanced and unbalanced short-circuits can also
be assessed with simulation models. In any case, set-ups for testing or simulation are
not indicated.

Germany The grid connection regulations to be verified are listed below.

• Active and reactive power generation depending on the primary power supply

• Active power control for defined setpoints and frequency deviations

• Power quality

• Performance during faults (LVRT)

• Cut-in conditions

• Performance of protective devices

The aim of the LVRT test is to determine whether the generating unit is capable
of detecting voltage dips and riding through them, as well as providing current
during the voltage dip. The voltage dip detection methodology must be described.
Testing, measurement and verification of the unit performance can be carried out
in accordance with standard IEC61400-21 for any of the requirements. Test benches
can be used for:

• Active and reactive power provision based on predefined set-points

• Transition behaviour of active and reactive power provision based on predefined
set-points

• Reduction of output power with overfrequency

• PQ capability
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• Performance during faults

In some cases, if the safety of the unit is not guaranteed, tests cannot be carried out
with the unit running. In order to verify the voltage regulation requirement, the test
can be carried out on a test bench by means of a suitable grid or via adjustment
of the rated voltage in the control system. Flicker determination can be carried out
on-site, by using a test bench on the actual grid or an AC network simulator.

Regarding the compliance at system level, only measurement of harmonic current is
described in the reference document.

New Zealand Generation assets must pass through testing at the commissioning
stage. There is no compliance requirement in the connection rules, but an explana-
tory guide for asset testing has been released by the System Operator (Transpower)
covering routine tests and commissioning tests. Routine tests are designed to ensure
that the generators are able to meet the technical requirements, as well as to verify
operational ranges and limits of the generating plant, and steady-state performance,
including over-under frequency performance. Initial tests apply to all generators abo-
ve 1 MW, but test types differ depending on generation technologies. Detailed test
programs for synchronous generators and wind generators are indicated. Regarding
FRT, the test entails applying a fault to the grid and monitoring the wind farm res-
ponse. The test must confirm that the coordinated control systems operate correctly
and also allow the validation of the model. In addition, this test must confirm that
the wind farm stays connected during under frequency excursions.

Republic of Ireland The reference document encompasses major technical requi-
rements for wind farms, including active power management, transmission system
voltage requirements and signals, communication and control. In each section, a se-
ries of tests are defined, in order to be performed at wind farm level. For each test, the
following items are described: purpose, instrumentation, procedure and pass-criteria.
All tests can be carried out on-site without additional equipment, with exception of
the frequency response compliance test of wind farms. Since the grid frequency can-
not be changed at will, this test requires to be emulated by means of injection of
a frequency signal into the wind farm controller to simulate appropriate changes of
frequency.

Spain Only verification regarding LVRT requirement included in the Operating
Procedure (OP) 12.3 is documented. The verification procedure is explained in Sub-
section 3.4.2, within the certification procedure.

United Kingdom Compliance processes for both synchronous generators and po-
wer park modules are included in the grid code document. Tests for the final opera-
tional notification must include:

• Reactive capability tests, that shall be performed by modifying the voltage
set-point of the voltage control scheme

• Voltage control system tests, that can also be used to validate the excitation
system or voltage system model. The voltage control system shall be perturbed
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with a series of step injections to the voltage reference, and where possible,
multiple up-stream transformer taps.

• Governor or frequency control system tests, that can also be used to validate the
governor or frequency control system model. Frequency modulation is possible
by using a frequency injection signal.

• FRT tests for power plants above 100 MW

For each compliance test, the description, purpose, required results and assessment
criteria are given. However, measurement and acceptance requirements are not indi-
cated. If a power park contains two or more identical generating units, compliance
testing may be reduced if the first unit completes the full testing.

Regarding FRT, manufacturers can demonstrate compliance using tests carried out
with the facilities available. However, manufacturers are expected to replicate each
fault type (three-phase, phase-phase, two-phase to earth and single-phase to earth)
with varying magnitudes. The tests should illustrate any changes in characteristics
or internal operating modes that depend upon fault severity, such as active and
reactive power fault contribution and power recovery characteristic. The tests should
be performed on a single power park unit using a test circuit based on the voltage
divider.

Data and performance characteristics with respect to certain grid code requirements
are registered by manufacturer for specific non-synchronous generating units. Then,
simulation studies must be submitted to the system operator to demonstrate com-
pliance with the connection conditions. The reactive capability of the generator must
be demonstrated by a load flow simulation study. On the other hand, voltage control,
reactive power stability and FRT capability of power park modules shall be proved
by means of dynamic simulation series.

3.4.2 Certification procedures

Showing compliance with grid codes is especially challenging regarding renewable
power generation systems, and is best done by compliance certification [118]. Accor-
ding to the international standard ISO/IEC 17000:2004, certification is a third-party
attestation related to products, processes, systems or persons, whereas attestation
includes the issue of a statement, based on a decision following the review, that
fulfilment of specified requirements (e.g. guidelines, codes and standards) has been
demonstrated. The review itself covers the verification of the suitability, adequacy
and effectiveness [119].

Certification is generally achieved in two steps. Firstly, a type of generating unit
must obtain a Type Certificate based on one or more country specific grid codes
according to the relevant certification procedure. A recognised certification system
for WTGs is IEC 61400-22 [120], that includes the evaluation of design, type-testing
and manufacturing, as well as an optional type characteristic measurements modu-
le (power quality and noise). Procedures for assessing compliance regarding power
quality requirements are gathered in IEC 61400-21 [107], including voltage quality
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(emissions of flicker and harmonics), voltage drop response, power control (control
of active and reactive power), grid protection and reconnection time. The type certi-
fication process ends with the issuance of a certificate, maintained and verified over
time.

In a second step, a site specific Project Certificate must be issued for each po-
wer plant, e.g. wind farm, based on site specific data and the type certificate. In
Europe, the most complete and documented certification procedures regarding grid
code verification are the Procedure for Verification, Validation and Certification of
the Requirements of the OP 12.3 on the Response of Wind Farms in the Event of
Voltage Dips (PVVC) in Spain [117], and the German Technical Guidelines for Po-
wer Generating Units. Part 8. Certification of the electrical characteristics of power
generating units and systems in the medium, high- and highest voltage grids [121],
which describe the procedures to certify wind power installations according to their
corresponding grid codes. A theoretical and practical comparison between both cer-
tification systems can be found in [35].

3.4.2.1 Germany: FGW-TG8 procedure

The FGW-TG8 document [121] describes the procedure for the preparation and issue
of a unit and system certification in accordance with the German grid connection
regulations. The scope of the guideline is limited to the electrical characteristics
impacting load flow, grid stability and voltage quality in an electrical grid. The
document is complemented by documents [72] and [73].

To certify new generating units the applicant must provide:

• Verification of type testing according to FGW-TG3 [72], proved by the test
report that includes measurement data.

• A comprehensive computer based model of the power generating unit, which
may be encapsulated as a black box model, and executable in commercial grid
analysis applications. This model needs to be suitable for the representation of
the measuring situation of the type tests in accordance with FGW-TG3 [72],
in order to facilitate verification of the model simulation based on measuring
results.

• An open, where necessary simplified, model of the power generating unit. This
open model must allow the certifier to follow the logical links between control
loops in the relevant system controls. The degree of detail of the open mo-
del must be clarified in advance between the certification authority and the
manufacturer. In some cases it may be sufficient to present block diagrams.
It is necessary to comprehensively describe fault detection for verification of
performance in a fault situation.

Model validation is performed based on the comprehensive computed-based unit
model, by comparing simulation results to the measured data given in the test report,
as well as on the basis of simulation results for test specifications for a variety of
defined setpoints and/or grid conditions. Model validation is completed by inspecting
the aforementioned open model.
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The document also includes the procedure for generating system certification. To
certify power generating systems the applicant must provide:

• Details on all the units connected in the system, including unit certificates,
product certificates and/or test reports.

• Details on the electrical components of the system, where applicable component
certificates must be provided. This includes all operational resources in the
system internal grid up to the grid connection point. Single line diagrams must
be provided.

• Details on the grid connection point, grid operator and connection regulation.
The characteristic data of the public grid (short-circuit power and impedance
phase angle) are provided by the grid operator.

To certify old systems, the applicant must provide verification of type testing ac-
cording to FGW-TG3. Furthermore, the document must contain the specification of
the original power generating unit and the specifications on the retrofitted power
generating unit. Model validation is not included in this procedure [35].

3.4.2.2 Spain: PVVC procedure

The PVVC defines two possible processes to verify the conformity of wind farms with
the response requirements established in OP 12.3 for FRT: the General Verification
Process and the Particular Verification Process. The General Verification Process
consists of verifying that the wind farm does not disconnect and that the require-
ments stated on the OP 12.3 are met. Three actions must be completed: testing,
model validation and, finally, wind farm simulation. Regarding test procedure, field
tests are preferred. WTG simulation model validity must be accredited by a model
validation report confirmed by measurements in the field tests. Next, the simulation
models of all dynamic elements of the wind farm must be integrated inside a wind
farm simulation model. Using this model, a wind farm simulation has to be carried
out evaluating its response. A WTG with an accredited test report constitutes a unit
type. A generator of the same manufacturer and with the same characteristics can
avoid to have to repeat field tests. Wind farms with a verified wind farms report are
considered a wind farm type (i.e. project type). Figure 3.4 shows the three steps of
the general verification process.

As an alternative to the general procedure, the particular verification process obtains
the direct wind farm verification by testing the dynamic elements of the wind farm
and without having to carry out computer simulations. Hence, model validation and
wind farm simulation are not needed.

The particular verification process is faster and cheaper than the general verification
process [35]. Hence, wind turbine manufacturers and wind farm operators may prefer
this process if the WTG can be tested and can ride through the voltage dip test defi-
ned in the particular verification process. However, the general verification process is
necessary in those wind farms whose wind turbines can not ride through the voltage
dip defined in the particular process and a compensating system is installed at the
wind farm substation to fulfill the OP 12.3 requirement [35].
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Figure 3.4. General Verification Process

Test procedure As testing equipment, the use of a voltage dip generator using an
inductive divider is recommended. Other types of dip generators are accepted, but
resulting residual voltages must be similar to those defined in the document. Four test
categories are defined from the combination of partial and full load operating point,
and three phase and two phase voltage dips: three-phase short-circuits at partial and
full load, and two-phase isolated short-circuits at partial and full load. The definition
and conditions under which the test is carried out depend on the objective of the test:
for model validation -general verification process- or observance of FRT -particular
verification process-.

Model validation procedure The generating unit model validation consists of
three steps:

• Instantaneous voltage and current values are recorded for all the test categories.
The duration of comparison window is 1 second, with 100 ms before the voltage
dip.

• The manufacturers models must reproduce each of the tests carried out in the
field. For that purpose, the test bench must be modelled as a voltage source
set to the time series of the measured values, in the case of a WTG.

• The model is considered validated when the difference between simulation and
test for active and reactive power does not exceed 10% in the 85% of the cases.

Wind farm simulation procedure In order to carry out a wind farm simulation,
the model of the wind farm shall be based on validated WTG models. Existing reac-
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tive compensation devices, cables, step-up transformer and internal lines must be
also modelled. WTG aggregation is accepted. In addition, the interconnection subs-
tations has also to be represented by a MV/HV transformer and the evacuation line
until the PCC. The rest of the power system (the external grid) must be modelled so
that the fault clearance at the PCC reproduces the usual voltage profile in Spain: a
sudden increase upon the clearing of the fault and a slower recovery afterwards. This
profile has to be fixed and independent of the location of the wind farm. The single
line scheme is shown in Figure 3.5, based on the reference document. The Union
for the Coordination of the Transmission of Electricity (UCTE) equivalent includes
a synchronous generator that reflects the UCTE system. To take into account the
dynamics of the closest grid, a synchronous generator is included, as well as a load,
modelled as a constant current and constant impedance asset. Data of the synchro-
nous generators and their excitation systems are indicated. The fault reactance is
adjusted so as to have a voltage magnitude of 0.2 p.u. and 0.6 p.u. during respecti-
vely a three-phase and a two-phase short-circuit. Parameter values can be found in
the reference document.

UCTE bus Grid bus PCC bus

Fault

Figure 3.5. PVVC: model of the equivalent electrical grid

For each of the four test categories, it must be shown that:

• The wind farm remains connected during the voltage dip. Therefore, the simu-
lation model must include the protection relays. If the wind farm model is not
based on unit aggregation, the loss of generated active power must not exceed
5% of the pre-fault value.

• Voltage and current levels at WTG terminals must be compared to test values
and admitted error tolerances are defined (2% for residual voltage level).

• Exchanges of active and reactive power must be as described in the technical
requirement. Measurement techniques and power calculating methodologies for
testing and simulation are indicated in the reference document.

For existing wind farms, simplified WTG models can be used, as usually no data to
model the installations exists. If the wind turbines have an accredited test report,
general library models can be included in the wind farm simulation. The models
must consist of a current/voltage source and protections, so as to meet the limits
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of the report. If the requirements to use library models are not fulfilled, validated
models of WTGs must be provided by the manufacturers and the validation must
be carried out according to the PVVC.

Verification of requirements for photovoltaic plants Annex II of the reference
document indicates the verification of the requirements in OP 12.3 for photovoltaic
plants. The testing process is based on feeding the AC side of the photovoltaic
conversion system by a system that simulates voltage dips. The conversion system
shall be tested by a continuous source at its DC part, either consisting of a set of
photovoltaic modules or a DC power supply. Regarding the voltage dip generator, it
can be:

• An inductive generator similar to the set-up proposed for WTGs.

• A power electronics device or other device able to simulate a variable AC
voltage with the profile as defined in the technical requirement.

Regarding test validation criteria, active power must be within indicated ranges,
the system disconnection must be less than one in three consecutive tests, injected
current during the dip must meet specified requirements and the residual stress level
and time during the load test must be as indicated.
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Chapter 4

A compliance verification
methodology based on generic
simulation models

4.1 Introduction

When connecting new generation assets, integration studies must be performed in
order to guarantee power system safety and stability. Therefore, two aspects have
to be considered: the impact of the new generation assets on the power grid, and
vice versa. Whenever grid code regulations (if existing) are met, both objectives are
covered. Hence, new generation assets must prove grid code compliance. For older
generating units, periodic tests are usually performed. As a consequence, grid codes
must be complemented by corresponding compliance verification procedures.

As overviewed in Chapter 3, there are two alternatives to carry out a verification
plan: compliance testing by using practical tests and compliance simulation by means
of simulation studies and revision against actual measurements. The alternative ba-
sed on simulation has a lower cost, is easier to implement and has no side effects
on the grid, even if validation is required. However, system operators mostly appro-
ve of type validations, including generating units and power plants with the same
characteristics. Thus, verification processes are streamlined for manufacturers, faci-
lity owners and system operators. However, simulation based compliance verification
is yet at an early stage and basically limited to a unique requirement: Low Voltage
Ride-Through (LVRT). Moreover, procedures comprehend testing simulation models
lacking data, or parameterised to represent a certain power system. It is the case
of Spanish PVVC [117]. Therefore, generic power system models valid for verifying
grid code regulation aspects are necessary. As technical rules regarding power plant
connection are decidedly related to power system characteristics, those generic mo-
dels should be accompanied by a methodology for parameterisation so as to fit any
power system.

Hence, this thesis proposes a methodology to verify the integration of renewable
power generation into isolated power grids using a simulation procedure beyond
LVRT requirement. Two main objectives are pursued:
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1. Enable a valid emulation of static and dynamic behaviour of insular power
grids under most frequent or critical disturbances and operation scenarios by
using simplified grid equivalent models.

2. Provide power generating facility owners and manufacturers with generic si-
mulation models in order to verify grid code compliance.

Grid codes are strongly dependent on power grid characteristics. The scope of this
thesis is limited to island grids because (1) RES integration is key for a sustainable
and self-reliant energetic future, and (2) testing and evaluating emerging technologies
before installed in field is especially important in remotely located power systems
[14]. As a consequence, simulation procedures for most critical rules in this kind of
power grids are hereby presented, based on technical issues described in Chapter 2.
Three aspects are hereby covered, for being critical in isolated grids.

1. Frequency Ride-Through: frequency excursions are high in island power
grids. As a consequence, generation interconnection rules often require to ride-
through these deviations, remaining connected and even in some cases, modif-
ying the power output of the generating units so as to contribute to system
stability, i.e. frequency response.

2. Low Voltage Ride-Through: voltage dip magnitude following short-circuits
can be higher in weak power grids. In addition, their duration is longer and
undervoltages can quickly propagate to the whole network in island grids. So,
transient stability can be compromised. As a consequence, grid codes often
require non-synchronous generators to contribute to system performance by
remaining connected and even in some cases, by controlling their active and
reactive power output.

3. Voltage and current unbalance: unbalance is a quite common power quality
issue in weak power grids. International standards indicate several methods to
define and measure this phenomenon, and some interconnection rules require
generation assets to remain connected under unbalanced voltage and current
situations.

Table 4.1 summarises the requirements further studied and analysed in this thesis.
Each of the requirements is theoretically analysed in following chapters. Correspon-
ding grid events are analytically characterised, in order to obtain a grid model able
to emulate each of the phenomena and adjust them so as to reproduce grid co-
de requirements. Some of the cited requirements are associated to active support
requirements, that are studied as a whole.

Table 4.1. Synthesis of remain connected requirements

Requirement Grid event Chapter

Frequency ride-through Frequency dip/swell Chapter 5

Low Voltage Ride-Through Voltage dip Chapter 6

Voltage and current unbalance Unbalance Chapter 7
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The present chapter is organised as follows. Firstly, Section 4.2 presents and descri-
bes the methodology encompassing the theoretical framework. This thesis follows the
current standardisation trend, and hence, a generic and simple simulation model is
proposed. This model can be valid for any of the grid code requirements under analy-
sis, after particularising and parameterising it to fit the target power system. Section
4.3 describes the grid code compliance tests and the application of the methodology.
Finally, the validation of the procedure is explained in Section 4.4.

4.2 Theoretical framework of the proposed metho-
dology

The methodology presented in this thesis proposes a generic and reduced grid model
as equivalent system suitable for both simulating the static and dynamic perfor-
mance of a selected power system for interconnection and design purposes, and for
verifying the compliance of grid code requirements. Depending on the disturbance
to be represented and sensitivity studies of the model parameters, the generic grid
model must be particularised, and so obtain a particular grid model. Finally,
the grid model has to be parameterised based on grid characteristics and grid code
limits, resulting into a parameterised grid model. Thus, the model is ready to
be simulated connected to the power plant model under study. The procedure is
illustrated in Figure 4.1.

Generic
grid model

Particular
grid model

Parameterised
grid model

Test type

Grid cha-
racteristics

Grid code
limits

Figure 4.1. General grid power modelling procedure

4.2.1 Generic grid model

Power system models must represent all the elements in the system in order to repli-
cate the performance of the power grid: power plants to generate electricity, trans-
mission and distribution lines to transfer electricity and loads as final consumers.
The premises of the grid model are to be generic, simple and valid for a wide range
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of operation scenarios and system topologies and characteristics. The T-shaped sim-
ple grid model in Figure 4.2 meets all the requirements. It is partially based on the
model included in the Spanish PVVC procedures [117]. Generator 1 represents the
bulk power system, while Generator 2 serves to introduce neighbouring generator
influence to the PCC. Electrical distances are limited by series impedances Zl1 and
Zl2. Finally, a load is included in order to model demand and establish power flow.

Generator 1 PCC

Generator 2

Load

Zl1 Zl2

Figure 4.2. Generic grid test model

4.2.2 Particular grid model

Depending on the test event under study, the generic test model can be simplified
regarding its topology. In some cases, only a generator is necessary; in other cases,
line impedances can be avoided. Particular grid models of each of the phenomena
under study are proposed in this thesis, based on theoretical analysis and sensitivity
studies.

4.2.3 Parameterised grid model

Based on the equations ruling the operation of the particular grid model for the
disturbance under study, the parameters of the model must be adjusted so as to
obtain limit values imposed by interconnection regulation. However, the objectives of
the methodology hereby presented are twofold. The methodology serves to verify grid
code fulfilment, but also as simple test circuit to reproduce the operation of the power
system under analysis. Therefore, under the latter assumption, the parameterisation
of the particular grid model can be based on system data. If information about
the complete detailed model is available, reduction or equivalencing techniques can
be applied, in order to obtain a parameterised equivalent grid model. If not, the
parameterisation can be based on the static data at the PCC, i.e. voltage level
and short-circuit power, which are usually publicly provided by system operators.
Dynamic parameters of generating systems can be based on typical values.
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4.3 Practical implementation of the proposed me-
thodology

The methodology described in Section 4.2 constitutes the theoretical framework,
which must be adapted to the power system topology and characteristics, as well as
operation scenarios and limit values. This thesis focuses on weak power grids regar-
ding isolated systems. Hence, the test circuit has to cover most common operation
situations and practices, as well as critical technical requirements to be met by ge-
neration assets there. So, selected compliance tests are hereby listed and described.
Finally, the practical application of the methodology is explained.

4.3.1 Definition of the grid code compliance tests

Compliance testing is performed by certified test laboratories, in order to prove com-
pliance of the equipment with national, international, or industry standards. In this
thesis, equipment under test are generation assets based on renewable energy sour-
ces. Compliance verification requires a limited number of well-defined and carefully
executed reproducible tests. Therefore, tests must be divided into simple items in-
cluding a straight-forward description, a valid verification procedure and pass/fail
objectives. In other words, what to assess, how to assess and passing criteria shall
be indicated.

4.3.1.1 Frequency Ride-Through

Frequency ride-through is related to the ability of generating units to remain con-
nected during frequency excursions. Frequency deviations during dynamic operation
are mainly due to power mismatch events or short-circuit faults. Six tests have been
defined related to dynamic frequency requirements, based on most frequent require-
ments in the reviewed grid codes. Figure 4.3 illustrates the frequency ride-through
requirement.
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1. Maximum frequency: ability of a power generating unit to remain connected
under frequencies above rated value. Parameter: fmax.

2. Minimum frequency: ability of a power generating unit to remain connected
under frequencies below rated value. Parameter: fmin.

3. High frequency event: ability of a power generating unit to remain connec-
ted with an overfrequency event during a determined time period. Some grid
codes may include more than one high frequency event. Parameters: fss,h and
time.

4. Low frequency event: ability of a power generating unit to remain connected
with an underfrequency event during a determined time period. Some grid
codes may include more than one low frequency event. Parameters: fss,l and
time.

5. Positive Rate-of-Change-of-Frequency (ROCOF): ability of a power ge-
nerating unit to remain connected with a positive ROCOF with increasing
frequency. Parameter: +ROCOF .

6. Negative ROCOF: ability of a power generating unit to remain connected
with a negative ROCOF with decreasing frequency. Parameter: −ROCOF .

These tests must be carried out with the frequency response control disabled.

4.3.1.2 Frequency Response

Some grid codes include the requirement of providing primary frequency control
based on droop with a certain dead-band for high frequencies. In some cases, the
frequency response feature even encompasses low frequency situation, so that gene-
rating units must increase their output. For renewable generation, this is not always
possible as it depends on the primary energy availability, and in any case, it requi-
res previous operation at a curtailed power output. Figure 4.4 illustrates frequency
response based on droop characteristic.
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Figure 4.4. Frequency droop response

Inertia-based frequency response is out of the scope of this thesis, as it is seldom a
requirement, but a future trend in grid codes under study.

Two tests have been defined related to frequency response requirement.
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1. Primary frequency control for high frequencies: ability of a power ge-
nerating unit to decrease the power output for frequencies above rated value.
Parameters: Kdown, Limitmin, deadband.

2. Primary frequency control for low frequencies: ability of a power ge-
nerating unit to increase the power output for frequencies under rated value.
Parameters: Kup, Limitmax, deadband.

4.3.1.3 Low Voltage Ride-Through

Fault ride-through requirement is based on the capability of generating units to re-
main connected under faults. LVRT is related to voltage dips, mainly caused by
short-circuit faults. During balanced faults, all faulted phases undergo undervoltage.
On the other hand, unbalanced faults result in undervoltage in the faulted pha-
ses, but also in overvoltage in the healthy phases. Figure 4.5 illustrates the LVRT
requirement, including main characteristic profiles found in literature. Three main
characteristics can be found: square dips determined by a lowest voltage value, step
profiles emulating protection settings with definite trip times, and envelopes with
a ramp recovery (polygonal profile), which best match voltage dips with a smooth
recovery.
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Figure 4.5. LVRT profiles

Two tests have been defined regarding LVRT requirements, based on the most rele-
vant grid codes.

1. Balanced Low Voltage Ride-Through: ability of a power generating unit to
remain connected during a symmetrical voltage dip. Parameters: either voltage
dip magnitude and time or a voltage against time profile.

2. Unbalanced Low Voltage Ride-Through: ability of a power generating
unit to remain connected during an asymmetrical voltage dip. Parameters:
either voltage dip magnitude and time or a voltage against time profile.

4.3.1.4 Output current during faults

It is related to the LVRT requirement. Some regulations require active support during
faults from renewable generation, besides remaining connected. Four tests have been
defined, based on the most relevant grid codes.
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1. Active current injection during balanced faults: ability of a power ge-
nerating unit to generate active power during a balanced fault, in order to
support system stability. Parameter: active current injection profile (current
against voltage). Figure 4.6 illustrates an active current injection characteris-
tic during undervoltage, based on three reference points: (Va1, Ia1), (Va2, Ia2),
(Va3, Ia3). Dashed lines indicate maximum and minimum limits that are inclu-
ded in some grid codes such as in the SEIE.

2. Active current injection during unbalanced faults: ability of a power
generating unit to generate active power during an unbalanced fault, in order
to support system stability. Parameter: active current injection profile (current
against voltage).

3. Reactive current injection during faults: ability of a power generating
unit to generate/absorb reactive power during a fault, in order to support
system stability. Parameter: reactive current injection profile (current against
voltage). Figure 4.7, based on the Spanish grid code, illustrates reactive current
injection characteristic during undervoltage and overvoltage, based on several
reference points: (Vq1, Iq1), (Vq2, Iq2), (Vq3, Iq3),..., (Vq7, Iq7).

4. Reactive current injection during unbalanced faults: ability of a power
generating unit to generate active power during an unbalanced fault, in order to
support system stability. Parameter: reactive current injection profile (current
against voltage).

V (p.u.)

Ia(p.u.)

(Va1, Ia1) (Va2, Ia2)

(Va3, Ia3)

Figure 4.6. Active current injection requirement

4.3.1.5 Unbalance requirement

Voltage and current unbalance are mainly caused by unbalanced power generation
sources, short-circuit faults, series faults, and unbalanced loading. Two tests have
been defined related to unbalance requirement.

1. Voltage unbalance: ability of a power generating unit to remain connected
during a voltage unbalance. Parameter: Voltage Unbalance Factor (VUF).

2. Current unbalance: ability of a power generating unit to remain connected
during a voltage unbalance. Parameter: Current Unbalance Factor (CUF).

Frequency protection functions and frequency response be must disabled.
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V (p.u.)0 1

Iq(p.u.) (Vq1, Iq1)
(Vq2, Iq2)

(Vq3, Iq3)

(Vq4, Iq4)

(Vq5, Iq5)
(Vq6, Iq6)

(Vq7, Iq7)

Figure 4.7. Reactive current injection requirement

4.3.1.6 Synthesis of the grid code compliance tests

Table 4.2 summarises the grid code compliance tests, indicating a test identification
code that is used later in the practical application cases in Chapter 8, Chapter 9 and
10.

Table 4.2. Synthesis of grid code compliance tests

Id Compliance test

A1 Maximum frequency
A2 Minimum frequency
A3 High frequency event
A4 Low frequency event
A5 Positive ROCOF
A6 Negative ROCOF
A7 Primary frequency control for high frequencies
A8 Primary frequency control for low frequencies

B1 Balanced LVRT
B2 Unbalanced LVRT
B3 Active current injection during balanced fault
B4 Reactive current injection during balanced faults
B5 Active current injection during unbalanced faults
B6 Reactive current injection during unbalanced faults

C1 Voltage unbalance
C2 Current unbalance

For remain connected requirements, two events must be simulated by adjusting the
simplified equivalent grid for each of the compliance tests: an event outside the
permitted range in the grid code (indicated suffix -1 in test identificator, e.g. A1-1),
and an event within the permitted range (indicated suffix -2 in test identificator, e.g.
A1-2). For active support requirements, generator contribution must be showed by
simulating an event within limits (suffix -2).
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4.3.2 Application of the methodology

After the generic grid model has been particularised and parameterised, the gene-
ration system model under verification or study has to be included in the complete
set-up so as to carry out the simulation. The electrical configuration of the whole
system is described in Figure 4.8, where the wind farm is connected to the grid
at the PCC by means of a step-up transformer and an interconnection line. The
connecting network is represented by a grid equivalent, which corresponds to the
parameterised grid model. Regarding other generation technologies, the wind farm
shall be replaced, but the layout in Figure 4.8 is valid.

PCCLV

Zl1Zl2

WPP Grid equivalent

Figure 4.8. Single-line scheme for the application of the methodology

The generation asset model must include the complete model of the renewable gene-
ration power plant, including the generating units (generator and control models),
as well as the cables connecting the units and the interconnection interface with the
external network (until the PCC), as some operation performance indexes must be
verified at the connecting point. If the validation methodology is to be applied during
a grid code compliance certification, the simulation model is expected to meet the
system operator requirements concerning model detail as seen in Chapter 3. In some
cases, aggregated models are accepted for representing the whole generation system.

4.4 Validation of the proposed methodology

The power system target type in this thesis are island power grids, defined as weak
networks without significant external interconnection. Therefore, the proposed me-
thodology must be validated by real study cases.

Three possible cases can be made out regarding the objectives of the methodology,
size of the island, available data and grid code under force, summarised in Table 4.3.
The rule for the island size is based on [14].

• Case 1. It is a general case regarding a medium size isolated power grid with
unknown dynamic system data nor grid code under force.
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• Case 2. Medium size isolated power grid with known dynamic system data
but no grid code under force.

• Case 3. Bigger size isolated power grid with known dynamic system data and
grid code under force.

Table 4.3. Summary of study cases for the validation of the methodology

Case Size Static data Dynamic data Grid code

Case 1 Medium X χ χ

Case 2 Medium X X χ

Case 3 Big X X X

The connection point of study, where the renewable energy source installation is to
be located, must be known. Hence, the voltage level and short-circuit power at the
PCC are provided by the system operator. If dynamic data about the target power
grid is missing, typical values on other similar size islands can be used. Besides, some
islands, because of their small size or low penetration of RES, have no interconnection
rules for generation assets. However, some limits can be set after a deep study of the
power grid, with both steady-state and dynamic analyses, requirements from other
similar systems can be adopted, or typical operation can be emulated following the
same adjustment methodology.

The general certification procedure is outlined in Figure 4.9, where depending on
the requirement the pass or fail condition means remaining connected (remain con-
nected requirements), or contributing actively to support the system (active support
requirements).

The validity of the parameterised model shall be verified by checking if the generated
disturbance meets the grid code limits. If the model is used for integration studies
and a detailed model of the power system is available, simulation results of the
complete and simplified grid models have to be compared, so as to verify whether
the error is within acceptable ranges. The limit accuracy error between theoretical
and simulation model has been set to 10% in this thesis, based on Australian [122]
and Danish [71] regulation.
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Parameterised
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Figure 4.9. General renewable generation plant verification procedure



Chapter 5

Frequency Ride-Through

5.1 Introduction
Frequency in power systems is related to the balance between generation and de-
mand. So, any imbalance in active power results in a frequency deviation. If a large
load is suddenly connected to (or disconnected from) the power system, or if a ge-
nerating unit is suddenly disconnected by the protection equipment, the frequency
in the system changes: when load exceeds the generating capacity, frequency drops;
otherwise, frequency rises.

A model to estimate frequency deviation after a power mismatch event is essential
for adjusting frequency relays in load shedding schemes, estimating the amount of
necessary spinning reserve, or calculating the amount of load reconnection or wind
power generation [123]. In this thesis, it is used to reproduce usual frequency de-
viations in island power grids and to verify the grid code compliance of renewable
power plants.

The present chapter reviews analytical models to characterise frequency deviation
and is organised as follows. In Section 5.2, characteristic parameters regarding fre-
quency deviations are defined. In Section 5.3, frequency dips are studied considering
a unique generating unit and the whole power system. As a result, a particular grid
model able to emulate frequency excursions is introduced in Section 5.4, simplifying
the initially proposed model following a sensitivity study. Finally, in Subsection 5.4.3
the formulae leading to the parameterised grid model are presented.

5.2 Frequency dip definition
The response of a power system to a power imbalance can be described in four stages,
depending on the duration of the dynamics involved [124]: rotor swings in generators,
frequency drop, primary control by turbine-governor systems, and secondary control
by central regulators.

After the first stage of rotor swings, the power imbalance results in an increase or
a decrease in frequency depending on the generation-load unbalance. The frequency
rises or decays with a constant slope, since still no primary frequency control action
takes place. The participation of each generator during this stage depends on its
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inertia. The lower the inertia, the faster is the frequency variation. Later, primary
controls of turbine-governor systems act and try to recover the balance. The contri-
bution of each generator is basically a function of its governor droop, the speed of
the turbine-governor system response and the amount of available spinning reserve.
Finally, within a time frame of one or several minutes, secondary control action and
energy supply system dynamics prevail in frequency dynamics.

In the present study, focus is put on primary frequency regulation, because low values
of frequency can be attained in isolated power grids before secondary regulation
reacts due to the high presence of Diesel engines. Figure 5.1 shows the evolution of
frequency after a power unbalance and the effect of the primary regulation action.
As it is shown, a frequency drop event shows three main characteristic parameters:
Rate-Of-Change Of Frequency (ROCOF) between points A and B, minimum
frequency (fmin) also called frequency nadir at point B, and the steady-state
frequency deviation (∆fss) at point C.

∆fmax
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Time (s)
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Figure 5.1. Frequency deviation after an active power mismatch

In case of a frequency rise, a frequency maximum appears at point B and a posi-
tive steady-state frequency deviation is obtained as a result of primary frequency
response.

5.3 Theoretical analysis
The aggregate load-frequency behaviour following load-generation imbalance in iso-
lated power systems can be represented by System Frequency Response models.
Following are introduced SFR models for single generating units, and for systems
made up of several generating units, as cornerstones to the simplified model which
is proposed in this thesis for frequency ride-through requirement.

5.3.1 System frequency response model for a single genera-
ting unit

SFR models for estimating frequency response are based on power generating unit’s
and load’s response to a change in electric power. A detailed model of a generating
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unit results into a high-order transfer function, which complicates the computation
of frequency response. As a first simplifying hypothesis, the generator excitation is
not represented in the SFR model and the level of excitation is assumed constant
[125], since mainly turbine-governor systems affect short-term frequency dynamics
[126].

Mechanical and electrical characteristics of synchronous machines considered in sta-
bility and frequency response studies are based on the equation of motion or swing
equation indicated in (5.1).

2 ·H
ωs
· d

2δ

dt2
= Tm − Te −

KD

ωs
· dδ
dt

(5.1)

whereH is the inertia constant, defined as the kinetic energy in watt-seconds at rated
speed divided by the VA base, ωs is the rated angular speed, Te electromagnetic
torque in N ·m, Tm mechanical torque in N ·m, KD damping factor in p.u. torque
/ p.u. speed deviation and δ generator angle in rad.

Rewriting (5.1) in terms of power:

2 ·H · d
2δ

dt2
= Pm − Pe −KD ·

dδ

dt
(5.2)

In general, power system loads are a composite of a variety of electrical devices.
Electrical power for resistive loads is independent of frequency. But in the case of
motor loads, electrical power changes with frequency to changes in motor speed. The
overall frequency-dependent characteristic of composite load may be expressed as:

Pe = Pl +D · ω (5.3)

where Pl is non-frequency sensitive load, D · ω frequency-sensitive load and D the
load-damping constant. The damping constant is expressed as a percent change in
load for one percent change in frequency. Typical values of D are 1 to 2 percent. A
value of D =2 means that a 1% change in frequency would cause a 2% change in
load [127].

Prime mover models are high-order. However, by simplifying the model of the
turbine-governor system, the computational cost can be remarkably reduced. Hence,
some simplifying hypothesis are assumed in the literature. These assumptions con-
sist on ignoring slow system dynamics, non-linearities in the system and reducing
transfer function order of the models, e.g. by considering contribution to frequency
response of poles close to origin is negligible, and close zero-pole pair cancellation if
within unity circle. Hence, most systems can be approximated by a first or second
order equivalent function. Typically, steam-driven turbines can be modelled by first-
order transfer functions, whereas gas-driven or diesel-driven combustion turbines
might require second-order models [125].
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In the literature, mostly reheat-type steam boiler plants have been considered. A
second-order equivalent transfer function is proposed in [127], whereas [125] is based
on a first-order function. Both authors apply some of the abovementioned simplifying
hypothesis. However, both models have the drawback that they only apply to reheat
steam turbine type generation. On the other hand, [123] and [126] propose valid
models for a variety of generation technologies with different governors, fitting the
response of any detailed generating unit model into an equivalent low-order model
(first-order and second-order correspondingly) by means of parameter estimation.
[126] includes also generator power-output limitations, yielding into a non-linear
model.

Let us consider the generic second-order transfer function of a prime mover in (5.4),
as proposed in [126].

Ki ·
1 + b1,i · s+ b2,i · s2

1 + a1,i · s+ a2,i · s2 (5.4)

The parameter Ki represents the gain of the turbine-governor system, which is
usually the inverse of the governor droop. The parameters a1,i, a2,i, b1,i and b2,i

correspond to the dominant poles and possible zeros of the turbine-governor system.
In [123] and [126] some (or all) of the coefficients are adjusted such that the response
of the model resembles as much as possible the response of the complete model of
a turbine-governor system. Optionally, these parameters can also be obtained from
field tests. Table 5.1 summarises some simplified models proposed in literature based
on the generic second-order transfer function.

Table 5.1. Synthesis of simplified models for prime movers

Reference Ki b1,i b2,i a1,i a2,i
Kundur [127] 1/Ri FHP · TRH 0 TRH+TCH TRH · TCH
Anderson [125] 1/Ri FHP · TRH 0 TRH 0

Egido [123] 1/Ri, tunable 0 0 Tunable 0

Sigrist [126] 1/Ri Tunable Tunable Tunable Tunable

Based on Anderson model for a reheat-type steam boiler plant, the main parameters
for frequency characterisation can be calculated as indicated in (5.5) for ROCOF,
in (5.6) for frequency deviation in steady-state (∆fss) and in (5.9) for frequency
minimum.

Initial ROCOF or frequency gradient

ĺım
t→0

ROCOF = P0
2 ·H = P0

M
(5.5)
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Frequency deviation in steady-state

∆fss = ĺım
t→+∞

∆ω(t) = R · P0
D ·R+Km

= P0

D + Km

R

(5.6)

In some references Km = 1 is assumed [127]. Hence, (5.6) can be further simplified:

∆fss = P0

D + 1
R

(5.7)

Frequency minimum Minimum frequency is attained when the derivative of fre-
quency deviation (ROCOF) equals zero. That happens at instant tmin:

tmin =
arctan( ωr

ς · ωn
)− φ

ωr
(5.8)

Hence, frequency nadir or minimum frequency shall be calculated as:

fmin = ∆ω(tmin) =
(

R · P0
D ·R+Km

)
·
[
1 + α · e−ς·ωn·tmin · sin(ωr · tmin + φ)

]
(5.9)

where:

ω2
n = R ·D +Km

2 ·H · TRH ·R
(5.10)

ς = 2 ·H ·R+ TRH · (D ·R+Km · FHP )
2 · (D ·R+Km) · ωn (5.11)

α =

√
1− 2 · TRH · ς · ωn + T 2

RH · ω2
n

1− ς2 (5.12)

ωr = ωn ·
√

1− ς2 (5.13)

φ = φ1 − φ2 = tan−1
(

ωr · TRH

1− ς · ωn · TRH

)
− tan−1

(√
1− ς2

−ς

)
(5.14)

Initial rate of change of frequency and steady-state frequency do not strongly depend
on prime mover parameters. However, minimum frequency strongly depends on the
transfer function of the turbine-governing system. [123] proposes a methodology
to calculate minimum frequency after generation loss in a power system valid for
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any type generation technology, in which speed governor and prime mover detailed
models are replaced by a first-order model as represented in Figure 5.2:

Pm = k

T · s+ 1 ·∆ω (5.15)

where T is the time constant and k the gain of the transfer function.

−+
Pd 1

M · s + D

∆ω

k

1 + s · T

Pm

Figure 5.2: Reduced block diagram of a generic power plant based on a first-order
function

The values of parameters k and T of the first order transfer function are obtained
by fitting the response of the model to the response of the detailed model whose
behaviour is intended to be reproduced. Two ways of obtaining these parameters
are proposed in [123]. On one hand, k can be calculated from the detailed model to
obtain the same droop, as indicated by (5.16).

k = 1
R

= P0
∆fss

(5.16)

Then, T can be estimated by fitting the response of the first-order model to the detai-
led model. Non-linear regression technique can be used for that purpose. Frequency
minimum happens in the first seconds after the generation loss. So, short-term beha-
viour is of interest. To improve the fitting in those first seconds after the disturbance,
parameters are computed taking into account only the first seconds of data. Alter-
natively, both k and T can be estimated using a non-linear regression technique,
resulting in a better minimum frequency estimation.

Frequency response for the approximated first-order model can be obtained solving
the equation in (5.17) using the inverse Laplace transform. Frequency response in
both Laplace and time domain is indicated by (5.17) and (5.18).

∆ω(s) = P0 · (1 + T · s)
2 ·H · T · s2 + (2 ·H +D · T ) · s+ (D +K)

(5.17)

∆ω(t) = P0
D + k

·
[

1 + e−ς·ωn·t√
1− ς2

· (T · ωn · sin(ωr · t)− sin(ωr · t+ θ1))
]

(5.18)
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where:

θ1 = acos(ς) (5.19)

ωn =
√

D + k

2 ·H · T (5.20)

2 · ςωn = 2 ·H + T ·D
2 ·H · T (5.21)

ωr = ωn ·
√

1− ς2 (5.22)

It results in an initial frequency gradient equal to that calculated in (5.5), i.e.
ROCOF = P0/M . The steady-state frequency deviation results from solving (5.23).

∆fss = P0
D + k

(5.23)

On the other hand, the frequency minimum is attained at instant tmin.

tmin = 1
ωr
· atanωn · T ·

√
1− ς2

ωn · T · ς − 1 (5.24)

However, [123] proposes a simple method to obtain the frequency minimum. Indeed,
to compute the maximum frequency deviation the important effect is the output
of the turbine-governor in the first seconds after the loss of generation, when the
prime mover is excited by a quasi-linear decay of frequency which corresponds to a
ramp-like input. Then, the input to the prime mover system can be modelled by 5.5
and the closed-loop can be broken yielding to the model in Figure 5.3.

−+
Pd 1

M · s + D

∆ω

m

s2
k

T · s + 1 ∆ω

Pm

Figure 5.3: Reduced block diagram of a generic power plant based on a first-order
function

Defining a ramp gain C, maximum frequency deviation can be expressed as:

∆ωmax = P0
2 · C (5.25)
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where C is a value between 0 and k. The maximum value for C, Cmax, is the value
at the instant in which frequency is minimum (tmin), which is pointed out by Egido
as the most suited value.

The following non-linear equation system has to be solved:


C = k ·

[
1− T

tmin
·
(

1− e−tmin/T
)]

tmin = 2 ·H
C

(5.26)

(5.27)

Any iterative numerical method, such as Newton-Raphson, can be employed to solve
the equation system formed by (5.26) and (5.27). [123] proposes a further simplifi-
cation consisting in assuming a typical value for tmin and obtain a sensible value for
the ramp gain C.

5.3.2 System frequency response model for the whole power
system

The response of the power system is driven by the response of all connected gene-
rating units and depends furthermore on the extension of the network, connected
loads, etc. However, in small isolated power systems, the influence of the network on
short-term frequency dynamics and especially on inter-machine oscillations is usually
negligible [126], [128]. Neglecting inter-machine oscillations in short-term frequency
dynamics by neglecting synchronising power and transmission performance results
in an average or uniform frequency. Therefore, the network can be omitted, and load
demand and power generation can be considered as concentrated on a single bus.

Initial frequency gradient and steady-state frequency deviation can be calculated for
a given generator using (5.5) and (5.6), regardless of the prime mover technology. As
power systems are composed of multiple parallel generating units, both parameters
can be computed using a composite regulating model with an equivalent regulation
Req, system inertia Heq and system load damping D.

Initial ROCOF or frequency gradient In a power system with multiple genera-
tors, when some generation is lost, system frequency starts to drop. Assuming that
all generators remain in synchronism, they slow down at approximately the same
rate.

ROCOF = P0,T

2 ·
n∑

i=1

Hi · Si

ST

= ∆P0
2 ·Heq

(5.28)

where Heq is the equivalent inertia constant of a power system made up of multiple
generating units.
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Frequency deviation in steady-state When two or more generators with droop
governor characteristics are connected to a power system, there is a unique frequency
at which they share a load change.

By representing the system with a single equivalent generator, equivalent droop can
be calculated as:

Req = PNeq
n∑

i=1

PNi

Ri

(5.29)

As PNeq =
∑n

i=1 PNi:

Req = 1
n∑

i=1

1
Ri

(5.30)

Thus, the composite power/frequency characteristic of a power system depends on
the combined effect of the droops of all generator speed governors. It also depends
on the frequency characteristics of all the loads in the system. For a system with n
generators and a composite load-damping constant of D, the steady-state frequency
deviation following a total active power change in the system ∆P0,T is given by:

∆fss = P0,T

(1/R1 + 1/R2 + · · ·+ 1/Rn) +D
= ∆P0

1/Req +D
(5.31)

It has been assumed that the speed-droop characteristic of an individual generator
unit is linear over the full range of power and frequency variations. In practice, the
output power of each turbine is limited by its technical parameters. If a turbine is
operating at its upper power limit, then a decrease in the system frequency does not
produce a corresponding increase in its power output. Consequently, the generation
characteristic of the system is dependent on the number of units operating away
from their limit at part load, i.e. on the spinning reserve [124].

Frequency minimum Power systems are composed of multiple parallel generating
units, and frequently there are several characteristic types of generation each posses-
sing a distinct dynamic response. Therefore, each generating unit should be modelled
separately to exactly calculate its frequency behaviour in the system. So, the SFR
model would be of high order, and its performance a very complex function of many
system variables. Therefore, following levels of simplification have been proposed in
the literature to compute frequency response in a power system. Chan proposes in
[129] a delay model to represent the valve motion (fast time constants) and a canoni-
cal model for each turbine slow time constants. Anderson considers all generators in
the power system to be identical [125]: identical technology and identical parameter
values. Therefore, they can be replaced by an equivalent generating unit. Aik con-
siders all generators in the power system to be of identical technology or dynamic
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response structure, but with different values of parameters [130]. Egido considers all
generator with governor and prime mover systems represented by linear first-order
systems, resulting in a non-linear N+1 equation system [123]. The aim of the met-
hod is the calculation of the minimum frequency in the system. Sigrist proposes a
non-linear multi-generator SFR model, with equivalent inertia and the whole gene-
ration and load demand connected to the same bus [126]. Turbine-governor systems
are represented by first or second order systems.

Following, frequency minimum calculation has been developed using methods pro-
posed by Anderson, Aik and Egido, which are the most straightforward method to
estimate the value of frequency minimum. The selected SFR models are all linear
and do not take into account the generator output limitations. Therefore, they are
only valid for small disturbances [126].

For a power system with n simplified reheat steam generators, frequency deviation
is:

n∑
i=1

2 ·Hi · s ·∆ω =
[

n∑
i=1

PSP,i −
n∑

i=1

(
Km,i

Ri
· 1 + FHP,i · TRH,i · s

1 + TRH,i

)
·∆ω

]
−

n∑
i=1

Pe,i

(5.32)

where Hi is the inertia constant of generating unit i, ∆ω represents frequency devia-
tion in the system, PSP,i the individual active power set-point, Km,i the individual
effective gain constant, Ri the individual droop constant, FHP,i the fraction of power
generated by the high pressure section in each turbine, TRH,i the time constant of
the reheater of each unit, and Pe,i the individual electrical power. All parameters
must be expressed on a common base.

In this case, only a change in Pe (∆PSP = 0) is of interest. Hence, a new system input
variable Pd can be defined, which is positive for a generation power increase (or load
decrease) and negative for a load increase (or generation decrease). In addition, the
inertial-load dynamic response of the whole system is represented by an equivalent
inertia Heq and equivalent damping constant D and (5.32) can be simplified as
follows:

(2 ·Heq · s+D) ·∆ω =
n∑

i=1

(
Km,i

Ri
· 1 + FHP,i · TRH,i · s

1 + TRH,i · s

)
·∆ω − Pd (5.33)

If total power mismatch in the system is P0,T , frequency deviation can be computed
as:

∆ω = −P0,T (s)
(2 ·Heq · s+D) ·

1

1 +
n∑

i=1

Km,i

Ri
· 1 + FHP,i · TRH,i · s

1 + TRH,i · s

(5.34)
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Anderson assumes that every generator has an identical dynamic response (all
turbine-governor parameters are identical), but different governor droops [125]. Hen-
ce:

∆ω = −P0,T (s)
(2 ·Heq · s+D) ·

1

1 + Km · (1 + FHP · TRH · s)
1 + TRH · s

·
n∑

i=1

1
Ri

(5.35)

Based on (5.30), the calculation of frequency deviation can be further simplified:

∆ω = −P0,T (s)
(2 ·Heq · s+D) ·

1

1 + Km · (1 + FHP · TRH · s)
1 + TRH · s

· 1
Req

(5.36)

Aik in [130] also considers that reheat steam-boiler plants are dominant in the power
system, but with different values for parameters Ri, FHP,i, (1 − FHP,i), TRH,i and
Km,i. After a sudden load-generation imbalance represented by a step function of
magnitude P0,T , expressing the equation as a sum of partial fractions:

∆ω(s) = P0,T ·
n+1∑
i=1

Ai

pi
·
(

1
s
− 1
s− pi

)
(5.37)

where Ai is real or complex, pi is a root and may be real or a complex conjugate-pair.
In time domain, the response of the n+ 1 order SFR model is given by:

∆ω(t) = P0,T ·
n+1∑
i=1

Ai

pi
·
(
1− epi·t

)
· U(t) (5.38)

The nature of the load-frequency model response depends on the roots in (5.38).
For all real roots, it is monotonically decreasing function of time, whereas if the
roots have at least one complex-conjugate pair σ ± ujωn, the response is a damped
sinusoidal function of time.

On the other hand, based on Egido in [123], frequency deviation evolution in time
domain can be calculated as:

∆ω(t) = P0
2 ·Heq

· t+ 1
4 ·Heq

·
n∑

i=1
Ci ·m · t2 (5.39)

Time for minimum frequency tmin is calculated as:

tmin = P0
n∑

i=1
Ci ·m

= 2 ·Heq
n∑

i=1
Ci

(5.40)
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And therefore, maximum frequency deviation is:

∆ωmax = fmin = P0

2 ·
n∑

i=1
Ci

(5.41)

If Cmax,i at the instant of tmin is chosen as the value for Ci, it results into a non-linear
n+ 1 equation system:

C1 = K1 ·

1− T1
tmin

·

1− e
−tmin

T1


...

Cn = Kn ·

1− Tn

tmin
·

1− e
−tmin

Tn


(5.42)

Had all the N units the same averaged ramp gain, C1 = C2 = · · · = CN = C,
minimum frequency would be:

fmin = P0
2 ·N · C (5.43)

Based on (5.41) or (5.43), an equivalent ramp gain constant can be defined, herei-
nafter called Ceq.

Ceq =
n∑

i=1
Ci = Keq ·

1− Teq

tmin
·

1− e
−tmin

Teq


 (5.44)

where Keq =
∑n

i=1 Ki and Teq =
∑n

i=1 Ti.

Hence, (5.40) and (5.41) can be rewritten and so, a multi-generator system can be
substituted by an equivalent generator with Keq and Teq.

tmin = 2 ·Heq

Ceq
(5.45)

fmin = P0
2 · Ceq

(5.46)

Alternatively, frequency response can be analytically calculated based on this equi-
valent generating unit using inverse Laplace transform.
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After the analysis of system frequency response model for a whole power system,
it can be concluded that the calculation of initial frequency gradient and frequency
deviation in steady-state is straightforward, while different methods have been pro-
posed in the literature for the more complex frequency nadir calculation. Appendix
A compares their performance based on some numerical examples.

5.4 Grid model and event representation
In this section, the generic grid model introduced in Chapter 4 has been particula-
rised in order to characterise frequency response in isolated power systems, based
on the theoretical analysis in Section 5.3 and taking into account the sensitivity of
the grid model parameters. Finally, equations leading to the parameterisation of the
particular grid model are presented.

5.4.1 Particular grid model

Based on the theoretical analysis, it can be concluded that only generator and load
modelling are necessary to reproduce a frequency excursion after a power mismatch
in a power system, as a unique frequency is considered in the whole power system.
The particular grid model for frequency deviation is shown in Figure 5.4.

Generator 1 PCC

Generator 2
Load

Figure 5.4. Particular grid model for frequency analysis

Generator 2 represents the biggest generator on-line in the system and Generator
1 is the equivalent of the rest of the generating units. Load influence in the system
is represented by the aggregated load in Figure 5.4. Load aggregation can include
frequency independent and frequency dependent load assets, characterised by the
load damping factor. On the other hand, the power mismatch in the system can
be reproduced with the disconnection of Generator 2 for underfrequency events.
If a frequency rise must be emulated, it can be done by partly disconnecting the
load, composed by assets Load 1 and Load 2. Load 2 must be disconnected for
overfrequency events. Alternatively, a load step can be simulated based on a single
load asset.

If non-synchronous generation is installed in the power system (e.g. wind power),
its impact can be included in the load modelling, represented as a negative load
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omitting any dynamics [126]. Hence, decoupled power generation can be modelled
as a generating unit, but with zero inertia Hi and zero gain Ki. Or, as a negative
load.

5.4.2 Sensitivity of the particular grid model parameters

A reheat turbine modelled by the standard IEEE model TGOV1 [131] has been
considered for illustrative purpose. Parameter values are pointed out in Table 5.2,
based on [127]. T1 corresponds to TCH , T2 to TRH , T3 = FHP · TRH , Dt represents
load damping and R the droop constant in a tandem-compound single reheat turbine
of fossil-fuelled unit.

Table 5.2. Parameters of TGOV1 model reheat steam turbine

Parameter Value

T1 0.3 s

T2 7 s

T3 2.1 s

At 1

Dt 0

Vmin 0 p.u.

Vmax 1.2 p.u.

R 0.05

H 4 s

Figure 5.5 shows the frequency response sensitivity of model parameters on droop,
turbine time constants, inertia and load damping. Although all parameters under
study impact on the system frequency response, it can be observed that power mis-
match and droop are those more strongly related as they alter all characteristic
parameters of frequency response. The influence of spinning reserve has not been
included, but studies in the literature state that the smaller the spinning reserve,
the bigger the drop in frequency due to the loss of power [128].

In addition, the influence of the SFR study model has also been studied, because the
selection of the computing method for frequency response shows different degrees of
accuracy depending on the scenario under study. The study is annexed in Appendix
A. As a conclusion, it can be stated Kundur and Anderson methods are only valid
for thermal power stations, whereas Egido model can fit any type of generation.
However, the simplification of the resolution of the equation system is only valid for
power systems with small power mismatches below P0 < 0.1p.u. For higher power
losses, the equation system has to be solved directly.
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Figure 5.5. Effect of parameters on frequency response

5.4.3 Parameterisation of grid model for grid code complian-
ce verification

P0 power mismatch is the only common parameter present in the calculation of the
three characteristic parameters of dynamic frequency performance: initial ROCOF,
steady-state frequency deviation and frequency minimum. In addition, the impact
on the system frequency response is very high (Figure 5.5). Therefore, the dynamic
frequency event can be represented based on the particular grid model in Figure 5.4
by the trip (frequency dip) of Generator 2 or partial disconnection of load (frequency
swell), with a power of P0. The rest of parameters affecting frequency performance
belong to Generator 1 and to the aggregated load, for systems where load damping
is important. If not, the load will be modelled as a constant power load.

Regarding generator parameterisation, two options are possible. On one hand, if
parameters of generators in the system are already known, equivalent values Heq,
Req, Ceq or Teq can be calculated from parameters of the individual generators. On
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the other hand, if no dynamic data about the generators is available, generators can
be adjusted according to typical values in isolated systems or to the specific values
of the power grid under study. The worst scenario for frequency deviation must
be considered, i.e. low demand and low system inertia, which often corresponds to
highest renewable energy instantaneous penetration with dismissable contribution.

Below are summarised expressions for the independent adjustment of parameter P0
to obtain a certain ROCOF, fss and fmin.

Initial ROCOF
P0 = ROCOF · 2 ·Heq (5.47)

where Heq is calculated using (5.28).

Steady-state frequency deviation

P0 = fss ·
(

1
Req

+D

)
(5.48)

where Req is calculated using (5.30).

Frequency minimum For small disturbances, P0 < 0.1p.u., frequency minimum
can be most conveniently estimated following Egido method, as it considers power
systems made up of generators with different technologies.

P0 = fmin · 2 · Ceq (5.49)

where Ceq is calculated using (5.44) and (5.45).

For larger mismatches, the first-order step response shall be calculated by directly
solving the firs-order function.

P0 = ∆ω · D +Keq[
1 + e−ς·ωn·t√

1− ς2
· (Teq · ωn · sin(ωr · t)− sin(ωr · t+ θ1)

] (5.50)

where:

tmin = 1
ωr
· atanωn · Teq ·

√
1− ς2

ωn · Teq · ς − 1 (5.51)

where Teq and Keq are calculated using (5.44). Parameter Ti of the individual first-
order turbine-governor models must be tuned on open-loop against the complete
model.



Chapter 6

Low Voltage Ride-Through

6.1 Introduction
Voltage dips are short duration reductions in RMS voltage mainly caused by short
circuits, overloads, starting of large motors, and transformer saturation [132]. Most
issues are associated with fault caused voltage dips. Therefore, this chapter focuses
on this sort of disturbance analysis.

The interest in voltage dips has traditionally been focused on their impact on end-
user equipment [133]. However, apart from being a power quality problem, voltage
dips constitute today a major potential threat in networks with high distributed
generation penetration [134]. On the event of a voltage dip, it has been noted that
the simultaneous shut-down of large numbers of wind generators connected to the
electrical system could happen. As a result, many power system operators have
established new operating procedures which define the characteristics of the voltage-
time response that wind farms and other RES must be able to ride-through, in terms
of depth, duration and profile, as well as the exchange of active and reactive power
to be met during the disturbance.

This chapter reviews analytical models to characterise voltage dips in power systems
and it is organised as follows. In Section 6.2, characteristic parameters regarding
voltage dips are defined. In Section 6.3 voltage dips are studied considering three
models: a voltage divider model, a dynamic unregulated model, and a dynamic re-
gulated model. As a result, a particular grid model able to emulate voltage dips is
introduced in Section 6.4, simplifying the initially proposed model following a sensi-
tivity study and presenting the formulae leading to the parameterised grid model.

6.2 Voltage dip definition
Different definitions have been proposed in the literature to describe voltage dips.
The most extended one defines a voltage dip as a decrease in RMS voltage to values
between 0.1 to 0.9 p.u. at the power frequency for durations from 0.5 cycles to 1
minute, reported as the remaining voltage [135].

Figure 6.1 shows a voltage dip due to a three-phase fault. As a voltage dip concerns
a drop in voltage magnitude, it is often represented by plotting the RMS voltage
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as a function of time, which is calculated or derived from the instantaneous voltage
data. This is referred to as voltage versus time characteristic, also called single-event
characteristics, and it allows identifying the main parameters of voltage dips: RMS
magnitude during the event and dip duration [133]. Dip magnitude is defined as the
minimum RMS voltage, divided in two concepts: voltage drop magnitude or depth
of the voltage dip and residual voltage, as shown in Figure 6.1. They are usually
expressed as percentage values (%).

Time (cycles) Time (cycles)

Vo
lta

ge
(p
.u
.)

R
M
S
Vo

lta
ge

(p
.u
.)

Voltage drop

Residual voltage

Dip duration

Figure 6.1. Typical voltage dip

This characterisation is correct for single-phase systems, three-phase balanced faults
and for rectangular-shaped dips, where the voltage profile has a sharp drop at the
beginning and a sharp rising at the end. But in some cases, this assumption is no
more valid due to the special voltage dips with a long post fault recovery. The shape
of the voltage dip depends strongly on the underlying cause. A voltage dip due to a
fault is characterised by a sudden drop in voltage and a quite fast voltage recovery
(depending on the reactive support), while a voltage dip due to motor starting is
characterised by a sudden drop but a smooth recovery.

The present study is focused on fault induced voltage dips. A voltage dip event
shows following RMS characteristic parameters (Figure 6.2): (1) pre-fault voltage,
(2) voltage dip magnitude, (3) minimum voltage, (4) dip duration, (5) fast
recovery voltage, (6) maximum overvoltage and (7) instant of maximum
overvoltage, and (8) post-fault voltage.

In addition, for three-phase unbalanced dips the three individual phases are affected
differently. In that case, the most affected phase is taken as dip magnitude and the
duration is the longest of the three durations [136]. Voltage dips also involve other
features such as phase-angle jump, point-on-wave of dip initiation and point-on-wave
of dip recovery, waveform distortion and phase unbalance [137], but those aspects
are out of the scope of this thesis.
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7 Instant of maximum overvoltage

8 Post-fault voltage

Figure 6.2. Characteristic parameters on a fault induced voltage dip

6.3 Theoretical analysis
The theoretical analysis of voltage dip calculation has been carried out using three
models. First, a simple voltage divider model has been considered to introduce basic
concepts. In real networks, voltage dip characterisation is more complicated and
depends strongly on the dynamics of the electrical machines included in the power
system. It is specially remarkable that voltage recovery is not instantaneous and it
can be analysed through dynamic unregulated and regulated models, introducing
transient stability concepts as well. The action of protection relays is not taken into
account in this study.

6.3.1 Voltage divider model

To introduce basic ideas, consider a radial distribution feeder supplied from a bus
bar that also supplies a sensitive load or installation, where a fault happens at point
F. It is a simple voltage divider (Figure 6.3), where Zs is the source impedance and
Zf is the feeder impedance between the PCC and the fault point, including the fault
impedance if it is considered. Using an equivalent grid model, the application of the
fault results into a square shaped voltage dip.

PCCV s

Zs
ZfBus 1 Bus 2 F

Figure 6.3. Simplified circuit for voltage dip calculation

This radial network, widely present in weak or isolated power systems, represents a
voltage divider. In meshed networks, such as transmission systems, the concept of



86 Low Voltage Ride-Through

voltage divider model is still useful [138], even if the feeders and the source impedance
are not easy to identify. Therefore, the calculation of voltages in meshed transmission
systems can be carried out with the network impedance matrix [139].

Expressions for the calculation of sequence voltages V a0, V a1 and V a2 at the PCC
are listed in Appendix B for different fault conditions, where source impedance Zs

corresponds to the equivalent impedance Z. Therefore, Z1 = Zs,1, Z2 = Zs,2, and
Z0 = Zs,0.

The voltage divider model is useful to calculate the value of the parameter voltage
dip magnitude. Pre-fault voltages are normally assumed equal to 1 p.u. For more
accurate calculations, a load flow study should be made and so, the pre-fault voltages
accurately obtained. However, it is hereby considered for the analytical expressions.
Based on symmetrical components (Appendix B), voltage dip magnitude can be
calculated as follows:

Three-phase short-circuit For the simplest case of a symmetrical short-circuit,
the voltage dip magnitude at the PCC is indicated in (6.1).

|V A(pu)| =
∣∣V pf

∣∣ · ∣∣Zf

∣∣∣∣Zf + Zs

∣∣ (6.1)

Single-phase short-circuit Considering the sequence impedances, the voltage dip
magnitude (per unit) in phase A at the PCC can be calculated as:

|V A(pu)| =
∣∣V pf

∣∣ · ∣∣3 · Zf

∣∣∣∣Zs,1 + Zs,2 + Zs,0 + 3 · Zf

∣∣ (6.2)

Reference [136] indicates the expression for voltage dip magnitude in solidly-
grounded and impedance-grounded systems. In solidly-grounded systems, source
impedances in the three components are often about equal, resulting in the same
magnitude as for three-phase short-circuits:

|V A(pu)| =
∣∣V pf

∣∣ · ∣∣Zf

∣∣∣∣Zf + Zs,1
∣∣ (6.3)

On the other hand, in resistance or high-impedance grounded systems, the zero-
sequence source impedance differs significantly from the positive and negative se-
quence source impedances. As a consequence, (6.3) cannot be applied.

Double-phase short-circuit Considering the sequence impedances, the voltage
dip magnitude (per unit) in phase A at the PCC can be calculated as:

|V A(pu)| =
∣∣V pf

∣∣ · ∣∣2 · Zs,2 + Zf

∣∣∣∣Zs,1 + Zs,2 + Zf

∣∣ (6.4)
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And in faulty phases B and C:

|V B(pu)| =
∣∣V pf

∣∣ · ∣∣∣∣∣
(
Zs,2 + Zf

)
· a2 + Zs,2 · a

Zs,1 + Zs,2 + Zf

∣∣∣∣∣ (6.5)

If all sequence components are assumed to be equal (Zs,1 = Zs,2 = Zs,0), and∣∣V pf

∣∣ = 1 p.u., |V A(pu)| = 1 p.u. Further simplifying with Zf = 0, voltage in
phases B and C is |V B(pu)| = |V C(pu)| = 0.5 p.u.

Double-phase-to-ground short-circuit Considering the sequence impedances
and Zf = 0, the voltage dip magnitude (per unit) in phase A at the PCC can
be calculated as:

|V A(pu)| =
∣∣V pf

∣∣ · ∣∣∣∣∣ 3 · Zs,2 · Zs,0 + 6 · Zs,2 · Zt

Zs,1 ·
(
Zs,0 + Zs,2 + 3 · Zt

)
+ Zs,2 ·

(
Zs,0 + 3 · Zt

) ∣∣∣∣∣ (6.6)

And in faulty phase B:

|V B(pu)| =
∣∣V pf

∣∣ · ∣∣∣∣∣ Zs,0 · Zs,2 + Zs,2 ·
(
Zs,0 + 3 · Zt

)
·
(
a2 + a

)
Zs,1 ·

(
Zs,0 + Zs,2 + 3 · Zt

)
+ Zs,2 ·

(
Zs,0 + 3 · Zt

) ∣∣∣∣∣ (6.7)

If all sequence components are assumed to be equal (Zs,1 = Zs,2 = Zs,0), and∣∣V pf

∣∣ = 1 p.u., |V A(pu)| = 1 p.u. Further simplifying with Zf = 0 and Zt = 0,
voltage in faulty phases B and C, |V B(pu)| = |V C(pu)| = 0 p.u.

6.3.2 Dynamic unregulated model

Using the voltage divider model, only voltage dip magnitude can be characterised.
If the evolution of voltage during a fault is to be studied, dynamic models are better
suited. In these models, system dynamics, mainly represented by generator dyna-
mics, are taken into account. In this subsection, generator dynamics without voltage
regulation are analysed. First, the transient performance of a single generating unit
connected to an infinite bus is presented, which helps to understand the calculation
of voltage dip for a multi-machine system.

6.3.2.1 Single Machine Infinite Bus (SMIB) model

Consider the system shown in Figure 6.4 consisting of a generator delivering power
to a large system represented by an infinite bus through a line of reactance Xl.

For a simpler analysis, the synchronous generator can be modelled using a classical
model, composed of a voltage source E′ behind a transient reactance X ′d. Classical
model assumes that transient saliency is ignored, and mechanical power and genera-
tor e.m.f. are constant. E′ and X ′d correspond to the transient period, which mostly
affects the first oscillations of the generator and therefore, transient stability. The
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Infinite
busX ′d Xl

Pe∣∣E′∣∣∠δ |V |∠0◦

Figure 6.4. SMIB model

voltage magnitude E′ remains constant and the angle δ varies following the mecha-
nical oscillations of the rotor. It can be deduced that the electric power given by the
synchronous generator is:

Pe =
∣∣E′∣∣ · |V |
Xeq

sin δ = Pmax · sinδ (6.8)

where Xeq is the equivalent reactance between the machine and the infinite bus in
(6.9).

Xeq = Xl +X ′d (6.9)

During short-circuits, electrical power generated by synchronous machines decreases,
while mechanical power remains constant. So, based on swing equation, a short-
circuit initially accelerates generators and brakes motors. The rate-of-change-of-
speed of the synchronous machines is determined by the power mismatch level and
the inertia constant. Swing equation is transformed taking into account the expres-
sion of the electrical power generated by the machine in (6.8).

2 ·H
ωs
· d

2δ

dt2
= Pm −

|V | ·
∣∣E′∣∣

Xeq
−D · dδ

dt
(6.10)

Three different states accompanying a disturbance can be identified with three, ge-
nerally different, values of Xeq: (i) the pre-fault state when the reactance Xeq =
Xeq,pref ; (ii) the fault state when Xeq = Xeq,f , and (iii) the post-fault state when
Xeq = Xeq,postf .

During a short-circuit fault, the electric power delivered by a synchronous generator
depends on the short-circuit type, fault point and fault impedance, which result in
different Xeq,f values. Based on power system in Figure 6.4 and considering a short-
circuit at the terminals of the generator, the equivalent circuit during the fault is
shown in Figure 6.5.

According to Figure 6.5, voltages E′ and V are directly connected by an equivalent
fault reactance Xeq,f obtained using the star-delta transformation.

Xeq,f = X ′d +Xl + X ′d ·Xl

∆Xf
(6.11)
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Xeq,f

|V |∠0◦
∣∣E′∣∣∠δ

Figure 6.5. Equivalent circuit during a fault

where ∆Xf is the fault shunt reactance at the faulted point. The use of symmetri-
cal components allows any type of fault to be represented in the positive-sequence
network by a fault reactance ∆Xf connected between the point of the fault and
the neutral as shown in Figure 6.5. The value of the shunt fault impedance ∆Xf

depends on the type of fault and is given in Table 6.1 where X1, X2 and X0 are
respectively the positive, negative, and zero sequence Thevenin equivalent reactances
as seen from the fault terminals [124].

Table 6.1. Shunt reactances representing different types of faults (I)

Type 3Ph 2PhG 2Ph 1Ph

∆Xf Xf Xf +
(X2 +Xf ) · (X0 +Xf + 3 ·Xt)
X2 +X0 + 2 ·Xf + 3 ·Xt

Xf +X2 X2 +X0 + 3 ·Xf

The circuit diagram in Figure 6.5 corresponds to the positive-sequence network so
that when Xeq,f in (6.11) is used in the power-angle characteristic, only the torque
and power due to the flow of positive-sequence currents is accounted for. The ex-
pressions can be further simplified by considering a null fault reactance and equal
values of sequence reactances (X1 = X2 = X0). Hence, shunt reactances represen-
ting different types of fault have the values indicated in Table 6.2. The corresponding
power-angle characteristics during the fault are illustrated in Figure 6.6.

Table 6.2. Shunt reactances representing different types of faults (II)

Type 3Ph 2PhG 2Ph 1Ph

∆Xf 0
X1
2 X1 2 ·X1

In addition, the accelerating torque for unbalanced faults is smaller than that for
three-phase faults, and so, the rotor accelerates less rapidly and the rotor angle at
the clearing instant is smaller. As a result, stability margins are larger.

In order to characterise a voltage dip caused by a short-circuit at the faulted bus
(or an other bus in the power system), the transient behaviour of the synchronous
generator shall be studied, determining the load angle δ at every instant. Therefore,
Equation (6.10) shall be solved using numerical integration techniques. If the study
case is simplified considering a power system without damping (D = 0) and with no
electrical power during the fault (e.g. a bolted three-phase short-circuit), (6.10) can
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Figure 6.6. Power angle curve during unbalanced faults

be solved by direct integration. The solution for δ calculation in the case of a bolted
three-phase short-circuit is:

δ = Pm · ωs

4 ·H · t2 + δ0 (6.12)

At the fault clearing instant, t = tdip. As a result, δ1 can be calculated according to
(6.13).

δ1 = Pm · ωs

4 ·H · t2dip + δ0 (6.13)

For the rest of the cases (i.e. non-bolted three-phase short-circuits or unbalanced
short-circuits) load angle δ at the fault clearing instant shall be computed using
numerical methods. Indeed, during short-circuits other than bolted three-phase
short-circuits, the synchronous generator can only supply electrical power Pe as
indicated below.

Pe (δ) = Pmax,fault · sin δ (6.14)

where maximum active power Pmax,fault is:

Pmax,fault =
|V | ·

∣∣E′∣∣
Xeq,f

(6.15)

As a consequence, for short-circuits other than bolted three-phase short-circuits or
with damping, (6.16) shall be solved:

d2δ

dt2
=

(
Pm − Pe (δ)−D · dδ

dt

)
· ωs

2 ·H (6.16)

Besides, the calculation of the evolution of the load angle δ, helps determine if
transient stability is guaranteed. For this purpose, though, a simpler method can
be used, without needing to solve the swing equation: the equal area criterion.
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Stability is maintained in the system whenever the acceleration area is smaller than
deceleration area. However, this method can only be applied to a SMIB system or
to a power system composed by two generators.

Using the SMIB model, a voltage dip can be characterised with the calculation of
the characteristic parameters indicated on Figure 6.2.

Voltage dip magnitude The voltage dip magnitude at fault point F in Figure 6.5
can be computed as:

V F = 1j ·∆Xf · If (6.17)

Being If the fault current:

If =
V eq

1j · (Xeq + ∆Xf ) (6.18)

V eq is the equivalent voltage of the synchronous generator and the infinite bus.
Applying Millman’s theorem:

V eq =
(

V

1j ·Xl
+ E′∠δ0

1j ·X ′d

)
· 1j ·Xeq (6.19)

For this case, Xeq is:

Xeq = Xl ·X ′d
Xl +X ′d

(6.20)

And the initial rotor angle of the generator can be calculated as:

δ0 = arcsin Pm ·Xeq,pref

|V | ·
∣∣E′∣∣ (6.21)

Therefore, the voltage dip magnitude can be calculated as:

|V F | = ∆Xf ·
∣∣V eq

∣∣
Xeq + ∆Xf

(6.22)

However, as indicated before, Figure 6.5 only represents the positive sequence cir-
cuit, and hence, V F is the positive sequence voltage. Therefore, in order to compute
voltage at faulted point, all three sequence voltages shall be added up. Equation
(6.22) is verified only for three-phase short-circuits. For unbalanced faults, expres-
sions in Table 6.3 shall be taken into account. Double-phase-to-ground faults have
not been considered, because they are not generally mentioned in most of the grid
codes under review in Chapter 2.
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Table 6.3. Voltage dip magnitude for unbalanced faults

Fault type Voltage dip magnitude

Single-phase-to-ground ∣∣V F ∣∣ = 3 ·Xf ·

∣∣V eq∣∣
Xeq + ∆Xf

(6.23)

Two-phase

∣∣V F ∣∣ =
(

2 ·X2 +Xf

)
·

∣∣V eq∣∣
Xeq + ∆Xf

(6.24)

Therefore, a generalised form for voltage dip magnitude calculation can be adopted
for any shunt fault type:

|V F | = ∆′Xf ·
∣∣V eq

∣∣
Xeq + ∆Xf

(6.25)

Where ∆′Xf also depends on the fault type as indicated in Table 6.4.

Table 6.4. Shunt reactances representing different types of faults (III)

Fault type 3Ph 2Ph 1Ph

∆′Xf Xf 2 ·X2 +Xf 3 ·Xf

Minimum voltage This parameter represents the voltage value at the clearing
instant and can be obtained by (6.26) with Veq evaluated at δ = δ1. As a result:

|V min| = ∆′Xf ·
∣∣V eq (δ1)

∣∣
Xeq + ∆Xf

(6.26)

V eq (δ1) =
(

V

1j ·Xl
+ E′∠δ1

1j ·X ′d

)
· 1j ·Xeq (6.27)

Comparing (6.19) and (6.27), it can be observed that the only difference is the angle
δ1 between the machine and the infinite bus. This angle depends on many parameters,
such as the initial state (angle δ0), the generator inertia, the fault duration, the fault
type and fault impedance, as it results from solving (6.16).

Fast recovery voltage The fast recovery voltage corresponds to the voltage value
immediately after the fault clearing. In first instance, the value of the load angle δ
shall be computed at the fault clearing instant, i.e. δ1, as done for the calculation
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of minimum voltage. However, during the first post-fault instants, the synchronous
generator supplies the following electrical power:

Pe (δ) = Pmax,postf · sin δ =
|V | ·

∣∣E′∣∣
Xeq,postf

(6.28)

where Pmax is the maximum active power after the fault. It equals the pre-fault
power if the power system recovers totally from the short-circuit. If not (e.g. a double
circuit line only recovers one of the feeders), the equivalent impedance for the power
delivery results into higher values, and therefore, the maximum active power being
supplied by the generator is lower.

Hence, the fast recovery voltage can be calculated in complex form as indicated by
(6.29).

V rec = E′∠δ1 −
(E′∠δ1 − V ) · 1j ·X ′d

1j · (Xl +X ′d) = E′∠δ1 · 1j ·Xl + V · 1j ·X ′d
1j · (Xl +X ′d) (6.29)

|V rec| =
1

Xl +X ′d
·
√

(Xl · E′ · cos(δ1) + V ·X ′d)2 + (Xl · E′ · sin(δ1))2 (6.30)

Maximum overvoltage In order to compute the maximum overvoltage and the
instant of maximum overvoltage (corresponding to the first swing oscillation of the
generator), maximum value of (6.31) shall be calculated. Therefore, in order to com-
pute the maximum overvoltage magnitude, Equation (6.32) shall be derived and
equaled to 0.

V (δ) = E′∠δ − (E′∠δ − V ) · 1j ·X ′d
1j · (Xl +X ′d) = E′∠δ · 1j ·Xl + V · 1j ·X ′d

1j · (Xl +X ′d) (6.31)

|V (δ)| = 1
Xl +X ′d

·
√

(Xl · E′ · cos(δ) + V ·X ′d)2 + (Xl · E′ · sin(δ))2 (6.32)

The maximum overvoltage does not correspond to the LVRT requirement, but to
the HVRT requirement which is out of the scope of this thesis.

6.3.2.2 Two machine system

In a system with two machines (Figure 6.7), one of the machines must be generating
and the other must be motoring.

Therefore, considering a lossless interconnection line:

Pm,1 = −Pm,2 = Pm (6.33)
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∣∣E′2∣∣∠δ2

X ′2,dX ′1,d Xl∣∣E′1∣∣∠δ1

Figure 6.7. A two machine power system

Pe,1 = −Pe,2 = Pe (6.34)

Dismissing damping constants, swing equations can be rewritten like:

2 ·H1
ωs

· dω1
dt

= Pm,1 − Pe,1 = Pm − Pe (6.35)

2 ·H2
ωs

· dω2
dt

= Pm,2 − Pe,2 = Pe − Pm (6.36)

Subtracting (6.35) and (6.36):

d (ω1 − ω2)
dt

= ωs ·
H1 +H2
H1 ·H2

· (Pm − Pe) (6.37)

Considering δ = δ1 − δ2 and ω = ω1 − ω2 and defining an equivalent inertia Heq,
Equation (6.39) is obtained:

Heq = H1 ·H2
H1 +H2

(6.38)

If Generator 1 is of quite large capacity in comparison with Generator 2, the case
corresponds to a SMIB [140].

2 ·Heq

ωs
· dω
dt

= Pm − Pe (6.39)

where:

Pe =
∣∣E′1∣∣ · ∣∣E′2∣∣

X ′d,1 +X ′d,2 +Xl
· sinδ (6.40)



6.3 Theoretical analysis 95

6.3.2.3 Multi-machine power systems

For the calculation of voltage dip characteristic parameters in multi-machine power
systems, a power flow shall be solved in a first instance. Then, individual power
swing equations of each machine must be computed based on the admittance matrix
of the system. As an instance, for a two machine system (6.35) and (6.36) must be
solved.

However, multi-machine systems can be simplified taking into account the following
hypotheses:

1. Find out coherent machines that oscillate simultaneously for being electrically
close (i.e. two generators at the same power plant) [141].

2. Reduce a two-machine system to an equivalent system made up of a single
generator with equivalent inertia connected to a infinite bus [142].

A fault inducing a voltage dip can lead to transient instability. To study transient
stability in multi-machine systems, equal area criterion can be widely used, but
following simplifications are considered to reduce the original system to a single
machine infinite bus system:

• Divide the machines in the system into two groups: the critical machines that
are responsible for the loss of synchronism, and the remaining non-critical ones.

• Replace the two groups by two equivalent machines.

• Replace these machines by an equivalent single machine, infinite bus system
(Section 6.3.2.2).

• Evaluate the system stability using the equal area criterion.

6.3.3 Dynamic regulated model

The transient power-angle characteristic for an unregulated generator has been deri-
ved assuming that the excitation is constant. In practice, synchronous generators are
equipped with an AVR which tries to maintain voltage at the generator terminals
constant by adjusting the value of the excitation voltage, and, consequently, Ef .

When a fault occurs, the generator terminal voltage drops and the large regulation
error ∆V = Vref−Vg forces the AVR to increase the generator field current. However,
the field current does not change immediately due to a delay depending on the gain
and time constants of the AVR, and on the time constant of the generator field
winding. Therefore, Eg does not remain constant as indicated as hypothesis for the
unregulated model.

The effect of AVR action on transient stability is shown in Figure 6.8, assuming a
non-solid three-phase fault at δ = δ2 [124]. When no AVR is present (Figure 6.8(a)),
this system may lose stability. The effect of the AVR, shown in Figure 6.8(b), is to
increase the field current leading to an increase in the transient emf E′. This increase
in E′ can be accounted for by drawing a family of power-angle characteristics PE′(δ)
for different values of E′.
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Figure 6.8. Effect of AVR on transient stability

Under typical assumptions, the synchronous generator can be modelled by the follo-
wing set of non-linear differential equations:

2 ·H
ωs
· d

2δ

dt2
= Pm − E′q · Iq −D ·

dδ

dt
(6.41)

dE′q
dt

= 1
T ′d0
·
(
Efd − E′q − (Xd −X ′d) · Id

)
(6.42)

where Efd is the equivalent emf in the exciter coil, E′q is the transient emf due to
field flux linkage, T ′d0 is the direct-axis open-circuit transient time constant of the
generator, Xd the synchronous reactance, X ′d the transient reactance, Id and Iq are
direct and quadrature axis components of stator current.

If the excitation system is a high gain static system and the terminal voltage is
measured using a transducer with first-order dynamics, Efd can be expressed as:

Efd = Ka · (Vc + Vpss) (6.43)

Vtr

dt
= 1
Tr
· (−Vtr + Vt) (6.44)

where Vtr and Tr are the output and time constant of the voltage transducer, Ka is
the gain of the exciter amplifier, Vt =

√(
E′q −X ′d · Id

)2 + (X ′d · Iq)2 is the generator
terminal voltage and Vc is the input to the exciter (output of the designed controller).
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6.4 Grid model and event representation
In this section, the generic grid model introduced in Chapter 4 has been particula-
rised in order to characterise voltage dips in isolated power systems, based on the
theoretical analysis in Section 6.3 and taking into account the sensitivity of the grid
model parameters. Finally, equations leading to the parameterisation of the particu-
lar grid model are presented.

6.4.1 Particular grid model

Two different grid models are hereby proposed to obtain the characteristic behaviour
of island power grids during voltage dips. The divider model in Figure 6.9(a)
and the more complex T-shaped model in Figure 6.9(b), based on [117]. In both
particular models, the load asset establishes the power flow in the system. A short-
circuit must be applied at point F to simulate the appearance of a voltage dip.
Zl2 limits voltage dip magnitude at PCC and Zl1 represents the source impedance.
Regarding the generating units:

• Voltage divider model (Figure 6.9(a)): Generator 1 stands as the equivalent
generating unit of the whole power system. For emulating a square shaped dip,
Generator 1 must be modelled as an ideal voltage source, disregarding its
dynamics. For a polygonal voltage dip, Generator 1 must be modelled as a
synchronous generator, including controls.

• T-shaped model (Figure 6.9(b)): Generator 2 represents the generator which
is closer to the fault point and Generator 1 is the equivalent of the rest of the
generating units. Both generators must include controls.

6.4.2 Sensitivity of particular grid model parameters

6.4.2.1 Voltage divider model

The analysis of the sensitivity of the voltage divider model parameters related to
voltage dip is based on Figure 6.9 (a) with values indicated in Table 6.5. Parameter
values has been selected based on typical medium-size islands.

Table 6.5. Parameters of the voltage divider model

Parameter Value

UN 30 kV

Ssc 100 MVA

Pload 20 MW
Note: Source is totally inductive.

Voltage dip magnitude depends on pre-fault voltage, short-circuit type, short-circuit
power, impedance fault, and R/X ratio. The pre-fault voltage has been excluded
from the sensitivity study, as it is normally assumed to be 1 p.u. Zl2 includes the
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Generator 1 F

Load

Zl1 Zl2
PCC

(a) Voltage divider model

Generator 1 F

Generator 2
Load

Zl1 Zl2
PCC

(b) T-shaped model

Figure 6.9. Particular grid model for voltage dip analysis

impedance of the feeder from the PCC until the fault point F, with a bolted fault.
Figure 6.10 shows the voltage dip magnitude sensitivity with respect of short-circuit
type and power system strength.

Short-circuit type Zl1,1 = Zl1,2 are considered equal as hypothesis, representing
the source impedance. In addition, for the study, two types of power systems are
considered: solidly grounded transmission systems (where Zl1,1 = Zl1,2 = Zl1,0) and
solidly grounded distribution systems (where Zl1,0 = 2.5 · Zl1,1).

Figure 6.10(a) illustrates the effect of the short-circuit type on the voltage dip mag-
nitude at the PCC. Voltage dips caused by two-phase short-circuits only reach 0.5
p.u. For the rest of short-circuit types, dip magnitude is 0 p.u. at the fault point
(as the fault impedance Zl2 is assumed null). Nonetheless, as distance to fault point
increases, three-phase, single-phase and two-phase-to-ground shortcircuits in solidly
grounded distribution systems have a higher magnitude than the rest of faults.

Short-circuit power The dependence of voltage dip magnitude on short-circuit
power was analytically derived for three-phase short-circuits in Chapter 1. Weak
power grid show low short-circuit power values. Therefore, voltage dip magnitude is
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deeper. Figure 6.10(b) shows the effect of short-circuit on voltage dip magnitude at
the PCC, based for the voltage divider model. A totally inductive 30 kV network
and a bolted three-phase short-circuit have been considered for illustration purpose.
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Figure 6.10. Effect of parameters on voltage dip magnitude

Voltage recovery If instead of considering Generator 1 as a voltage source with
dismissable internal impedance, it is modelled as a controlled synchronous generator,
the voltage dip envelope shows a polygonal shape: voltage dip magnitude is not
constant, voltage recovery is not instantaneous, and some overvoltage can appear on
recovery.

Based on the voltage divider model in Figure 6.9(a) with parameters in Table 6.5,
voltage recovery has been analysed for three-phase short-circuits. The generator
size and the line impedance have been modified in order to analyse their impact
on voltage recovery, illustrated in Figure 6.11. It can be concluded that as voltage
source is stronger, recovery is faster and with lower post-fault overvoltage. On the
other hand, the closer the voltage source to the PCC, the higher is overvoltage. In
any case, post-fault overvoltage seems to be linked to the fast recovery voltage. For
lower fast recovery voltages, resulting postfault voltage is higher. These two aspects
are more important than voltage regulator parameters for this case study.
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Figure 6.11. Effect of parameters on voltage dip recovery
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6.4.2.2 T-shaped model

The sensitivity study is based on the particular grid model in Figure 6.9(b) parame-
terised as indicated in [117], considered as base case. Fault impedance is represented
by Zf , and not by Zl2. Some of the parameters under study only affect voltage du-
ring the disturbance, but others influence the pre-fault, during fault and post-fault
situations, e.g. short-circuit power, X/R relation or pre-fault voltage. Results are
plotted in Figure 6.12.
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Figure 6.12. Effect of parameters on voltage response

Short-circuit type On the base case study, different types of short-circuits have
been applied with the same fault impedance Zf = 1i · 4.067Ω. For any type of fault
except for double-phase short-circuits, the voltage magnitude and minimum voltage
are very similar. For two-phase faults magnitude is above 0.5 · Vpf p.u. The fastest
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recovery corresponds to single-phase-to-ground faults, resulting in an almost square-
shaped dip. Two-phase and two-phase-to-ground faults have a very similar recovery
behaviour, in any case faster than for three-phase faults.

Pre-fault voltage The influence of the pre-fault voltage is illustrated in Figure
6.12(a). The test is performed by changing the voltage reference at the slack bus
Bus 1. Therefore, voltage level at PCC bus is modified from the base case. Although
it hardly affects during the disturbance, it does the voltage recovery. For lower pre-
fault voltages,the fast recovery voltage decreases. Therefore, recovery is slower. For
low reference voltages, the fast recovery voltage is too small and unable to recover
stability.

X/R relation of feeder impedances Figure 6.12(b) shows the sensitivity of X/R
relation. For more resistive feeders, voltage dip is deeper, but fast recovery voltage
is higher on the other hand.

Fault duration Figure 6.12(c) shows the sensitivity of fault duration. Minimum
voltage is lower for longer faults, as well as fast recovery voltage. Therefore, voltage
recovery is slower for longer faults, and above the critical clearing time, the system
loses stability.

Short-circuit power The short-circuit power at the PCC in the base case is 4827.4
MVA, as it represents a continental strong power system. As the short-circuit impe-
dance strongly depends on the line impedance Zl2, the latter has been modified in
order to study the influence of the grid strength on voltage dips. However, it does
not only affect voltage during the fault, but also in the pre-fault situation, as seen in
Figure 6.12(d). In weaker grids, pre-fault and post-fault voltages are higher, voltage
dip magnitude and minimum voltage are lower, but the voltage recovery also seems
faster.

Fault impedance Figure 6.12(e) shows the sensitivity of fault impedance. For bol-
ted three-phase faults, dip magnitude is zero, and as fault impedance increases, so
does voltage dip magnitude. Voltage during fault is lower if fault impedance is consi-
dered inductive, as the power system is mostly inductive. Voltage recovery is slightly
slower for lower dip magnitude values.

Generator inertia As observed in Figure 6.12(f), lower inertia constants lead to a
slightly lower voltage dip and recovery is slower. The inertia of the generating unit
that is closer to the fault point has more relevance.

Voltage regulation system As seen theoretically for the dynamic regulated mo-
del, the transient behaviour of a synchronous machine depends on the AVR system
if present, but also on generator parameters. Regarding the excitation system, it can
be concluded that the most influencing generator is the most electrically close to the
PCC. For longer duration faults (e.g. 500 ms), transient stability is lost sooner if the
closest generation has no excitation system. Regarding the generator parameters, it
can also be seen that the most influencing generator is the most electrically close to
the PCC (Generator 2 ).
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Comparison with voltage divider model In order to compare the voltage di-
vider model and the T-shaped model, two alternatives have been analysed. Firstly,
the T-shaped model based on [117] has been simplified. Results are shown in Figure
6.13(a), compared to the base case based on [117]. If Generator 2 is left out of service
(G2 OOS), voltage drops in the transmission lines are high, and lower impedance va-
lues must be configured so as to solve the power flow: Zl1 = Zl2 = 0.5 p.u. have been
selected in this case. The three-phase short-circuit at the PCC with Zf = 4.067Ω
results now into a square-shaped dip. Alternatively, if Generator 1 is disconnected
(G1 OOS), it also results into a divider model. Voltage dip is not square under that
case, but recovery is still faster than the base case. Secondly, the voltage divider
model with parameters in Table 6.5 has been converted into a T-shaped model by
installing a second generator Generator 2 (G2 in service) in the load bus, generating
10 MW. Figure 6.13(b) shows that recovery is slower than in the base case voltage
divider model and that post-fault overvoltage is lower.
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Figure 6.13. Effect of generic model on voltage dip

6.4.3 Parameterisation of grid model for grid code complian-
ce verification

The voltage divider model is adequate as a first approach, and can be suitable
for most small and medium size isolated systems. However, the T-shaped model is
necessary to characterise voltage dips in wider networks, as well as to study transient
stability.

LVRT profiles in the grid codes can be square, step or ramp profiles (Figure 4.5). For
square dips, it is only necessary to adjust dip magnitude. Step profiles respond to
the action of protection relays, which is out of the scope of the thesis. Ramp profiles
represent a slower recovery, depending on generator dynamics, grid topology and
voltage regulation. As overviewed in Section 6.3, analysis is complex under those
factors and and analytical adjustment results into high-order equations. Therefore,
only voltage dip magnitude is parameterised hereby. For both voltage dip models,
voltage dip magnitude depends, among other factors, on the short-circuit power
at the fault point and fault impedance. Therefore, particular grid models can be
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tuned based on both those parameters: Zl2 representing the fault impedance and

Zl1 limiting the short-circuit power at the fault point. Zl1 = V 2
F

Ssc,F
. Short-circuit

power must correspond to maximum values, attained under peak demand scenario.
In small and medium size island grids, voltage source internal impedance is not
dismissable. Generator parameters and voltage regulators must be set to typical
values.

Considering an inductive power system source for simplicity, Table 6.6 indicates
fault impedance values for resistive and inductive fault impedances for a given vol-
tage dip magnitude and different short-circuit types. Resistive faults are commonly
considered in real cases. However, [117] considers fault reactances as calculation is
streamlined and reactive power requirements are higher under that assumption for
WTGs. In the case of two-phase short-circuits, voltage dip magnitude corresponds
to phase B for a fault between phases B and C. In the voltage divider model, Veq

corresponds to the pre-fault voltage in p.u. and Xeq to the positive sequence source
reactance. For the T-shaped model, Veq is the equivalent voltage of both generator
buses and Xeq the equivalent positive sequence reactance. The voltage minimum
and the fast recovery voltage can be calculated using (6.27) and (6.30) based on the
parameterisation for dip magnitude. Two-phase-to-ground faults are out of the scope
of the parameterisation because parameterisation results into high order equations
and this type of fault is not generally mentioned in most of the grid codes under
review in Chapter 2.
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Table 6.6. Voltage dip magnitude adjustment

Type Resistive fault Inductive fault

3Ph

Rf =
|V dip| ·Xeq√
|V eq|2 − |V dip|2

(6.45)

Xf =
|V dip| ·Xeq

|V eq| − |V dip|
(6.46)

1Ph

Rf =
|V dip| ·Xeq√
|V eq|2 − |V dip|2

(6.47)

Xf =
|V dip| ·Xeq

|V eq| − |V dip|
(6.48)

2Ph

Rf =
−b1 ±

√
b2

1 − 4 · a1 · c1

2 · a1
(6.49)

Xf =
−b2 ±

√
b2

2 − 4 · a2 · c2

2 · a2
(6.50)

Note: a1 = |V dip|2 − |V eq|2 a2 = |V eq|2 − |V dip|2
b1 = −|V eq|2 ·Xeq b2 = Xeq ·

(
|V eq|2 − 4 · |V dip|2

)
c1 = X2

eq ·
(
4 · |V dip|2 − |V eq|2

)
c2 = X2

eq ·
(
|V eq|2 − 4 · |V dip|2

)



Chapter 7

Voltage and current unbalance

7.1 Introduction

Voltage unbalance as a power quality issue is quite a common phenomenon, par-
ticularly in weak AC systems [143], because sources of unbalance can arise from
multiple unsymmetrical conditions. It has been identified that unbalanced voltages
can occur in weak power grids even during normal operation [144]. On one hand,
insular weak power grids are mainly composed by distribution networks, which are
prone to unbalanced voltage because of prevailing single phase loads, unbalanced
phase impedance or combination of both [145], [146]. Generation sources might al-
so contribute to unbalance. As an instance, photovoltaic systems connected to the
grid produce structural unbalance and unbalance due to partial shading [147]. Single
phase distributed generation also contribute to unbalance as they generate power
on only one phase. Asymmetrical short-circuit faults do as well cause temporarily
unbalanced regime and their study is of interest as they are more common than
symmetrical shunt faults. Therefore, voltage unbalance is characterised in this chap-
ter depending on the three main unbalancing factors: asymmetrical short-circuit
faults, series faults, and unbalanced loads. Current unbalance is not generally
considered a power quality parameter according to current standards [148], with a
few exceptions. However, it is worth studying it, because it is a root cause of the
aforementioned voltage unbalance phenomena.

This chapter reviews analytical models to characterise voltage and current unbalance
in power systems and it is organised as follows. In Section 7.2, characteristic parame-
ters regarding voltage and current unbalance are defined. In Section 7.3 voltage and
current unbalance is analitically studied referred to three phenomena: asymmetrical
short-circuits, series faults, and unbalanced loads. Unbalanced sources are out of the
scope of this thesis. A particular grid model able to emulate voltage unbalance is
introduced in Section 7.4, simplifying the initially proposed model following a sensi-
tivity study. Subsection 7.4.3 introduces formulae leading to the parameterised grid
model.
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7.2 Voltage unbalance definition

A three-phase power system is called balanced if the three-phase voltages and cu-
rrents have the same amplitude and are phase shifted by 120◦ with respect to each
other. If these conditions are not met, the system is unbalanced.

Several parameters have been proposed to quantify the level of voltage and current
unbalance. The most used concepts are described below.

VUF It is defined as the ratio of the negative sequence voltage component to the
positive sequence voltage component, and therefore, subindex− is added accordingly.
The percentage negative voltage unbalance factor is given by:

V UF−( %) = |V 2|
|V 1|

· 100 = Ku− · 100 (7.1)

Strictly speaking, VUF should also take into consideration zero sequence voltage
component. Therefore, a similar ratio is sometimes defined for the homopolar versus
direct magnitude ratio as well, called the homopolar unbalance factor V UF0.
However, most power systems are compensated and zero sequence currents cannot
flow in those systems.

CUF Correspondent unbalance factors can be defined for current unbalance: CUF.

CUF−( %) = |I2|
|I1|
· 100 = Ki− · 100 (7.2)

Reference [149] introduces the concept of total current unbalance factor as the
sum of negative and homopolar current unbalance factor. Correspondingly, a total
voltage unbalance factor TV UF could also be defined as:

TV UF ( %) = V UF−( %) + V UF0( %) (7.3)

An easier approximate way to calculate the voltage asymmetry is:

V UF ( %) = SL

Ssc
· 100 (7.4)

This ratio only uses the apparent power of the load SL and the short-circuit power
Ssc of the supply circuit.

Complex Voltage Unbalance Factor (CVUF) It is an extension of VUF. It is
defined as the ratio of the negative sequence voltage phasor to the positive sequence
voltage phasor [150], and therefore, subindex − is added accordingly. Their ratio



7.3 Theoretical analysis 107

results in a complex number, whose angle represents the lag between the negative
and positive sequences. The percentage voltage unbalance factor is given by:

CV UF−( %) = V 2
V 1
· 100 = Ku · 100∠Θu (7.5)

The corresponding definition for current can also be introduced: Complex Current
Unbalance Factor (CCUF).

Load Unbalance Factor (LUF) It is defined as the ratio between the maximum
current and the balanced current absorbed by a three-phase load. It can also be
expressed as a function of load phase impedances. Unbalance in phase A with respect
to phases B and C can be expressed as:

LUF ( %) = |Ia|
|Ib|
· 100 = |Za|

|Zb|
· 100 (7.6)

In the previous definitions, sequence voltages are necessary for some unbalance mea-
surements. Therefore, the theoretical analysis is further based on the symmetrical
components theory, also called the Stokvis-Fortescue theorem.

7.3 Theoretical analysis

Voltage and current unbalance can arise because of transient disturbances such as
short-circuit and series fault, as well as because of unbalanced loading in the power
system. Therefore, the following theoretical characterisation of unbalance focuses on
all three situations.

7.3.1 Analysis of asymmetrical short-circuit faults

In three-phase systems, shunt faults can result into balanced or unbalanced faults as
indicated in Figure 7.1. The connection of the sequence circuits for short-circuits and
expressions for voltage and current calculation at PCC are annexed in Appendix B.
Based on above-mentioned expressions, Complex Voltage Unbalance Factor (CVUF)
and Complex Current Unbalance Factor (CCUF) have been computed at the PCC
for the different types of faults.

Single-phase short-circuit

CV UF = − Z2
Z2 + Z0 + 3 · Zf

(7.7)

CCUF = 1 (7.8)
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(a) Three-phase balanced fault
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(b) Single-phase-to-ground fault
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(c) Two-phase fault
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Zt

(d) Two-phase-to-ground fault

Figure 7.1. Types of short-circuits

Double-phase short-circuit

CV UF = Z2
Z2 + Zf

(7.9)

CCUF = −1 (7.10)

Double-phase-to-ground short-circuit

CV UF =
Z2 ·

(
Z0 + Zf + 3 · Zt

)(
Z2 + Z0 + 2 · Zf + 3 · Zt

)
·
(
Zf + Z

) (7.11)

where: Z =
(
Z2 + Zf

)
·
(
Z0 + Zf + 3 · Zt

)
Z2 + Z0 + 2 · Zf + 3 · Zt

CCUF = − Z0
Z2 + Z0

(7.12)

7.3.2 Analysis of series faults

Another source of unbalance in power systems is the appearance of series faults.
Common unbalances are a blown fuse or broken conductor, hereinafter called one
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open phase (Figure 7.2(a)) and two blown fuses or open conductors, hereinafter
called two open phases (Figure 7.2(b)). The loss of any phase may result in a
notable reduction of voltage on one or more phases and a corresponding increase in
voltage unbalance.

A B C

Ia

Ib

Ic

A’ B’ C’

(a) One phase open

A B C

Ia

Ib

Ic

A’ B’ C’

(b) Two open phases

Figure 7.2. Series fault types

Unequal phase impedances are also included in this analysis (Figure 7.3). Une-
qual mutual impedances can arise as a result of asymmetrical electromagnetic
coupling between the conductors of untransposed/partially transposed single cir-
cuit or multi-circuit transmission and distribution overhead lines, including a wide
range of possible combinations between magnitudes and angles of the respective se-
ries impedances of phases A, B and C [151]. It also includes any other asymmetrical
structure of network elements, such as transformers.

A

B

C

Ia

Ib

Ic

Zaa

V an

F
A’

B’

C’
V b′n V c′nV bn V cn V a′n

Zbb

Zcc

F’

Figure 7.3. Unequal series impedance

In Figure 7.3 only self impedances of each phase Zaa, Zbb and Zcc are considered,
as mutual impedances between phases have been neglected as they are often small
compared to self impedances [152]. Among the wide range of possible combinations
between magnitudes and angles of the self impedances, Zaa 6= Zbb = Zcc is conside-
red.

In series faults, there is no fault point in the sense described for shunt faults. Rather,
there are two fault points, indicated with F and F ′, at both sides of the unbalance.
Thus, the sequence network is still that of a completely symmetrical system, and the
unbalanced portion is isolated outside the sequence network [152]. The connection
of the sequence circuits for series faults, as well as the mathematical derivation can
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be found in Appendix B. Current direction is assumed to be from F to F ′, and a
voltage drop is shown in the assumed direction of current.

It must be remarked that load current must be included for these series unbalances,
as the current is dependent on the load or difference between the system voltages
on either side of the open. Load would be connected at terminals A′, B′ and C ′. If
load is omitted as it is common for the shunt faults, no current would be able flow in
the networks. Balanced loading is considered for analysis purpose, as simultaneous
unbalancing conditions are not considered.

Voltage and current during the series fault have been calculated between the faulted
points F and F ′ and its positive, negative and zero components are indicated in
Appendix B. Complex Voltage Unbalance Factor at terminals A′, B′ and C ′ has
been computed. A balanced three-phase voltage system is considered at phases A,
B and C. Therefore, negative voltage unbalance at load PCC can be calculated as
indicated by (7.13). Complex Current Unbalance Factor has also been computed.

CV UF = −∆V a2
V pf −∆V a1

(7.13)

Unequal impedances

CV UF = − Z2 · Z(
Z2 + Z0 + 2 · Zbb + Zaa − Zbb

3

) (7.14)

where: Z =
(Z0 + Zbb) ·

(
Zaa − Zbb

3

)
Z0 + Zbb + Zaa − Zbb

3

CCUF = − Z0 + Zbb

3 · (Z2 + Z0) + 5 · Zbb + Z2
(7.15)

One open phase

CV UF = Z2 · (Z0 + Zbb)
Z1 · (Z2 + Z0 + 2 · Zbb) (7.16)

CCUF = − Z0 + Zbb

2 · Zbb + Z2 + Z0
(7.17)

Two open phases
CV UF = Z2

Z1
(7.18)

CCUF = 1 (7.19)
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7.3.3 Analysis of unbalanced loads

Large loads in power systems are mostly three-phase symmetrical. A great number
of existing small single-phase loads does not exceedingly distort the symmetry, as
these loads are distributed almost evenly to all three phases and statistical variation
in powers drawn by each phase is usually insignificant. Unbalance is mainly caused
by large single-phase loads, such as single-phase electric railways or big single-phase
electric furnaces. Unlike a short circuit condition, these unbalanced situations often
exist for a long time before being detected.

This study focuses on both one single-phase loads connected to line and pha-
se voltages (Figure 7.4), and unbalanced three-phase loads connected in
ungrounded and grounded star (Figure 7.5), as well as in delta (Figure 7.6).
Ungrounded star and delta three-phase loads are equivalent respectively to three sin-
gle phase loads connected to phase and line voltages, respectively. The connection of
the sequence circuits for unbalanced load, as well as the mathematical derivation can
be found in Appendix B. Among the possible combinations between magnitudes and
angles of the load impedances, for three-phase loads in star connection Za 6= Zb = Zc

is assumed. For line connected three-phase loads, Zbc 6= Zab = Zca is assumed.

Regarding three-phase loads, three kind of unbalance types can arise [148]: only am-
plitude unbalance (phase shifts between the phasors are equal), only phase unbalance
(amplitudes of phasors are equal) and mixed unbalance (amplitude unbalance along
with phase unbalance).

A

B

C

Zbc

Ia

Ibc

Ib

Ic

Figure 7.4. Single-phase load between phases B and C

Voltage due to unbalanced load has been calculated at the PCC of the load and
its positive, negative and zero sequence components are indicated in Appendix B.
Based on those expressions, Complex Voltage Unbalance Factor and Complex Cu-
rrent Unbalance Factor have been computed for unbalancing load situations under
study. Load unbalance can be further characterised by Complex Load Unbalance
Factor (CLUF).

Single-phase load
CV UF = Z2

Z2 + Zbc

(7.20)

CCUF = −1 (7.21)
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Figure 7.5. Three-phase load in ungrounded star connection
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Figure 7.6. Three-phase load in delta connection

Three-phase load in ungrounded star connection

CV UF = Z2 · (Za − Zb)
Zb · (2 · Z2 + Zb + 2 · Za) + Za · Z2

(7.22)

Voltage unbalance for a three-phase load in ungrounded star connection could the-
refore be calculated using (7.23). Negative voltage unbalance depends on the source
strength in relation to the power drawn by the load and on the phase difference
between source and load. In addition, it is also influenced by load unbalance type
and degree, characterised by CLUF.

CV UF = CLUF − 1

2 + CLUF + Zb

Z2
· (1 + 2 · CLUF )

(7.23)

CCUF = − Za − Zb

2 · Zb + Za + 3 · Z2
(7.24)

CCUF = CLUF − 1

2 + CLUF + 3 · Z2
Zb

(7.25)
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Three-phase load in grounded star connection

CV UF = Z2 · Z
′(

Z2 + Z0 + 2 · Zb + Za − Zb

3

)
·
(
Zb + Z

′′
) (7.26)

where: Z
′

=
(Z0 + Zb) ·

(
Za − Zb

3

)
Z0 + Zb + Za − Zb

3

and Z
′′

=
(Z2 + Zb) · (Z0 + Zb) ·

(
Za − Zb

3

)
Z2 + 2 · Zb + Z0 + Za − Zb

3

CCUF = −
(Z0 + 3 · ZN + Zb) ·

(
Za − Zb

3

)
2 · Zb + Z2 + Z0 + 3 · ZN + Za − Zb

3

(7.27)

Three-phase load in delta connection Formulae for ungrounded star load can
be applied.

7.3.4 Summary of unbalance cases

By inspection of sequence circuit connection for the unbalancing phenomena under
study (Appendix B), it can be concluded that:

• Single-phase short-circuit and two open phases are equivalent considering Zf =
Zaa.

• Two-phase short-circuit and single-phase load are equivalent considering Zf =
Zbc.

• Two-phase-to-ground short-circuit and one open phase are equivalent conside-
ring Zt = Zf = 0.

• Unequal impedances and grounded star load are equivalent considering Zaa =
Za and Zbb = Zb.

• Any load in ungrounded star connection can be converted into a delta load
and vice versa.

Therefore, the unbalancing cases can be gathered into five general cases as indicated
in Table 7.1. Thus, particular grid model parameterisation can be simplified as study
cases are reduced.
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Table 7.1. Summary of unbalancing cases

Case Subcase Phenomenon

1 a Single-phase short-circuit
b Two open phases

2 a Two-phase short-circuit
b Single-phase load

3 a Two-phase-to-ground short-circuit
b One open phase

4 a Unequal series impedance
b Three-phase load in grounded star connection

5 a Three-phase load in ungrounded star connection
b Three-phase load in delta connection

7.4 Grid model and event representation

7.4.1 Particular grid model

The particular grid model proposed for voltage unbalance characterisation is introdu-
ced in Figure 7.7, where Generator 2 has been excluded. Zl1 limits the short-circuit
power at the PCC and Zl2 = 0 for series faults and unbalanced loading. Regarding
asymmetrical short-circuits, Zl2 represents the fault impedance or distance to the
fault from the PCC. Load must be balanced for asymmetrical short-circuit and series
faults, whereas it represents the unbalanced loading for the third case.

Generator 1

PCC

Load

Zl1 Zl2

Figure 7.7. Particular grid model for voltage unbalance
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7.4.2 Sensitivity of particular grid model parameters

It is important to study the sensitivity of the magnitude of the negative unbalance
factor with respect to system parameters and fault characteristics, in order to derive
a simplified power system model valid to characterise unbalance in island grids.
Therefore, sensitivity analysis have been performed for unbalanced short-circuits,
series faults and unbalanced loads based on the particular grid model in Figure 7.7.
Rated voltage in the system is 66 kV.

7.4.2.1 Sensitivity analysis of asymmetrical short-circuits

Following factors have been studied: type of short-circuit, strength of the power
system, R/X factor of the power system, and distance to the faulted point.

As first step, following simplifying hypothesis have been assumed: all three sequence
source impedances are equal, Zf = 0, V pf = 1p.u., and Zt = 0.

Type of short-circuit It can be easily derived that under those assumptions VUF
only depends on the short-circuit type. The highest negative voltage unbalance oc-
curs for double-phase and double-phase-to-ground short-circuit with a %100 of un-
balance, as plotted in Figure 7.8. Therefore, voltage unbalance at the faulted pointed
does not depend on the power system strength nor on the R/X ratio, which charac-
terise weak power grids.

1PhG 2Ph 2PhG
0

50

100 VUF( %)
CUF( %)

Figure 7.8: Effect of fault type on negative voltage and current unbalance magnitude

Regarding current unbalance, assuming as only simplifying hypothesis that all three
sequence source impedances are equal, magnitude of CUF is 100% for single-phase
and double-phase short-circuits, and 50% for double-phase-to-ground short-circuits.

Distance to the fault On the other hand, dependence between voltage unbalance
and distance to the fault has also been studied in Figure 7.9. Results show that the
propagation of the voltage unbalance depends on power system characteristics, such
as short-circuit power and R/X ratio. As distance to the faulted point increases, VUF
decreases, especially in stronger power grids (1000 MVA). In weaker power grids (100
MVA), is only slightly attenuated. The unbalance reduction in relation with short-
circuit power appears to a greater extent for double-phase-to-ground faults.



116 Voltage and current unbalance
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Figure 7.9: Effect of short-circuit type and grid strength on the propagation of VUF

R/X ratio of the power system Figure 7.10 plots the voltage unbalance at the
PCC under single-phase short-circuits for weak and strong power grids (with respec-
tively 100 MVA and 1000 MVA short-circuit power in a 66 kV network) in function
of the X/R ratio of the source. Considering a totally inductive feeder, voltage unba-
lance propagation is lower in more inductive power sources. The effect can be clearly
seen in strong power grids, where voltage unbalance is dramatically attenuated.
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R/X = 0.3 source 1000 MVA
R/X = 0.1 source 1000 MVA

Figure 7.10. Effect of R/X on the propagation of VUF (1PhG)

It can be concluded that in weak power grids voltage unbalance mainly depends on
the short-circuit type. Regarding current unbalance, factors are always constant con-
sidering all sequence impedances equal. For both unbalance factors, values between
50% and 100% are reached.

7.4.2.2 Sensitivity analysis of series faults

Following factors have been studied: type of series fault, loading of the power system,
strength of the power system, R/X factor of the power system, and length of the
faulted feeder. As first step, all three sequence source impedances are assumed equal,
and load connected at A′B′C ′ end is considered to be connected in grounded star.

Type of series fault It can be easily derived that under those assumptions, nega-
tive voltage unbalance factor is constant for one phase open and two phases open
conditions as shown in Figure 7.11, with respectively 50% and 100% of negati-
ve voltage unbalance at load terminals. For unbalanced series impedance situation,



7.4 Grid model and event representation 117

negative voltage unbalance factor reaches values close to 0%. Regarding current un-
balance, a constant 100% value results under two open phase situation. Under the
above assumed hypothesis, current unbalance is also held constant at 50% for an
open phase. For unbalanced series impedance situation, negative current unbalance
factor reaches values around 14%.

Uneq. imp. 1OPh 2OPh

0

50

100 VUF( %)
CUF( %)

Figure 7.11: Effect of fault type on negative voltage and current unbalance magnitude

Other factors The effect of loading, strength and R/X ratio of the power system
has been studied. Though, the influence of these factors is negligible. However, the
length of the faulted feeder is relevant, although in all cases unbalance factors are
under 1%. Figure 7.12 shows that unbalance increases almost linearly with feeder
length, but always remaining at very low levels. So as to highlight the small mag-
nitude of the impact, unrealistically long feeder lengths in island grids have been
considered.
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Figure 7.12. Effect of feeder length on VUF for unequal series impedance

It can be concluded that unbalance factors under 50% are reached only under une-
qual impedance phenomenon. However, unbalance factors are hardly adjustable, be-
cause aspects such as loading, strength and R/X ratio of the source have very low
effect.

7.4.2.3 Sensitivity analysis of unbalanced loading

Following factors have been studied: type of unbalanced load connection, unbalance
type (amplitude and/or phase unbalance),X/R ratio of source and load, and strength
of the power system.
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Single-phase load connected to line voltage Voltage unbalance caused by a
single-phase load connected to line voltage depends on both the short-circuit power
at the PCC and power drawn by the load. Therefore, it depends on the SCR and on
the power factor difference between source and load, as stated in (7.28), if positive
and negative sequence impedances are assumed to be equal.

CV UF = 1

1 + Ssc

Sl

= |Ssc| · ej·ϕsource

|Sl| · ej·ϕload
= ej·(ϕsource−ϕload)

SCR
(7.28)

Figure 7.13 shows the results based on a single load connected to line voltage with
different power factor values. Voltage unbalance decreases with the strength of the
power grid, whereas it increases as the load is more resistive.
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Figure 7.13. Effect of SCR ratio on VUF for single-phase load

On the other hand, CUF is constant under any circumstance, with a value of 100%.

Three-phase loads Three-phase unbalanced loads can have amplitude and/or pha-
se unbalance. For only amplitude unbalance, voltage unbalance is scarcely related
to phase difference between source and load (Figure 7.14), but depends strongly on
the load unbalance degree and strength of the power system. As observed in Figure
7.15, voltage unbalance curves tend to very low values close to zero as power sys-
tem strength increases. In addition, voltage unbalance increases if unbalanced phase
draws less current, i.e. as CLUF magnitude is higher.

Only phase unbalance has also been analysed. With higher phase shift difference
voltage unbalance increases. However, in stronger power grids, all the cases show
similar low values. Finally, mixed load unbalance has been studied in Figure 7.16.

It can be concluded that negative voltage unbalance depends on source strength
and R/X ratio, power drawn by the load and its power factor, as well as on load
unbalance type and degree. Single-phase load creates a higher voltage unbalance
than three-phase unbalanced loads.

On the other hand, current unbalance increases with power system strength, whereas
phase shift only affects current unbalance in weak power grids. In stronger grids the
influence is barely noticeable.
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Figure 7.14: Effect of power system strength and phase shift on VUF (Case 1, only
amplitude unbalance)
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Figure 7.15: Effect of power system strength on VUF (Case 1, only amplitude
unbalance)
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Figure 7.16. Effect of power system strength on VUF (Case 3, mixed unbalance)

7.4.3 Parameterisation of grid model for grid code complian-
ce verification

The cases summarised in Table 7.1 can be divided into two categories: long-term and
temporary unbalancing phenomena. Shunt faults, and one and two open phase series
faults belong to the last category; unequal series impedance and load unbalance are
inherent in power systems, especially at distribution voltage level. However, unequal
series impedance barely causes any voltage unbalance, as shown in Section 7.3.2 and
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temporary unbalancing phenomena cause high voltage and current unbalances.

Therefore, the theoretical adjustment for grid code compliance verification focuses on
unbalanced loading. Current grid code limits for current unbalance values stay bet-
ween 0.1% and 5% and for voltage unbalance, between 0.7 and 2%. In all reviewed
grid codes, only the limit for unbalance magnitude is considered. Therefore, VUF
and CUF parameters have been chosen to measure voltage and current unbalance.

Based on the sensitivity study and in order to simplify the analytical calculation,
an inductive voltage source and resistive loads have been assumed in the particular
grid model (Figure 7.7). In addition, in small and medium size island grids, voltage
source internal impedance is not dismissable. For three-phase loads, only magnitude
unbalance is considered. Formulae for adjustment under those assumptions are in-
dicated in Tables 7.2 and 7.3, where X2 is the negative sequence source impedance
at the PCC, Ku the magnitude of voltage unbalance, LUF load unbalance factor
as the ratio between phase A and B impedance, and Ki the magnitude of current
unbalance. For current unbalance adjustment, only three-phase loads are considered,
because single-phase loads always result in a 100% of current unbalance magnitude.
Zl1 must be adjusted to the lowest short-circuit power scenario, which generally re-
sults in a higher unbalance, as highlighted in the sensitivity study. For three-phase
loads, Ra = LUF ·Rb.

Table 7.2. Theoretical load characteristics adjustment for a given CUF

Unbalancing case Theoretical adjustment

Ungrounded star 3Ph load Rb = 3 ·X2 ·Ki√
(LUF − 1)2 −K2

i · (2 + LUF )2

(7.29)
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Table 7.3. Theoretical load characteristics adjustment for a given VUF

Unbalancing case Theoretical adjustment

Single-phase load Rbc =

√(
X2
Ku

)2
−X2

2

(7.30)

Ungrounded star 3Ph load Rb =
X2 ·

√
(LUF − 1)2 −K2

u · (2 + LUF )2

Ku · (1 + 2 · LUF )

(7.31)
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Chapter 8

Practical application: a medium
size island

8.1 Introduction

The methodology proposed in this thesis will be validated by the application to three
island study cases. This chapter verifies the methodology withCase 1: a medium size
island, with no dynamic data available and no grid code under force. It is considered
as the general case.

The initial data about the medium size island under study is summarised in Table
8.1, based on data in [153]. It has been assumed that a new photovoltaic plant is
planned to be installed.

This chapter is organised as follows. First, particular grid models worked out after
the theoretical analysis in previous chapters have been been parameterised based on
typical values in similar islands and limits in relevant grid codes. Then, the validity of
the particular grid models has been verified in Section 8.2. Finally, the performance
of the new renewable power plant model connected to the parameterised grid model
has been tested by means of simulation in Section 8.3.

Table 8.1. Initial data for Case 1

Parameter Value

Peak load 12.9 MW

Valley load 5.9 MW

Voltage at PCC 20 kV

Ssc,max at PCC 100 MVA

Ssc,min at PCC 60 MVA
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8.2 Parameterisation of particular grid models
For each of the three requirements under study, the particular grid has been para-
meterised based on corresponding formulae in Chapter 5, 6 and 7 of Part III. As
only static data in Table 8.1 is available, the adjustment has been carried out based
on typical values in similar size islands and limits imposed by selected grid codes.
Particular grid models have been adjusted to obtain certain values at the PCC,
as technical requirements are indicated at that point. The parameterised grid model
has been simulated with PowerFactory simulation software package and results com-
pared to adjustment values, so as to verify the validity of the theoretical formulae
proposed in Part III.

8.2.1 Adjustment results

Frequency ride-through The results of the adjustment methodology for the pa-
rameterisation of frequency ride-through are stated in Table 8.2. Limits are based
on the grid code requirements in the SEIE. Regarding the equivalent generator Ge-
nerator 1, its rated power is SN = 10 MVA, with Heq = 2.16s, Req = 0.061 and
Teq = 6.1s for the generation scenario under study, corresponding to valley load. The
rated capacity of Generator 2 is SN = 5 MVA and the rest of the characteristics is as
for Generator 1. The target system is a medium size island, and hence, the loss of a
single generator can result into a high proportion of the total installed capacity. So,
the values for maximum and minimum frequency have been calculated with (5.50).

Table 8.2: Case 1: parameterisation of particular grid model for frequency ride-through

Test Parameter Limit G2 Load 1 Load 2

A1 fmax 52 Hz - 3.95 MW 1.95 MW

A2 fmin 47 Hz 1.95 MW 2.95 MW 2.95 MW

A3 fss,h 50.25 Hz - 4.67 MW 1.23 MW

A4 fss,l 49.75 Hz 0.82 MW 2.95 MW 2.95 MW

A5 ROCOF+ 2 Hz/s - 3.31 MW 2.59 MW

A6 ROCOF− -2 Hz/s 1.73 MW 2.95 MW 2.95 MW

LVRT For LVRT, the divider model has been selected as particular grid model be-
cause distances between assets in the island are short. The adjustment for LVRT
has been carried out based on SEIE requirements. Only dip magnitude has been
adjusted. The results of the adjustment methodology are stated in Table 8.3. Resis-
tive faults and inductive sources have been assumed, based on the sensitivity study
in Chapter 6. Zl1 has been calculated so as to obtain the maximum short-circuit
power at the PCC taking into account the generator internal impedance. Zl2 has
been adjusted in function of the dip magnitude.

Weak power grids generally set very low minimum dip magnitudes to ride-through.
As seen in Chapter 2, in most of the cases a ZVRT is required. However, it order to
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Table 8.3. Case 1: parameterisation of particular grid model for LVRT (SEIE)

Test Parameter Limit Zl1 Zl2 G1 Load

B1-SEIE Vdip,3Ph 0 p.u. (0.5 s) 0.64j · Ω 0 25 MVA 12.9 MW

B2-SEIE Vdip,1Ph 0 p.u. (0.5 s) 0.64j · Ω 0 25 MVA 12.9 MW

B2-SEIE Vdip,2Ph 0.5 p.u. (0.5 s) 0.64j · Ω 0 25 MVA 12.9 MW

prove the validity of the parameterisation for LVRT, grid code requirements for pe-
ninsular Spain (Sistema Eléctrico Peninsular Español (SEPE)) have been used also.
In the SEPE, voltage dip magnitude to ride-through must be 0.2 p.u. for all short-
circuit types unless two-phase faults, where a lowest value of 0.6 p.u. is indicated.
Table 8.4 indicates the parameterisation of the particular grid model for the SEPE.

Table 8.4. Case 1: parameterisation of particular grid model for LVRT (SEPE)

Test Parameter Limit Zl1 Zl2 G1 Load

B1-SEPE Vdip,3Ph 0.2 p.u. (0.5 s) 0.64j · Ω 0.8165Ω 25 MVA 12.9 MW

B2-SEPE Vdip,1Ph 0.2 p.u. (0.5 s) 0.64j · Ω 0.8165Ω 25 MVA 12.9 MW

B2-SEPE Vdip,2Ph 0.6 p.u. (0.5 s) 0.64j · Ω 1.432Ω 25 MVA 12.9 MW

Unbalance Unbalance limits are based on SEIE grid code for CUF (5%) and VUF
(2%). The results of the adjustment methodology are stated in Table 8.5. All se-
quence impedances have been considered equal and a value of LUF = 2 for three-
phase loads. The selected scenario is valley demand with minimum short-circuit value
(Ssc,min), as voltage unbalance results into higher values.

The single load corresponds to Pbc = 1.2 MW and the three-phase load Pa = 1MW
and Pb = Pc = 2MW . For the CUF adjustment, resulting active power absorbed by
the unbalanced load is Pa = 64.1MW and Pb = Pc = 128.2MW , values that are
over the capacity and stability limits of the power grid.

Table 8.5. Case 1: parameterisation of particular grid model for unbalance

Test Parameter Limit Zl1 G1 Load

C1 VUF 2% 1.07 · jΩ 15 MVA Rbc = 333.43Ω
Ra = 133Ω, Rb = 66.5Ω

C2 CUF 5% 1.07 · jΩ 15 MVA Ra = 2.08Ω, Rb = 1.04Ω

8.2.2 Verification of the parameterisation

The validity of the parameterised grid model has been verified by means of simula-
tion. The parameterised models have been implemented with PowerFactory Digsi-
lent software package as indicated in Appendix C. Then, the simulation results have
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been benchmarked against the grid code limits in use in each requirement. Figure
8.1 shows the results of the adjustment for Frequency Ride-Through requirement.
The adjustment for the rest of requirements can be verified in Figure 8.2. Grid code
limits are plotted with discontinuous line, in green for two-phase short-circuits and
in red for the rest of the fault types.

The relative errors between the theoretical model and the simulation results have
been computed for each technical requirement and can be looked up in Table 8.6. The
error for LVRT has been computed, but the dip envelope has been also compared
against the SEIE profile. Errors are within ±10 %. Hence, theoretical expressions
for the particular grid model adjustment can be hereby validated, as well as the
parameterised grid models.

Table 8.6. Case 1: parameterised grid model validation results

Test Parameter Limit Result Error (%) Verification

A1 fmax 52 Hz 51.97 Hz 0.058% X

A2 fmin 47 Hz 46.94 Hz 0.13% X

A3 fss,h 50.25 Hz 50.248 Hz -0.004% X

A4 fss,l 49.75 Hz 49.751 Hz 0.002% X

A5 ROCOF+ 2 Hz/s 1.94 Hz/s -3% X

A6 ROCOF- -2 Hz/s -1.95 Hz/s -2.5% X

B1-SEIE Vdip,3Ph 0 p.u. 0 p.u. 0% X

B2-SEIE Vdip,1PhG 0 p.u. 0 p.u. 0% X

B2-SEIE Vdip,2Ph 0.5 p.u. 0.49 p.u. 2% X

B1-SEPE Vdip,3Ph 0.2 p.u. 0.193 p.u. -3.5% X

B2-SEPE Vdip,1PhG 0.2 p.u. 0.193 p.u. -3.5% X

B2-SEPE Vdip,2Ph 0.6 p.u. 0.62 p.u. 3.33% X

C1 (1Ph load) VUF 2% 2% 0% X

C1 (3Ph load) VUF 2% 1.99% -0.5% X

8.3 Practical application of the methodology
A new photovoltaic plant with a rated capacity of 1.78 MA is planned to be installed
in the island. The PCC of the PV plant has the characteristics indicated in Table 8.1.
Even for the worst case, SCR results into high values. The power plant is connected to
the substation PCC with an overhead line of 5 km. The photovoltaic plant has been
modelled with PowerFactory software package, based on a grey-box user model and
parameterised according to values indicated in Appendix C, where the user model
and the equivalent grid model are also described. The methodology has been applied
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Figure 8.1. Case 1: verification of the adjustment of frequency ride-through
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Figure 8.2. Case 1: verification of the rest of parameters

so as to verify if the new power plant complies with the technical provisions in the
SEIE grid code regarding the requirements under study.

For remain connected requirements, two events have been simulated by adjusting
the simplified equivalent grid for each of the compliance tests defined in Chapter 4:
an event outside the permitted range in the grid code in the SEIE (indicated suffix
-1 in test identificator), and an event within the permitted range (indicated suffix
-2 in test identificator). Limit values are based on grid code provisions as indicated
in Section 8.2. For active support requirements, generator contribution is showed by
simulating an event within limits (suffix -2).

Frequency ride-through Frequency ride-through test cases are listed in Table 8.7.
For Frequency ride-through verification, the frequency response block of the plant has
been disabled, so as to be able to observe the trip of the plant when frequency is
beyond permitted values. This feature can be achieved by conveniently adjusting the
protection relay settings of the generation asset. In addition, for a better observance
of ROCOF events, under/overfrequency protection relays have been disabled for
test cases A5 and A6. Test cases A3 and A4 have not been considered, because only
primary protection relays have been configured in the model.

Figure 8.3 plots the system frequency and power output of the power plant for each
case. The power output is expressed in p.u. with respect of initial power reference.
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Table 8.7. Case 1: frequency ride-through test cases

Test case Parameter Limit Test value

A1-1 fmax 52 Hz 52.5 Hz

A1-2 fmax 52 Hz 51.5 Hz

A2-1 fmin 47 Hz 46.5 Hz

A2-2 fmin 47 Hz 47.5 Hz

A5-1 ROCOF 2 Hz/s 2.2 Hz/s

A5-2 ROCOF 2 Hz/s 1.8 Hz/s

A6-1 ROCOF -2 Hz/s -2.2 Hz/s

A6-2 ROCOF -2 Hz/s -1.8 Hz/s

It can be observed that the power plant trips correctly during the events out of the
permitted range with suffix -1. For underfrequency events beyond the limits, the
power plant is tripped, which increases the power imbalance, and hence, the system
frequency deviation. ROCOF events result into a slower trip of the power plant,
which depends on the measuring window for the computation of frequency gradient
used in PowerFactory simulation package.

Frequency response This feature has been parameterised with values within an
acceptable range in the SEIE grid code by reproducing test case A2-2, as indicated in
Appendix C. Frequency response for both high and low frequencies has been tested
based on an underfrequency event, because frequency decreases during the drop but
increases (and decreases) alternatively during recovery, until the steady-state situa-
tion. Thus, as frequency drops the power plant increases its active power generation,
whereas the contrary happens as frequency starts to recover. This behaviour can be
observed in in Figure 8.4, where simulation results are plotted. The power output of
the PV plant in p.u. has been calculated respect of its rated active power.

LVRT According to the LVRT requirement in the SEIE, two events have been
simulated by adjusting the fault duration: an event within the permitted range with
tdip = 250 ms (B1-2) and an event outside the permitted range with tdip = 650
ms (B1-1). Test B2, corresponding to unbalanced faults, is out of the scope of the
practical application, because the generating unit model under study does not include
the ability to ride-through unbalanced faults. LVRT test cases are listed in Table 8.8.

Table 8.8. Case 1: LVRT test cases

Test case Parameter Limit Test value

B1-1 Vdip,3Ph 0 p.u. (0.5 s) 0 p.u. (0.650 s)

B1-2 Vdip,3Ph 0 p.u. (0.5 s) 0 p.u. (0.250 s)

Figure 8.5 shows voltage profiles at the PCC for both events with limit profile based
on SEIE regulation. The power generation asset meets the regulations in Spain; it
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trips during event B1-1 and remains connected and generating during event B1-2. In
test case B1-2 shown in Figure 8.5(d), the power plant remains connected and there
is an active and reactive power output. The power output is related to the output
current requirements in Spain, which are active during 10 seconds from the event of
the fault.

Output current during faults According to most grid codes, active and reac-
tive current injection as a function of voltage can be specified by some reference
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Figure 8.5. Case 1: validation of the procedure for LVRT

points. Adjustment values for SEIE regulation are indicated in Appendix C. The
control block of the equivalent converter of the power plant has been accordingly
parameterised with values within an acceptable range in the SEIE grid code.

The event leading to the current injection tests for balanced faults is TEST B1-2,
which corresponds to a balanced LVRT situation. Both active and reactive power
are shown in Figure 8.5(d) as required for tests B3 and B4. Support during fault has
been specified to be active during 10 seconds after the recovery. Tests B5 and B6,
corresponding to current contribution during faults for unbalanced faults, is out of
the scope of the practical application, because the generating unit model does not
include the ability to contribute to unbalanced faults.

Unbalance Unbalance test cases are listed in Table 8.9. Only voltage unbalance has
been considered, because current unbalance adjustment condition leads to instability
as indicated in Section 8.2. Three-phase loading has been selected as unbalancing
event.

Figure 8.6(a) shows the unbalance at the PCC after the grid model adjustment,
whereas 8.6(b) plots the action of the protection relay (ANSI function 47) which
trips the PV plant. When unbalance is below the limit value, the power plant remains
connected.
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Table 8.9. Case 1: unbalance test cases

Test case Parameter Limit Test value

C1-1 VUF 2% 2.5%

C1-2 VUF 2% 1.5%
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Figure 8.6. Case 1: validation of the procedure for VUF

Summary By using the particular grid model conveniently parameterised, events
have been correctly emulated. Thus, the control and protection algorithms of the
PV power plant have been assessed with respect of the compliance of the selected
grid code provisions. The performance of the power plant and the compliance of the
grid code have been correctly demonstrated for all test cases under study. Table 8.10
summarises the results of the grid code compliance verification for Case 1.
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Table 8.10. Case 1: summary of grid code compliance verification

Test case Description Action Pass/Fail

A1-1 Maximum frequency ANSI 81O trips X

A1-2 Maximum frequency PV remains connected X

A2-1 Minimum frequency ANSI 81U trips X

A2-2 Minimum frequency PV remains connected X

A3-1, A3-2 High frequency event Not tested –

A4-1, A4-2 Low frequency event Not tested –

A5-1 Positive ROCOF ANSI 81R trips X

A5-2 Positive ROCOF PV remains connected X

A6-1 Negative ROCOF ANSI 81R trips X

A6-2 Negative ROCOF PV remains connected X

A7 Frequency response for high
frequencies

Control module decreases PPV X

A8 Frequency response for low
frequencies

Control module increases PPV X

B1-1 Balanced LVRT Converter module trips X

B1-2 Balanced LVRT PV remains connected X

B2-1, B2-2 Unbalanced LVRT Not tested –

B3 Ia during balanced LVRT Converter module Ia = f(V ) X

B4 Iq during balanced LVRT Converter module Iq = f(V ) X

B5 Ia during unbalanced LVRT Not tested –

B6 Iq during unbalanced LVRT Not tested –

C1-1 Voltage unbalance ANSI 47 Trips X

C1-2 Voltage unbalance PV remains connected X

C2-1, C2-2 Current unbalance Not tested –
Note: -1:outside the permitted range; -2:within the permitted range





Chapter 9

Practical application: Terceira
island

9.1 Introduction

The methodology proposed in this thesis will be validated by the application to three
island study cases. This chapter verifies the methodology with Case 2: a medium
size island, with dynamic data available but no grid code under force. The selected
island is Terceira, in the Açores archipelago. The main power station is the Thermal
Power Plant (TPP) of Belo Jardim (CTBJ), with an installed capacity over 76 MVA
and based on 10 Diesel engines. Regarding renewable power generation, there is a
WPP named Serra do Cume, first comissionned in 2008 with 4.5 MW and currently
upgraded to 9 MW, as well as some mini-hydroelectric power stations in Cidade,
Nasce d’Agua and São João de Deus. The description and characteristics of the
power grid are annexed in Appendix D.

It has been assumed that a new wind farm is planned to be installed at Quatro Ri-
beiras 30 kV substation, where available data is as indicated in Table 9.1. Currently,
there is no grid code under force regarding the connection of RES in Terceira. As an
alternative, the parameterisation of particular grid models can be based on real per-
formance results, described in Section 9.2. Thus, the operation of Terceira power grid
can be emulated by using simple parameterised grid models. Particular grid models
have been parameterised and their validity verified in Section 9.3. Finally, the per-
formance of the new renewable power plant model connected to the parameterised
grid model has been tested by means of simulation in Section 9.4.

9.2 Performance analysis

The static and dynamic operation of Terceira island have been simulated, based
on data in [154] and on typical values for lacking parameters. Credible operation
scenarios have been defined in this section, as base for steady-state and dynamic
operation studies.
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Table 9.1. Characteristics of PCC in Terceira island

Parameter Value

Peak load 35.194 MW

Valley load 14.149 MW

Voltage at PCC 30 kV

Ssc,max at PCC 87.57 MVA

Ssc,min at PCC 37.39 MVA

9.2.1 Description of operation scenarios

The operation scenarios differ in the level of demand, instantaneous wind power
generation, generation dispatch and available reserve margins. The combination of
the load and generation scenarios leads to several study cases, which are summed up
in Table 9.2.

Two load scenarios have been considered: summer peak SP and winter valley WV,
which correspond respectively to the maximum and minimum demand levels in 2012
[154], adding up a total peak demand slightly over 35 MW and a valley demand of
14 MW. Load demand in each bus in the system is indicated in Appendix D.

On the other hand, three wind power generation situations have been defined: zero
wind 0W, normal wind NW (50 % of installed capacity, i.e. 4.5 MW), and peak wind
PW (100 % of installed capacity, i.e. 9 MW) at the WPP Serra do Cume. In other
words, three penetration ratios have been considered: 0%, 12.78% and 25.57% over
peak load. However, under valley scenario, instantaneous penetration results into
higher values. The WTGs are operated at a constant power factor (cosϕ = 0.95
inductive).

Table 9.2. Summary of study cases in Terceira island

Case Id. SP WV 0W NW PW

1 X X

2 X X

3 X X

4 X X

5 X X

6 X X

The Diesel generating units at Belo Jardim shall supply the demand not covered by
the wind farm, plus the corresponding losses (including generation losses and trans-
mission network losses). However, it must be taken into account that there must be
some spinning reserve in the system. It is especially important for non-interconnected
power systems such as Terceira. In this case, the standard N-1 criterion has been
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used: spinning reserve should be able to cover the outage of any generator or wind
park. It should be pointed out that this approach does not give an optimal spin-
ning reserve, but it is still used in practice today, and can be useful to illustrate the
performance of an isolated power grid [155].

Conventional generating units have been commited by choosing the combination
with the lowest cost, following an economic dispatch algorithm only based on fuel
consumption and respecting technical minima of the generating units. Generation
dispatch for each study case is summarised in Appendix D.

9.2.2 Operation in steady-state

Under the steady-state operation, voltage and loading of the power system have been
studied. The reactive power compensation scenarios have been taken into account.
On one hand, capacitor banks have been installed at the weakest buses (i.e. Vinha
Brava and Angra do Heroismo) as indicated in [154] during peak demand. Thus,
for Study Cases 1 to 3 two subcases have been defined: a subcase for scenario with
reactive power compensation, and b subcase without compensation.

In steady-state, voltage levels range between 0.9-1.1 p.u., as required by the grid
code. The highest average voltages at both 15 and 30 kV happen under Study Case
4 and 5, i.e. under valley demand and no or little amount of wind power. On the
other hand, the lowest voltage levels appear during peak demand, when no capacitor
bank is connected. Lowest levels show up at the 15 kV bus of substations Vinha
Brava (SEVB), Angra do Heroismo (SEAH) and Quatro Ribeiras (SEQR), whereas
highest voltages occur at Belo Jardim. Voltage levels in steady-state for the study
cases in Table 9.2 are compared in Figure 9.1 separately for the 15 kV network.
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Figure 9.1. Voltage levels in steady-state at 15 kV in Terceira island
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Besides, lines and transformers prove to be correctly dimensioned, as no overload
occurs. Only with a topology change such as the partitioning of substations SEBJ30
and SEBJ15, and under maximum demand (Study Case 1 and Study Case 3 ), the
transformer SEBJ-T1 happens to be overloaded.

N-1 contingency analysis under different operation scenarios Line trips
and transformer outages have been considered as N-1 contingencies. Some of the
contingencies (e.g. trip of Praia da Vitoria-Lajes and Lajes-Quatro Ribeiras lines)
lead to the outage of the whole substations of Lajes and Quatro Ribeiras. For the
rest of the contingencies, during peak demand and with full wind power generation,
voltage can fall below 0.9 p.u. at Vinha Brava and Angra do Heroismo substations
at 15 kV, if no reactive power compensation is applied. The trip of the line Praia
da Vitoria-Vinha Brava 1 also leads to a similar situation under Study Case 2 and
Study Case 3.

N-2 contingency analysis under different operation scenarios The simul-
taneous trip of transmission lines Vinha Brava-Angra do Heroismo 1 and Vinha
Brava-Angra do Heroismo 2, and Praia da Vitoria-Vinha Brava 1 and Praia da
Vitoria-Vinha Brava 2 have been identified as probable N-2 contingencies. The loss
of the double line from Vinha Brava to Angra do Heroismo leads to the outage
of the whole substation of Angra do Heroismo. The second double contingency re-
sults in the overloading of both lines Praia da Vitoria-Serra do Cume and Serra do
Cume-Vinha Brava 20% over the rated capacity.

Short-circuit levels Three-phase short-circuits have been simulated in all the bu-
ses in the system. Maximum magnitude values correspond to Study Case 1, espe-
cifically at bus SEBJ30, obtaining a short-circuit power value of 285.78 MVA. For
the same study case, lowest magnitude corresponds to bus SEQR15. Lowest values
result from Study Case 6 as expected, because it is the configuration with least syn-
chronous generation. At bus SEBJ30, magnitude decreases to 55.02 MVA for the
minimum short-circuit value. The lowest values at 30 kV correspond to SEQR30
with 37.39 MVA and at 15 kV, to bus SEQR15 with 30.49 MVA.

9.2.3 Transient operation

Generation loss For each study case, the loss of the biggest generator on-line
has been simulated, and results are displayed in Figure 9.2. As it can be observed,
frequency response differs depending not only on the demand scenario, but also on
the generation loss. Therefore, unit dispatch is also of importance, as it determines
the system inertia and the available spinning reserve.

The maximum deviation occurs under valley demand, upon the loss of the biggest
generating unit in the power system and with the highest wind power penetration.
However, recovery for Study Case 5 takes a longer time, and definitively, stability
is lost for Study Case 6. Table 9.3 indicates maximum frequency response parame-
ters for the stable study cases: the initial ROCOF, the minimum frequency and the
steady-state frequency deviation, taking into account the loss of the biggest genera-
ting unit in the system.
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Table 9.3. Frequency after loss of generation in Terceira island

Study case ROCOF (Hz/s) fmin (Hz) fss (Hz)

1 -0.89 49.26 49.77

2 -1.21 48.96 49.68

3 -1.56 48.69 49.6

4 -2.2 48.2 49.43

5 -2.32 48.06 49.41

6 - - -

However, in order to avoid such low frequency values, isolated power grids often
use Under Frequency Load Shedding (UFLS) practices. Therefore, lacking other
reference, UCTE practices have been applied 1. As shown in Figure 9.2, frequency
excursion is then smaller, but during the recovery the frequency boosts and reaches
unadmissible values. Down reserve is not sufficient and an active power mismatch
appears in the system with more generation than load. If only the first stage of the
UFLS is configured, the result is better (Figure 9.2 (b)).

0 5 10 15 20
47

48

49

50

Time (s)

Fr
eq

ue
nc

y
(H

z)

Case 1
Case 2
Case 3
Case 4
Case 5

(a) UFLS disabled

0 5 10 15 20

48

49

50

51

Time (s)

Fr
eq

ue
nc

y
(H

z)

Base case
UCTE UFLS

1st stage UFLS

(b) Case 5 with UFLS included

Figure 9.2. Frequency deviation after loss of generation in Terceira island

Load event The loss of the Praia de Vitoria load has been simulated for the peak
demand study cases, and the loss of Vinha Brava 1 for the valley demand. Both
correspond to highest load buses under mentioned scenarios. All cases for frequency
deviation are illustrated in Figure 9.3(a). The largest stable frequency deviation co-
rresponds to Study Case 6, with a maximum value of 51.4 Hz, 2.2 Hz/s of ROCOF,
and a steady-state value of 50.33 Hz. It is the result for the scenarios with WTGs
including an overfrequency power reduction logic as frequency response algorithm,
based on Spanish grid code. If the frequency response of WTGs is disabled, the fre-
quency deviation is higher as shown in Figure 9.3(b). The figure compares frequency
deviation for Study Case 6 as worst case with (continuous line) and without (dashed

11st stage: 49 Hz 15% of load; 2nd stage: 48.7 Hz 15% of load; 3rd stage: 48.4 Hz 10% of load;
4th stage: 48 Hz 10% of load



142 Practical application: Terceira island

line) frequency response logic. A maximum value of 51.89 Hz, 2.3 Hz/s of ROCOF,
and a steady-state value of 50.6 Hz have been attained in this case.
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Figure 9.3. Frequency deviation after load loss in Terceira island

Faults According to [154], most of the voltage dips in Terceira in 2012 were caused
by thermal production outages and some of them caused by faults. Most of them were
dips with a low magnitude (i.e. high residual voltage) and a duration shorter than 200
ms. However, most of the events with a low residual voltage have durations between
200 and 500 ms. Therefore, three-phase short-circuits have been simulated with a
duration of 250 ms at main buses in the system. In order to obtain a real typical
LVRT envelope, more detailed studies should be carried out. Certainly, protection
systems would have to be modelled, as was performed for New Zealand in [156],
following studies with simulation of faults at various locations and different fault
clearance scenarios. But this aspect is out of the scope of this thesis.

System performance during a fault at the wind farm substation has been analysed,
by comparing voltage magnitude at the faulted bus for the study cases in Figure
9.4(a). Indeed, this is the worst location for a fault, as WTGs will be most closely
affected. Recovery from the fault is slower under valley demand. As wind generation
increases, as contribution to short-circuit current is also reduced, the situation can
be worse.

Transient stability is guaranteed after a fault with a 250 ms duration. Longer short-
circuits have been applied at PESC bus as shown in Figure 9.4(b) for Study Case
1. Overvoltage magnitude on voltage recovery is higher as fault duration increases
and recovery is also delayed. Transient stability is certainly lost sooner under peak
demand scenarios with higher short-circuit values. For faults longer than 500 ms,
some generators fall out of step under some cases and stability is lost.

On the other hand, upon the occurrence of a short-circuit phase angle and frequency
also change suddenly. If active power need is high and the system has a low overall
inertia, ROCOF can be high and frequency nadir values very low, inducing the UFLS
systems to act. Frequency deviation during short-circuits has been hereby studied
for peak and valley demand scenarios. Higher values of frequency were found for the
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Figure 9.4. Voltage dip magnitude after a three-phase fault at Serra do Cume
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Figure 9.5. Voltage dips in Terceira island

peak case. Moreover, as fault duration increases, so does frequency deviation. Both
aspects can be observed in Figure 9.6 and Figure 9.7(a).

In addition, frequency deviation has been compared for short-circuits at different
locations: bus PESC, bus SEBJ30 with the highest short-circuit value, and buses
SELJ15 and SEQR30 with the lowest short-circuit values at 15 and 30 kV levels. As
seen in Figure 9.7(b), frequency deviation is highest during faults at strongest buses
with a maximum of 51.86 Hz and a minimum of 48.74 Hz for a short-circuit of 250
ms at SEBJ30 with a ROCOF of almost 5 Hz/s. At the weakest buses the frequency
deviation is within ±0.2 Hz, barely noticeable.

In Figure 9.5, bolted three-phase short-circuits have been simulated for Study Case
1 at different buses. Voltage recovery is shown to be the fastest for faults at SELJ15
and slowest and with highest overvoltage at SEBJ30. In addition, a fault at SELJ15
causes a voltage dip with a low magnitude barely noticeable at the rest of the buses,
while a fault at SEBJ30 causes the opposite effect.

Regarding unbalanced faults, Figure 9.8 shows voltage dip magnitude at fault point
after different types of short-circuits for Study Case 1. Highest angle shifts occurs
during three-phase and single-phase short-circuits.
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Figure 9.6. Frequency deviation for a short-circuit at PESC bus
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Figure 9.7. Frequency deviation for a short-circuit at different locations
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Figure 9.8. Voltage dip magnitude after a fault at SEBJ30

On the other hand, the effect of bolted three-phase short-circuits (250 ms) at different
locations in the island under the worst scenario (Study Case 1 ) has been studied at
Quatro Ribeiras 30 kV substation in Figure 9.9(a). Dip magnitude is higher for the
most remote substation, Vinha Brava. Short-circuits at different voltage locations are
attenuated because of transformer stations. The same applies for unbalanced faults
in Figure 9.9(b), 9.9(c) and 9.9(d). Double-phase short-circuits have a voltage around
0.5 p.u. with a lowest value of 0.42 p.u. when the fault is at the same substation of



9.2 Performance analysis 145

observance, i.e. Quatro Ribeiras.
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Figure 9.9. Voltage dip magnitude at SEQR30

Regarding voltage unbalance, VUF rises temporarily up to around 100% for two-
phase and two-phase-to-ground shunt faults with no fault impedance. Regarding
single-phase faults, voltage unbalance is higher for Study Case 6, as the grid is weaker
in that case. Values resulting from short-circuit at SEBJ30 and PESC are displayed
in Figure 9.10. Voltage unbalance propagation depends on the fault position and
network topology. So, it can increase or attenuate as it propagates. However, those
are transient unbalances.

One and two open phase events have also been analysed in 30 kV transmission
lines. Regarding Praia da Vitoria-Vinha Brava 1, only positive sequence voltage
appears which barely changes during the disturbance. The voltage angle phase shift
is also unnoticeable. For disturbances at Quatro Ribeiras-Lajes1, maximum values
of V UF = 3.3 % for an open phase and V UF = 28.06 % for two open phases can
be measured at SEQR30. For more distant substations, VUF is always under 5%.
Unbalance for asymmetrical loading or unbalanced power generation sources are
hereby covered, because reference [154] does not report any case.
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Figure 9.10. Voltage unbalance in Terceira island

Line loss As the power system is almost radial, after the loss of transmission lines
in Terceira, some substations may become unsupplied. It is the case for Praia da
Vitoria-Lajes and Lajes-Quatro Ribeiras lines. Lines Vitoria-Vinha Brava 1 and Vin-
ha Brava-Angra do Heroismo 1, belonging to the two double circuits in the island,
have been tripped, and the dynamic behaviour of the system has been analysed. Li-
nes have been tripped at instant t=1 s and reclosed at instant t=2 s. During the line
loss, voltage drops at every substation and phase-angle momentarily change slightly.
Figure 9.11 shows the results after Vinha Brava-Vitoria line loss for Study Case 1
in continuous line and Study Case 6 in dashed line. Influence is higher under valley
demand.
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Figure 9.11. Voltage after Vinha Brava-Vitoria line loss

9.2.4 Synthesis

Results for dynamic operation in Terceira island are summarised in Table 9.4, re-
garding most critical scenarios. Frequency results apply at any point of the power
system, whereas for the rest of parameters performance results depend on the point
of disturbance and measurement, i.e. the PCC at Quatro Ribeiras 30 kV substation.

In steady-state, voltage levels are within the admissible range and no remarkable
overload occurs. However, under N-1 contingency situation, undervoltage can happen
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Table 9.4. Synthesis of performance results in Terceira island

Event Study Case Parameter Value

Generation loss 5 ROCOF− -2.32 Hz/s

Generation loss 5 fss,l 49.41 Hz

Generation loss 5 fmin 48.06 Hz

Load loss 6 ROCOF+ 2.3 Hz/s

Load loss 6 fss,h 50.6 Hz

Load loss 6 fmax 51.89 Hz

3PhG fault 1 Vdip,3PhG 0

1PhG fault (a) 1 Vdip,1PhG 0

2PhG fault (bc) 1 Vdip,2PhG 0

2Ph fault (bc) 1 Vdip,2Ph 0.42

1PhG fault (a) 6 VUF 100%

2PhG fault (bc) 6 VUF 100%

2Ph fault (bc) 6 VUF 100%

1 Open phase 6 VUF 3.3%

2 Open phases 6 VUF 28.06%

under peak demand and full wind power generation, if no reactive power compen-
sation is applied. The analysis of N-2 contingencies shows probable overloading in
some transmission lines. Regarding transient operation, high ROCOF and frequency
deviations are reached under valley demand. Besides, UFLS settings have to be care-
fully selected, as frequency recovery can result inadmissible. Regarding short-circuit
analysis, stability can be compromised for faults close to Serra do Cume wind farm
under peak demand scenarios. It has also been noted that frequency excursions are
high under peak demand scenarios. During a short-circuit, voltage dip magnitude
reaches very low values at almost all substations in the island. Moreover, voltage un-
balance attains high values under unbalanced short-circuits and open phase events,
whereas observed phase-angle shifts are barely noticeable.

9.3 Parameterisation of grid models
For each of the three requirements under study, the particular grid has been para-
meterised based on corresponding formulae in Chapter 5, 6 and 7 in Part III. Açores
islands have no special requirement for renewable power generation connection. Main
requirements are at distribution level. Therefore, in order to demonstrate a reliable
integration, following perspectives can be considered: new grid code rules can be
issued, based on deep steady-state and dynamic operation analysis, requirements
from other similar systems can be adopted, or typical operation can be emulated.
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For Terceira island, the latter approach has been pursued, based on results obtained
in Section 9.2. Thus, the adjustment has been carried out based on limit values at
the PCC as obtained in the performance analysis in Section 9.2. This approach is
valid for Frequency ride-through and LVRT. However, as no unbalanced loading was
reported in Terceira in [154], adjustment for unbalance has been based in the power
quality standard under force in the island.

The parameterised grid model has been simulation with PowerFactory simulation
software package and results compared to adjustment values and real performance
operation, so as to verify the validity of the parameterisation methodology.

9.3.1 Adjustment results

Frequency ride-through The worst underfrequency deviation, but stable case,
corresponds to Study Case 5 under valley demand and fair wind power. Regarding
overfrequency deviation due to load trip, highest values are to be found under Study
Case 6, valley demand and high wind power. The load asset in the equivalent grid
model represents the sum of the valley demand and system losses. Wind energy is
represented as a negative load. As underfrequency and overfrequency events corres-
pond to different scenarios, loads are different and so is generation dispatch.

The results of the adjustment methodology are stated in Table 9.5. The loss of a
single generating unit in Terceira can result into a up to 16% of the total installed
capacity. Therefore, the values for maximum and minimum frequency have been
calculated with (5.50). For underfrequency events, Generator 1 has a rated power
of SN = 15.25 MVA, with Heq = 2.5s, Req = 0.05 and Teq = 6. The installed
capacity of Generator 2 is SN = 7.625 MVA with the same characteristics. Load
demand has been equally divided between Load 1 and Load 2. On the other hand,
for overfrequency events, Generator 1 has a rated power of SN = 7.625 MVA, with
Heq = 2.5s, Req = 0.05 and Teq = 6. The installed capacity of Generator 2 is
SN = 7.625 MVA with the same characteristics. Equivalencing is based on system
data in Terceira.

Table 9.5: Case 2: parameterisation of particular grid model for frequency ride-through

Test Parameter Limit G2 Load 1 Load 2

A1 fmax 51.89 Hz - 3.24 MW 2.21 MW

A2 fmin 48.06 Hz 2.2 MW 4.965 MW 4.965 MW

A3 fss,h 50.6 Hz - 1.85 MW 3.6 MW

A4 fss,l 49.41 Hz 3.6 MW 4.965 MW 4.965 MW

A5 ROCOF+ 2.3 Hz/s - 1.94 MW 3.51 MW

A6 ROCOF− -2.32 Hz/s 3.54 MW 4.965 MW 4.965 MW

LVRT For LVRT, the divider model has been selected as particular grid model due
to the relative small size of the island. The fault duration is based on assumptions
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in Section 9.2. The results of the adjustment methodology are stated in Table 9.6.
Resistive faults and inductive sources have been assumed, based on the sensitivity
study in Chapter 6. Zl1 has been adjusted in order to obtain the maximum Ssc at the
PCC taking into account the generator internal impedance. Zl2 has been adjusted to
the lowest possible magnitude at the PCC. For two-phase short-circuits, the lowest
magnitude at the PCC is 0.42 p.u. However, the minimum voltage if all sequence
impedances are considered equal is 0.5 p.u. Therefore, this value has been selected
for the parameterisation. On the other hand, two other aspects have been carefully
considered for double-phase short-circuits:

• Load modelling: voltage dependence of load has been taken into account. The
load asset in the equivalent grid model represents the sum of the valley demand
and system losses.

• Pre-fault voltage: for a higher accuracy, fault resistance has been calculated
based on pre-fault voltage 0.9662 p.u. with a resulting value of Rf = 0.697Ω.

An alternative could be not to include a load asset in the particular grid model, as
it is not strictly necessary.

Table 9.6. Case 2: parameterisation of particular grid model for LVRT

Test Parameter Limit Zl1 Zl2 G1 Load

B1 Vdip,3Ph 0 p.u. (0.25 s) 1.25Ω 0 76.45 MVA 35.64 MW

B2 1PhG Vdip,1PhG 0 p.u. (0.25 s) 1.25Ω 0 76.45 MVA 35.64 MW

B2 2Ph Vdip,2Ph 0.5 p.u. (0.25 s) 1.25Ω 0.697Ω 76.45 MVA 35.64 MW

Unbalance As in steady-state the power system shows no unbalance [154], the Por-
tuguese standard NP EN 50160 has been taken as reference for the adjustment with
a maximum voltage unbalance of 2%. There is no reference to current unbalance.
As a consequence, the parameterisation of the particular grid model for current un-
balance has been left out of the scope of this chapter. The selected scenario is valley
demand with minimum short-circuit value (Ssc,min) corresponding to Study Case 6,
as voltage unbalance results into higher values.

The results of the adjustment methodology are stated in Table 9.7. All sequence
impedances have been considered equal and a value of LUF = 2 for three-phase
loads. The single load corresponds to Pbc = 0.75 MW and the three-phase load
Pa = 0.625MW and Pb = Pc = 1.25MW .

Table 9.7. Case 2: parameterisation of particular grid model for unbalance

Test Parameter Limit Zl1 Zl2 G1 Load

C1 VUF 2% 5.18 · jΩ 0Ω 15.25 MVA Rbc = 1203.3Ω
Ra = 479.86Ω,Rb = 239.93Ω
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9.3.2 Verification of the parameterisation

The validity of the parameterised grid model has been verified by means of simula-
tion. The parameterised models have been implemented in Power Factory Digsilent
software package and the obtained results benchmarked against the performance re-
sults for frequency ride-through and three-phase and single-phase-to-ground LVRT,
and limit values for double-phase LVRT and voltage unbalance. Figure 9.12 shows
the results of the adjustment for Frequency Ride-Through requirement. Plots in blue
correspond to the parameterised grid model and those in green to real performance
results. The adjustment for the rest of requirements can be verified in Figure 9.13.
Limit values are pointed out in red and plots with dashed lines to real performance
results.

The relative errors between the theoretical model and the simulation results have
been computed for each technical requirement and can be looked up in Table 9.8.
Errors are below ±10 % for all the test cases. Hence, the parameterised grid models
can be hereby validated.

Table 9.8. Case 2: parameterised grid model validation results

Test Parameter Limit Result Error (%) Verification

A1 fmax 51.89 Hz 51.86 Hz -0.06% X

A2 fmin 48.06 Hz 48.11 Hz 0.1% X

A3 fss,h 50.6 Hz 50.6 Hz 0% X

A4 fss,l 49.41 Hz 49.4 Hz -0.02% X

A5 ROCOF+ 2.3 Hz/s 2.24 Hz/s -2.61% X

A6 ROCOF- -2.32 Hz/s -2.26 Hz/s -1.26% X

B1 Vdip,3Ph 0 p.u. 0 p.u. 0% X

B2 Vdip,1PhG 0 p.u. 0 p.u. 0% X

B2 Vdip,2Ph 0.5 p.u. 0.509 p.u. -1.8% X

C1 (1Ph load) VUF 2% 1.99% -0.5% X

C1 (3Ph load) VUF 2% 1.97% -0.5% X
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Figure 9.12. Case 2: verification of adjustment of frequency ride-through

9.4 Practical application of the methodology

The installation of a new wind farm at Quatro Ribeiras in Terceira island is under
study. It will be connected to the substation with a 7.5 km long 30 kV line. Initially,
5 MW will be installed and the power plant will be later upgraded. The PCC of the
wind farm has the characteristics indicated in Table 9.1. The SCR at the PCC under
valley demand is 6.7, which is low. This aspect should be taken into account.

The wind farm has been modelled with PowerFactory software package, based on a
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Figure 9.13. Case 2: verification of the rest of parameters

grey-box user model and parameterised according to values indicated in Appendix
C, where the user model and the equivalent grid model are also described. The
methodology has been applied so as to verify if the new power plant is able to
remain connected and contribute actively to the real performance in the island as
simulated in Section 9.2.

For remain connected requirements, two events have been simulated by adjusting the
simplified equivalent grid for each of the compliance tests defined in Chapter 4: an
event outside usual range in the power grid (indicated suffix -1 in test identificator),
and an event within the usual range (indicated suffix -2 in test identificator). Limit
values are based on real performance in Section 9.3, unless for unbalance require-
ment that is limited by the Portuguese standard under force. For active support
requirements, generator contribution is showed by simulating an event within limits.

Frequency ride-through Frequency ride-through test cases are listed in Table 9.9.
For Frequency ride-through validation, the frequency response block of the plant has
been disabled, so as to be able to observe the trip of the plant when frequency is
beyond permitted values. This feature can be achieved by conveniently adjusting the
protection relay settings of the generation asset. In addition, for a better observance
of ROCOF events under/overfrequency events have been disabled for test cases A5
and A6. Test cases A3 and A4 have not been considered, because only primary
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protection relays have been configured in the model.

Table 9.9. Case 2: frequency ride-through test cases

Test Parameter Limit Test value

A1-1 fmax 51.89 Hz 52 Hz

A1-2 fmax 51.89 Hz 51.5 Hz

A2-1 fmin 48.06 Hz 47.5 Hz

A2-2 fmin 48.06 Hz 48.5 Hz

A5-1 ROCOF 2.3 Hz/s 2.5 Hz/s

A5-2 ROCOF 2.3 Hz/s 1.5 Hz/s

A6-1 ROCOF -2.32 Hz/s -2.5 Hz/s

A6-2 ROCOF -2.32 Hz/s -1.5 Hz/s

Figure 9.14 plots the system frequency and the power output of the power plant
for each case. The power output is expressed in p.u. with respect of initial power
reference. It can be stated that the power plant trips correctly during the events
out of the permitted range. For underfrequency events beyond the limits, the power
plant is tripped, which increases the power imbalance, and hence, the system fre-
quency deviation. ROCOF events result into a slower trip of the power plant, which
depends on the measuring window for the computation of frequency gradient used
in PowerFactory simulation package.

Frequency response This feature has been parameterised with values within an
acceptable range in the SEIE grid code by reproducing test cases A2-2 and A1-2, as
indicated in Appendix C. Frequency response for both high (A2-2) and low (A1-2)
frequencies has been tested. The simulation results are plotted in Figure 9.15. The
power output of the PV plant corresponds to the initial power flow in per unit. As the
frequency nadir, values are lower than in Case 1, the action of the control algorithm
is also faster. The parameters of the Control Module may need to be reconsidered.

LVRT Two events have been simulated by adjusting the fault duration: an event
outside the usual range with tdip = 150 ms and an event within the permitted
range with tdip = 500 ms. Only balanced short-circuits have been applied. Test B2,
corresponding to unbalanced faults, is out of the scope of the practical application,
because the generating unit model under study does not include the ability to ride-
through unbalanced faults.

Figure 9.16 shows voltage profiles at the PCC for both events with a limit profile
based on real performance results. The power generation asset remains connected
and generating during event B1-2, and trips during event B1-1. In test case B1-2
shown in Figure 9.16(d), it can be observed that the power plant remains connected.
The power output changes after 10 seconds, after finishing LVRT injection. This
aspect is further covered in next paragraph.
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Figure 9.14. Case 2: validation of the procedure for frequency ride-through
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Figure 9.15. Case 2: validation of the procedure for frequency response

Output current during faults In order to maintain the transient stability in
Terceira island, the new wind farm can contribute with active and reactive power
during short-circuits. Thus, the control block of the equivalent converter of the power
plant has been parameterised with values based on the SEIE grid code. According
to most grid code, active and reactive current injection in function of voltage can be
specified by some reference points. Adjustment values are indicated in Appendix C.

The event corresponding to the current injection tests for balanced faults is TEST
B2-2, which corresponds to a balanced LVRT situation. Both current and corres-
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Figure 9.16. Case 2: validation of the procedure for LVRT

ponding power in p.u. are shown in Figure 9.16(d). Support during fault has been
specified to be active still 10 seconds after the recovery. Tests B5 and B6, correspon-
ding to current contribution during faults for unbalanced faults, is out of the scope
of the practical application, because the generating unit model does not include the
ability to contribute to unbalanced faults.

Unbalance Unbalance test cases are listed in Table 9.10. Unbalance values in the
performance study were low and transitory, and no unbalancing load has been repor-
ted. So, the adjustment has been carried out based on the Portuguese power quality
standard. Only voltage unbalance has been considered, because current unbalance
is not included in the regulation. Single-phase loading has been selected as unbalan-
cing event because it leads to higher unbalances. Frequency protection functions and
frequency response have been disabled.

Table 9.10. Case 2: unbalance test cases

Test case Parameter Limit Test value

C1-1 VUF 2% 2.5%

C1-2 VUF 2% 1.5%

Figure 9.17(a) shows the unbalance at PCC after the grid adjustment, whereas Figure
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9.17(b) plots the action of the protection relay with trip of the wind farm. When
unbalance is below the limit value, the power plant remains connected.
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Figure 9.17. Case 2: validation of the procedure for VUF

Summary The application of the methodology for Case 2 is based on real per-
formance results and some grid code limits. By using the particular grid model
conveniently parameterised, events have been correctly emulated. Thus, the control
and protection algorithms of the wind power plant have been assessed with respect
of the connection to Terceira island. The performance of the power plant and the
emulation of real performance have been correctly demonstrated for all test cases
under study. Table 9.11 summarises the results of the practical application of the
methodology for Case 2.
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Table 9.11. Case 2: summary of grid code compliance verification

Test case Description Action Pass/Fail

A1-1 Maximum frequency ANSI 81O trips X

A1-2 Maximum frequency Wind Farm (WF) remains connected X

A2-1 Minimum frequency ANSI 81U trips X

A2-2 Minimum frequency WF remains connected X

A3-1, A3-2 High frequency event Not tested –

A4-1, A4-2 Low frequency event Not tested –

A5-1 Positive ROCOF ANSI 81R trips X

A5-2 Positive ROCOF WF remains connected X

A6-1 Negative ROCOF ANSI 81R trips X

A6-2 Negative ROCOF WF remains connected X

A7 Frequency response for high
frequencies

Control module decreases PWF X

A8 Frequency response for low
frequencies

Control module increases PWF X

B1-1 Balanced LVRT Converter module trips X

B1-2 Balanced LVRT WF remains connected X

B2-1, B2-2 Unbalanced LVRT Not tested –

B3 Ia during balanced LVRT Converter module Ia = f(V ) X

B4 Iq during balanced LVRT Converter module Iq = f(V ) X

B5 Ia during unbalanced LVRT Not tested –

B6 Iq during unbalanced LVRT Not tested –

C1-1 Voltage unbalance ANSI 47 Trips X

C1-2 Voltage unbalance WF remains connected X

C2-1, C2-2 Current unbalance Not tested –
Note: -1:outside the permitted range; -2:within the permitted range





Chapter 10

Practical application:
Fuerteventura-Lanzarote islands

10.1 Introduction
The methodology proposed in this thesis will be validated by the application to
three island study cases. This chapter verifies the methodology with Case 3: a
medium size island, with dynamic data available and grid code under force. The
selected power grids for the practical application are Fuerteventura and Lanzarote,
two Canarian islands. Since 1977, both islands have been electrically linked: first, by
a 33 kV undersea cable, and from 2005 with a 66 kV undersea cable. Its repowering
to a double 132 kV link is expected for the coming years. Currently, the main power
stations are the Thermal Power Plant (TPP) Las Salinas (in Fuerteventura island)
with an installed capacity of 213 MVA, corresponding to 2 gas turbines and 9 Diesel
units, and the TPP Punta Grande (in Lanzarote island) with an installed capacity
of 244.57 MVA and 3 gas turbines and 9 Diesel units. There are also 4 small size
wind farms: Los Valles with an installed capacity of 7.65 MW, Montaña Mina of
1.125 MW, Cañada del Río of 18.4 MW, and Cañada de la Barca with 1.12 MW.
Further details are included in Appendix E.

It has been assumed that an existing wind farm is planned to be upgraded at Monta-
ña de la Mina (Lanzarote). The characteristics of the connection point in Lanzarote
are indicated in Table 10.1. A performance study has been carried out in Section
10.2 by simulation with PowerFactory Digsilent software package. Thus, the perfor-
mance of the power system can be characterised and used for the parameterisation of
the particular grid models, when necessary. The validity of the adjustment has been
verified in Section 10.3. Finally, the performance of the renewable power plant model
connected to the parameterised grid model has been tested by means of simulation
in Section 10.4.

10.2 Performance analysis
The static and dynamic operation of Fuerteventura-Lanzarote islands have been
simulated, based on [157], [153] and [158]. Credible operation scenarios have been
defined in this section, as base for a steady-state and dynamic operation study.
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Table 10.1. Characteristics of PCC in Lanzarote island

Parameter Interconnected systems Separated systems

Voltage 66 kV

Peak load 251.1 MW 137 MW

Valley load 115.74 MW 66.05 MW

Maximum Ssc,max 699.15 MVA 616.22 MVA

Minimum Ssc,min 411.26 MVA 337.61 MVA

10.2.1 Description of operation scenarios

The operation scenarios differ in the level of demand, instantaneous wind power
generation, generation dispatch and available reserve margins.

Two load scenarios have been considered : winter peak WP and winter valley WV,
which correspond to the maximum and minimum demands in 2013.

Three wind power generation situations have been defined: zero wind 0W, normal
wind NW (50 % of installed capacity, i.e. 14.15 MW), and peak wind PW (100 % of
installed capacity, i.e. 28.3 MW), which correspond to 5.63% and 11.27% of peak
demand. During valley load, penetration ratios are higher, but still lower than in
Terceira island. WTGs operate with a fixed power factor: in the case of Squirrel
Cage Induction Generators (SCIGs), cosϕ = 0.95, and cosϕ = 1 for the rest of the
generating units.

The combination of the load and generation scenarios leads to several study cases,
which are summed up in Table 10.2.

Table 10.2. Summary of study cases in Fuerteventura-Lanzarote

Case Id. WP WV 0W NW PW

1 X X

2 X X

3 X X

4 X X

5 X X

6 X X

The demand not covered by wind power generation, plus the system losses (including
generation losses and transmission network losses), is supplied by the TPPs Punta
Grande and Las Salinas. However, there must be some spinning reserve in the system.
TSO establishes the hourly merit order for conventional generation groups taking
into account variable costs. Renewable energy has priority in access and priority
in dispatching, if technical conditions make it feasible. Moreover, unit commitment
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depends on the power exchange between Fuerteventura and Lanzarote subsystems.
Generation dispatch is summarised in Appendix E.

10.2.2 Operation in steady-state

Under peak demand scenario, some issues arise in steady-state. On one hand, po-
wer system infrastructure issues are evident, especially in Fuerteventura, where the
overhead line from Las Salinas to Gran Tarajal substation is already overloaded to
a 118% of its capacity in steady-state. This aspect will hopefully be relieved in the
future by the upgrading of the link to a new double circuit of 132 kV. On the other
hand, all buses in Fuerteventura except for Las Salinas TPP show extremely low
voltage levels under peak demand scenario. Limit voltage levels are 0.94 and 1.06 for
66 kV networks as referred in [159]. Matas Blancas substation has a lowest voltage
level of 0.81 p.u. under Study Case 1, independently from the active power exchan-
ge situation between both subsystems. It can be concluded that the islands surely
rely on emergency power stations for peak demand scenarios, which have not been
considered in the modelisation.

N-1 contingency analysis under different operation scenarios Any trans-
mission line or transformer failure in Fuerteventura leads to the loss of electricity
supply in wide areas of the island, as it is a radial network with a simple circuit.
Nevertheless, if Las Salinas-Corralejo line is tripped, Corralejo substation can still
remain fed by Lanzarote subsystem, even if voltage at Corralejo substation decreases
to the minimum voltage limit permitted for N-1 contingency situations, i.e. 0.91 p.u.
On the other hand, Lanzarote is weakly meshed, and the situation is slightly better,
and voltage levels are within permitted range.

N-2 contingency analysis under different operation scenarios According to
[159], N-2 contingencies refer to double circuit trips, or successive failure of generating
group and transmission line. There is only one double circuit line in Fuerteventura-
Lanzarote system, which corresponds to the Punta Grande-Macher link. Its outage
overloads both Macher-San Bartolomé and Punta Grande-San Bartolomé lines, the
first with 10% and the latter with around 30% of its capacity, above the maximum
permitted overload of 15% [159]. This worst case corresponds to peak demand wi-
thout wind power. However, for any of the peak load scenarios Punta Grande-San
Bartolomé line is over the maximum permitted overload.

Short-circuit levels Three-phase short-circuits have been simulated in all the bu-
ses in the system. Maximum magnitude values correspond to Study Case 2, as follo-
wing the economic dispatch the same synchronous generating units as in Study Case
1 are on-line. But in addition, WTGs do also contribute more modestly. Maximum
short-circuit values are found at the substations corresponding to the TPP PCCs,
with 1003 MVA at Las Salinas, 1125.43 MVA at Punta Grande and 601.97 MVA
at Corralejo. Lowest values result from Study Case 6 as expected, because it is the
configuration with least synchronous generation. If both systems are isolated due
to the inter-island link trip, short-circuit values are still lower, with 276.21 MVA
at Las Salinas bus, 369.93 MVA at Corralejo, and 424.38 MVA at Punta Grande.
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Short-circuit values are smaller in Fuerteventura, with 136.02 MVA at Matas Blan-
cas, 169.41 MVA at Corralejo substation, or still 134.79 MVA at Cañada del Río
wind farm PCC.

10.2.3 Transient operation

Generation loss Simulations are based on the separate economic dispatch results
for the islands under an interconnected situation. For each study case, the loss of
the biggest generator on-line has been simulated, and results are displayed in Figure
10.1.
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Figure 10.1: Frequency deviation after loss of generation in Fuerteventura-Lanzarote

The maximum frequency deviation occurs under valley demand, upon the loss of the
biggest generating unit in the power system and with highest wind power penetra-
tion. The unit commitment and economic dispatch have been done separately, and
for each subsystem a spinning reserve up to the biggest generating unit on-line has
been respected. Therefore, upon the trip of a generator, there is still a very high
overall reserve. However, if the interconnection between both islands is under fault,
the spinning reserve would be reduced, and therefore, the frequency excursion would
be higher. Figure 10.1 shows frequency deviation with interconnected and separa-
ted subsystems for worst scenarios, after loss in Punta Grande or in Las Salinas.
Frequency deviation is similar for both cases.

Frequency deviation is above 49 Hz, unless for cases Study Case 4c, Study Case 5b,
Study Case 6b, and Study Case 6c. UFLS could be acceptable for those cases as it is
stated in the regulation. Applying the UCTE UFLS practice to Study Case 6b (with
the lower frequency nadir), frequency excursion is smaller (48.76 Hz). In addition,
the final frequency value before the action of secondary control is also higher (49.66
Hz), as shown in Figure 10.2(a). First two stages of UFLS logic do trip.

In addition, a credible contingency could be the disconnection between both islands.
This event has been simulated for Study Case 6a after the trip of Playa Blanca-
Corralejo link in Figure 10.2(b). In this case, frequency rises in Fuerteventura and
drops in Lanzarote because of the power exchange between both islands, with Fuer-
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teventura exporting and Lanzarote importing, which corresponds to the most usual
situation.
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Figure 10.2. Frequency deviation under valley demand in Fuerteventura-Lanzarote

Table 10.3 indicates maximum frequency response parameters for worst cases: the
initial ROCOF, the minimum frequency and the steady-state frequency deviation,
taking into account the loss of the biggest generating unit in the system. Subca-
se a refers to an interconnected situation, b to separated subsystems with loss in
Lanzarote, and c to separated subsystems with loss in Fuerteventura.

Table 10.3. Frequency after loss of generation in Fuerteventura-Lanzarote

Study case ROCOF (Hz/s) fmin (Hz) fss (Hz)

6a -0.8 49.24 49.72

6b -1.97 48.11 49.32

6c -1.79 48.28 49.34

Load event For the interconnected system, the loss of Punta Grande load has
been simulated corresponding to the highest load bus both under peak and valley
demand. When the systems are separated because of a disturbance, the most loaded
bus in Fuerteventura is Matas Blancas and Punta Grande in Lanzarote. All cases for
frequency deviation are illustrated in Figure 10.3. Besides, the interconnected and
separated systems have been compared for the worst study case including WTGs
with no frequency response. Frequency response parameters for higher frequency
deviations are summarised in Table 10.4.

Faults The highest short-circuit levels are reached for three-phase faults at Punta
Grande. Figure 10.4(a) compares voltage magnitude at Punta Grande substation for
the scenarios under study, where wind farms do not contribute. Voltage recovery
seems quicker for low demand scenarios. Fault duration has been increased for Study
Case 1 in Figure 10.4(b), and above 400 ms duration faults some generators are out
of step, losing the transient stability of the system.
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Figure 10.3. Frequency deviation after load loss in Fuerteventura-Lanzarote

Table 10.4. Frequency after loss of load in Fuerteventura-Lanzarote

Study case ROCOF (Hz/s) fmax (Hz) fss (Hz)

6a 1.08 51.07 50.4

6b 1.98 51.87 50.7

6c 1.94 51.71 50.66
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Figure 10.4. Voltage dip magnitude after a fault at Punta Grande

However, for a balanced fault at Matas Blancas, transient stability is maintained
for much longer dips as seen in Figure 10.5(a). If a three-phase short-circuit with
a duration of 250 ms is applied at different locations of the power system, Figure
10.5(b) shows that recovery is slower and overvoltage higher if the fault is at power
station buses. Oscillations are also more evident for faults at Punta Grande and
Las Salinas. Fault propagation also differs depending on the fault location. Whereas
during a fault at Punta Grande, dip magnitude is around 0.6 p.u. at most buses, for
short-circuits at a weaker and more distant location like Matas Blancas substation,
dip magnitude remains above 0.8 p.u. On the other hand, if a fault happens at Co-
rralejo -located in Fuerteventura but close to Lanzarote- the voltage dip propagates
to most of the system with some importance.
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Figure 10.5. Voltage dip magnitude after a fault at Matas Blancas

During short-circuits synchronous generators’ speed changes. Hence, system fre-
quency also changes. Maximum frequency is reached with high demand scenarios,
up to 51.04 Hz under Study Case 1 and 5.92 Hz/s of ROCOF as observed in Figure
10.6.
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Figure 10.6. Frequency deviation during short-circuit at Punta Grande

Regarding unbalanced faults, Figure 10.7(a) shows voltage dip magnitude at fault
point after different types of short-circuits for Study Case 1. Recovery is slower and
with higher overvoltage for balanced faults. Angle shifts occurs during short-circuits
are plotted in Figure 10.7(b).

The effect of bolted three-phase short-circuits (300 ms) at different locations in the
island (66 kV) under the worst scenario has been studied at Montaña Mina (PCC)
in Figure 10.8(a) and 10.8(b). The worst scenario is peak demand and intercon-
nected subsystems. Dip magnitude is higher for the most remote substation, that
are situated in Fuerteventura. For faults at the TPPs, stability is compromised as
some generator fall out of step during the simulation. Short-circuits at lower volta-
ge locations are attenuated because of transformer stations. The same applies for
unbalanced faults in Figure 10.8(c), 10.8(d), 10.9(a), 10.9(b), 10.9(c) and 10.9(d).
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Figure 10.7: Voltage dip during unbalanced faults at Punta Grande in Fuerteventura-
Lanzarote

Double-phase short-circuits have a voltage around 0.5 p.u. with a lowest value of
0.42 p.u. when the fault is at the same substation of observance, i.e. Montaña Mi-
na. During single-phase short-circuits, voltage at the non-faulty phase A rises up to
1.6 at Macher. Under two-phase-to-ground faults, highest overvoltage is 1.2 p.u. at
Corralejo 66 kV substation.

When subsystems are separated, short-circuit power at the PCC is lower. But the
difference is barely remarkable on the dip magnitude, as seen in Figure 10.10 for
two-phase short-circuits.

On the other hand, voltage unbalance rises up to around 100% for two-phase and
two-phase-to-ground shunt faults with no fault impedance. Regarding single-phase
faults, voltage unbalance is higher for Study Case 6, as the grid is weaker in that
case: 3.87% under Study Case 1 and 7.5% under Study Case 6. Values resulting
from single-phase short-circuit at Punta Grande, Corralejo and Matas Blancas are
displayed in Figure 10.7. Voltage unbalance is notably higher at the fault point for
Matas Blancas, as weakest bus in the system. However, unbalance propagation is
deeper for faults at Corralejo, situated on the limit of both subsystems, as can be
concluded from data in Table 10.5.

One open and two open phase events have also been analysed. Frequency, voltage
magnitude and phase-angles change due to this disturbance with some magnitude.
In the case of the link between both islands, frequency deviation is highest under
Study Case 6, with a ±0.4 Hz excursion, while it only attains ±0.2 Hz under Study
Case 1. If the disturbance is permanent, stability is lost for both cases. However, it
is not a credible disturbance, concerning underground cables. Playa Blanca-Macher
is an overhead line, but still stability is lost under both unbalancing events.

Line loss If the link between both islands is lost, frequency deviates and voltage
magnitude and phase-angle change. The evolution depends on the initial power ex-
change between the islands. When Fuerteventura is exporting energy to Lanzarote
(base case for interconnected islands scenario), frequency in this subsystem increa-
ses after the loss of the interconnection, as well as voltage magnitude. The contrary
happens in Lanzarote. Some of the generators go out of step, as well, which happens
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Figure 10.8. Voltage dip magnitude at Montaña Mina 66 kV (I)

Table 10.5. Voltage unbalance due to single-phase faults under Study Case 6

Fault point Measurement point VUF

Punta Grande
Punta Grande 7.5%

Corralejo 5.14%
Matas Blancas 3.12%

Macher 5.14%

Corralejo
Punta Grande 7.54%

Corralejo 16.11%
Matas Blancas 9.43%

Macher 16.11%

Matas Blancas
Punta Grande 2.44%

Corralejo 4.95%
Matas Blancas 23.59%

Macher 4.95%

faster under Study Case 1.
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(b) Two-phase short-circuits (BC) in Fuerte-
ventura
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(c) Two-phase short-circuits-to-ground (BC)
in Lanzarote
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Figure 10.9. Voltage dip magnitude at Montaña Mina 66 kV (II)
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Figure 10.10. Two-phase short-circuit at Montaña Mina 66 kV

The loss of one of the double circuit Macher-Punta Grande has also been simulated.
Resulting frequency is lower than the rated frequency, although the difference is
small (0.01 Hz in steady-state). Worst case for frequency deviation is Study Case 1,
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while phase-angle jumps are highest under Study Case 6 with a maximum of 2◦. If
the islands are electrically separated, voltage deviations and phase shift are higher.
Phase-shift in Lanzarote is not instantaneous and increases with time, and in some
cases the subsystem may lose its stability. On the other hand, Fuerteventura island
is radial, and therefore, the loss of any line results into a black-out.

10.2.4 Synthesis

Results for the dynamic operation in Fuerteventura-Lanzarote subsystem are gathe-
red in Table 10.6, summing up the most critical scenarios. Frequency results apply
at any point of the power system, whereas for the rest of parameters performance re-
sults depend on the point of disturbance and measurement, i.e. the PCC at Montaña
Mina 66 kV substation.

Table 10.6. Synthesis of performance results in Fuerteventura-Lanzarote

Event Case Parameter Valuea Valueb Valuec

Generation loss 6 ROCOF− -0.8 Hz/s -1.97 Hz/s -1.79 Hz/s

Generation loss 6 fss,l 49.72 Hz 49.32 Hz 49.34 Hz

Generation loss 6 fmin 49.24 Hz 48.11 Hz 48.28 Hz

Load loss 6 ROCOF+ 1.08 Hz/s 1.98 Hz/s 1.94 Hz/s

Load loss 6 fss,h 50.4 Hz 50.7 Hz 50.66 Hz

Load loss 6 fmax 51.07 Hz 51.87 Hz 51.71 Hz

3PhG fault 1 Vdip,3PhG 0 p.u. 0 p.u. -

1PhG fault (a) 1 Vdip,1PhG 0 p.u. 0 p.u. -

2PhG fault (bc) 1 Vdip,2PhG 0 p.u. 0 p.u. -

2Ph fault (bc) 1 Vdip,2Ph 0.41 p.u. 0.41 p.u. -

1PhG fault (a) 6 VUF 100% 100% -

2PhG fault (bc) 6 VUF 100% 100% -

2Ph fault (bc) 6 VUF 100% 100% -

1 Open phase 6 VUF 1.9% 2.5% -

2 Open phases 6 VUF 15% 31.4% -
Note: a: Interconnected; b: Separated, Lanzarote; c: Separated, Fuerteventura

It can be concluded that with the available data about the power system topology and
assets, the situation in the Fuerteventura-Lanzarote system is compromised under
steady-state and dynamic operation. Under steady-state operation, even under no
contingency situation, voltage levels might happen to be out the admissible range,
and transmission lines overloaded. The situation is worse in Fuerteventura island,
which shows more acute infrastructure problems. Short-circuit levels are higher than
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in Terceira island, as the power system size is bigger both in terms of peak load
and installed capacity. Frequency deviations after a power mismatch event are not
so critical as in Terceira, except for the separated subsystem scenario. Transient
stability during short-circuits is maintained for most cases, but can be compromised
for faults at the TPPs. The propagation of voltage dips is not as wide as in Terceira
island due to the bigger size of the subsystems. Nonetheless, very high frequency
events can be observed for three-phase short-circuits under peak demand scenario.
Voltage unbalance reaches critical values under unbalanced short-circuits and open
phase events, especially at the weakest buses in the system and under the weakest
scenarios. When the islands are electrically separated, voltage deviations and phase-
angle jumps are higher, even if no troublesome values are reached.

The energetic planning for the Canary islands, called PECAN (Plan Energético
de Canarias), indicates in [160] future upgrading of the power network with the
construction of new transmission lines and repowering of the system with new power
stations, both conventional and renewable type for the coming years.

10.3 Parameterisation of grid models

For each of the three requirements under study, the particular grid has been para-
meterised based on corresponding formulae in Chapter 5, 6 and 7 in Part III. In
Case 3, both grid code provisions and real performance results are available. As a
consequence, the methodology could be applied as grid code verification tool or real
operation emulation. For the first purpose, particular grid models would have to be
parameterised based on grid code limits. For the second purpose, on the contrary, the
adjustment could be based on simulation results for most critical scenarios in Section
10.2. Table 10.7 compares real performance results and grid code limits in the SEIE
for the test cases under study. Real operation results for unbalance have not been
included, because no unbalanced loading is reported in the available information.
More restrictive values correspond to grid code limits. It can be observed that for
most of the values grid code limits are very close to real performance results. It is
hereby proved that regulation is adequate for Fuerteventura-Lanzarote system. As a
consequence, the methodology could be applied as grid code verification tool or real
operation emulation. Exceptions are frequency nadir and two-phase short-circuits.
Regarding frequency minimum, it can be due to the fact that the SEIE grid code
also applies in smaller systems where deeper frequency values could be attained. In
the case of two-phase short-circuits the discordance can be put down on the fact
that if all sequence impedances are considered equal, the minimum dip magnitude is
0.5 p.u. Therefore, it has also been selected as adjustment value hereby. The values
finally selected for parameterising the particular grid models are in boldface.

The parameterised grid model has been simulated with PowerFactory simulation
software package and the results compared to adjustment values and real perfor-
mance operation, so as to verify the validity of the parameterisation methodology.
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Table 10.7. Synthesis of test cases with possible adjustment values

Test case Parameter Performance result Grid code

A1 fmax 51.87 Hz 52 Hz

A2 fmin 48.11 Hz 47 Hz

A3 fss,h 50.7 Hz 50.25 Hz

A4 fss,l 49.32 Hz 49.75 Hz

A5 ROCOF+ 1.98 Hz 2 Hz/s

A6 ROCOF− -1.97 Hz -2 Hz/s

B1 Vdip,3Ph 0 p.u. 0 p.u.

B2 1 PhG Vdip,1PhG 0 p.u. 0 p.u.

B2 2 Ph Vdip,2Ph 0.41 p.u. 0.5 p.u.

C1 VUF - 2%

C2 CUF - 5%

10.3.1 Adjustment results

Frequency ride-through The worst underfrequency and overfrequency deviations
correspond to Study Case 6 under valley demand and high wind power. The load as-
set in the equivalent grid model represents the sum of the valley demand and system
losses, as well considering wind energy contributing with no frequency response.

The most adverse situation can happen in Lanzarote when the power system is
separated. However, grid code limits are more restrictive, as indicated in Table 10.7.
Therefore, the particular grid model adapted to Lanzarote has been parameterised
for grid code limits. The values for maximum and minimum frequency have been
calculated with (5.50), as power mismatch is over 10%. The adjustment results are
shown in Table 10.8. Regarding the equivalent generator Generator 1, the rated
power is SN = 78.4 MVA, with Heq = 3.25s, Req = 0.052 and Teq = 6s for the
generation scenario under study, based on real scenario values. The installed capacity
of Generator 2 is SN = 30.5 MVA, with H2 = 3.53s, Req = 0.075 and Teq = 6s.
Equivalencing is based on system data in Lanzarote.

LVRT For LVRT, the divider model has been selected as particular grid model
because only dip magnitude has been adjusted. The fault duration is based on the
SEIE grid code. The results of the adjustment methodology are stated in Table
10.9. Resistive faults and an inductive source have been considered, based on the
sensitivity study in Chapter 6. Zl1 has been adjusted in order to obtain the maximum
Ssc at the PCC, when both islands are interconnected, taking into account the
generator internal impedance. Zl2 has been adjusted to the lowest possible magnitude
at the PCC. The load asset in the equivalent grid model represents the sum of
the valley demand and system losses. For two-phase short-circuits, load modelling
concerns mentioned in Chapter 9 do also apply, especially due to the big size of the



172 Practical application: Fuerteventura-Lanzarote islands

Table 10.8: Case 3: parameterisation of particular grid model for frequency ride-
through

Test Parameter Limit Generator 2 Load 1 Load 2

A1 fmax 52 Hz - 39.51 MW 18.34 MW

A2 fmin 47 Hz 20.36 MW 28.925 MW 28.925 MW

A3 fss,h 50.25 Hz - 48.13 MW 9.72 MW

A4 fss,l 49.75 Hz 7.54 MW 28.925 MW 28.925 MW

A5 ROCOF+ 2 Hz/s - 28.84 MW 29.01 MW

A6 ROCOF− -2 Hz/s 20.38 MW 28.925 MW 28.925 MW

peak load. A fault resistance of Rf = 0.399Ω has been added upon the short-circuit
application for the two-phase short-circuit.

Table 10.9. Case 3: parameterisation of particular grid model for LVRT

Test Parameter Limit Zl1 Zl2 G1 Load

B1 Vdip,3Ph 0 p.u. (0.5 s) 4.21Ω 0 452.39 MVA 257.8 MW

B2 1PhG Vdip,1PhG 0 p.u. (0.5 s) 4.21Ω 0 452.39 MVA 257.8 MW

B2 2Ph Vdip,2Ph 0.5 p.u. (0.5 s) 4.21Ω 0.399Ω 452.39 MVA 257.8 MW

Unbalance The selected scenario is valley demand with minimum short-circuit va-
lue (Ssc,min) corresponding to Study Case 6 with separated subsystems, as voltage
unbalance results into higher values.

The results of the adjustment methodology are stated in Table 10.10. All sequence
impedances have been considered equal and a value of LUF = 2 for three-phase
loads. For the VUF adjustment, resulting active power absorbed by the single-phase
unbalanced load is Pbc = 6.75MW and for the three-phase ungrounded star loads,
Pa = 5.64MW and Pb = Pc = 11.29MW . Regarding CUF, Pa = 360.29MW and
Pb = Pc = 720.59MW , values that are over the capacity and stability limits of the
power grid.

Table 10.10. Case 3: parameterisation of particular grid model for unbalance

Test Parameter Limit Zl1 G1 Load

C1 VUF 2% 4.5 · jΩ 108.9 MVA Rbc = 644.87Ω
Ra = 257.18Ω,Rb = 128.59Ω

C2 CUF 5% 4.5 · jΩ 108.9 MVA Ra = 4.03Ω,Rb = 2.015Ω
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10.3.2 Verification of the parameterisation

The validity of the parameterised grid model has been verified by means of simula-
tion. The models have been implemented in PowerFactory Digsilent software package
and the obtained results benchmarked against the simulation performance results.
Figure 10.11 shows the results of the adjustment for Frequency Ride-Through re-
quirement. Plots in blue correspond to the parameterised grid model and those in
green to real performance results. The adjustment for the rest of requirements can
be verified in Figure 10.12. Limit values are pointed out in red and plots with dashed
lines to real performance results.

The relative errors have been computed for each technical requirement and can be
looked up in Table 10.11. Errors are below ±10 % for all the test cases. Hence, the
parameterised grid models can be hereby validated.

Table 10.11. Case 3: theoretical model verification results

Test Parameter Limit Result Error (%)

A1 fmax 52 Hz 51.96 Hz -0.08%

A2 fmin 47 Hz 46.94 Hz -0.13%

A3 fss,h 50.25 Hz 50.248 Hz -0.004%

A4 fss,l 49.75 Hz 49.75 Hz 0%

A5 ROCOF+ 2 Hz/s 1.94 Hz/s -3%

A6 ROCOF- -2 Hz/s -1.95 Hz/s 2.5%

B1 Vdip,3Ph 0 p.u. 0 p.u. 0%

B2 Vdip,1PhG 0 p.u. 0 p.u. 0%

B2 Vdip,2Ph 0.5 p.u. 0.5 p.u. 0%

C1 (1Ph load) VUF 1.99% 1.99% -0.5%

C1 (3Ph load) VUF 2% 1.99% 0%
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Figure 10.11. Case 3: verification of adjustment of frequency ride-through

10.4 Practical application of the methodology

The installation of 105 MW of wind power was approved in 2007, but has not been
still executed [158]. In this practical application, the methodology will be used to
perform compliance tests to an existing wind farm, which has been upgraded: the
wind farm at Montaña de la Mina in Lanzarote. Initially, the wind farm consisted of
5 old generation induction generators (Appendix E) with a total installed capacity
of 1.125 MW. The new wind farm will consist of 4 WTGs of 2 MW. The PCC of the
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Figure 10.12. Case 3: verification of the rest of parameters

wind farm has the characteristics indicated in Table 10.1. The SCR at the PCC is
over 40, even under most demanding scenarios.

The wind farm has been modelled with PowerFactory software package, based on a
grey-box user model, and parameterised according to values indicated in Appendix
C, where the user model and the equivalent grid model are also described. The
methodology has been applied so as to verify if the new power plant complies with
the technical provisions in the SEIE grid code regarding the requirements under
study.

For remain connected requirements, two events have been simulated by adjusting
the simplified equivalent grid for each of the compliance tests defined in Chapter 4:
an event outside usual range in the power grid (indicated suffix -1 in test identifica-
tor), and an event within the usual range (indicated suffix -2 in test identificator).
Limit values are based on Section 10.3. For active support requirements, generator
contribution is showed by simulating an event within limits.

Frequency ride-through Frequency ride-through test cases are listed in Table
10.12. For Frequency ride-through validation, the frequency response block of the
plant has been disabled, so as to be able to observe the trip of the plant when
frequency is beyond permitted values. This feature can be achieved by conveniently
adjusting the protection relay settings of the generation asset. In addition, for a
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better observance of ROCOF events under/overfrequency events have been disabled
for test cases A5 and A6. Test cases A3 and A4 have not been considered, because
only primary protection relays have been configured in the model.

Table 10.12. Case 3: frequency ride-through test cases

Test case Parameter Limit Test value

A1-1 fmax 52 Hz 52.5 Hz

A1-2 fmax 52 Hz 51.5 Hz

A2-1 fmin 47 Hz 46.5 Hz

A2-2 fmin 47 Hz 47.5 Hz

A5-1 ROCOF 2 Hz/s 2.5 Hz/s

A5-2 ROCOF 2 Hz/s 1.5 Hz/s

A6-1 ROCOF -2 Hz/s -2.5 Hz/s

A6-2 ROCOF -2 Hz/s -1.5 Hz/s

Figure 10.13(a) plots the system frequency for each case and Figure 10.13(a) the
power output of the power plant. The power output is expressed in p.u. with respect
of initial power reference. It can be observed that the power plant trips correctly
during the events out of the permitted range. For underfrequency events beyond the
limits, the power plant is tripped, which increases the power imbalance, and hence,
the system frequency deviation.

Frequency response The converter model includes primary frequency control cha-
racteristics. This feature has been parameterised with values within an acceptable
range in the SEIE grid code by reproducing test case A2-2. Frequency response for
both high and low frequencies has been tested based on an underfrequency event,
because frequency decreases during the drop but increases (and decreases) alterna-
tively during recovery, until the steady-state situation. Thus, as frequency drops the
power plant increases its active power generation, whereas the contrary happens as
frequency starts to recover. This behaviour can be observed in in Figure 10.14, where
simulation results are plotted.

LVRT Two events have been simulated by adjusting the fault duration for each
of the compliance tests defined in Chapter 4: an event within the permitted range
with tdip = 250 ms and an event outside the permitted range with tdip = 650 ms.
Test B2, corresponding to unbalanced faults, is out of the scope of the practical
application, because the generating unit model under study does not include the
ability to ride-through unbalanced faults.

Figure 10.15 shows voltage profiles at the PCC for both events with limit profile based
on SEIE regulation. The power generation asset meets the regulations in Spain, as it
remains connected and generating during event B1-2, and trips during event B1-1.
In test case B1-2 shown in Figure 10.15(d), it can observed that the power plant
remains connected and there is an active and reactive power output.
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Figure 10.13. Case 3: validation of the procedure for frequency ride-through
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Figure 10.14. Case 3: validation of the procedure for frequency response

Test B2, corresponding to unbalanced faults, is out of the scope of the practical
application, because the generating unit models only contain positive sequence.

Output current during faults In order to maintain transient stability, the up-
graded wind farm can contribute with active and reactive power during balanced
short-circuits. Thus, the control block of the equivalent converter of the power plant
has been parameterised with values based on the SEIE grid code. According to most
grid codes (Chapter 4), active and reactive current injection in function of voltage
can be specified by some reference points. Adjustment values for SEIE regulation
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Figure 10.15. Case 3: validation of the procedure for LVRT

are indicated in Appendix C.

The event corresponding to the current injection tests for balanced faults is Test B1-
2, which corresponds to a balanced LVRT situation. Both current and corresponding
power in p.u. are shown in Figure 10.15(d). Support during fault has been specified
to be active still 10 seconds after the recovery. Tests B5 and B6, corresponding to
current contribution during faults for unbalanced faults, is out of the scope of the
practical application, because the generating unit model does not include the ability
to contribute to unbalanced faults.

Unbalance Unbalance test cases are listed in Table 10.13. Only voltage unbalance
has been considered, because current unbalance adjustment condition leads to insta-
bility. Single-phase loading has been selected as unbalancing event because it leads
to higher unbalances. Frequency protection functions and frequency response have
been disabled.

Table 10.13. Case 3: unbalance test cases

Test case Parameter Limit Test value

C1-1 VUF 2% 2.5%

C1-2 VUF 2% 1.5%
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Figure 10.16(a) shows the unbalance at PCC after the grid adjustment, whereas
10.16(b) plots the action of the protection relay with trip of the PV plant. When
unbalance is below the limit value, the power plant remains connected.
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Figure 10.16. Case 3: validation of the procedure for VUF

Summary The application of the methodology for Case 3 is based on grid code
limits. By using the particular grid model conveniently parameterised, events have
been correctly emulated. Thus, the control and protection algorithms of the wind
power plant have been assessed with respect of the connection to Fuerteventura-
Lanzarote system. The performance of the power plant has been correctly demonstra-
ted for all test cases under study. Table 10.14 summarises the results of the practical
application of the methodology for Case 3.
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Table 10.14. Case 3: summary of grid code compliance verification

Test case Description Action Pass/Fail

A1-1 Maximum frequency ANSI 81O trips X

A1-2 Maximum frequency WF remains connected X

A2-1 Minimum frequency ANSI 81U trips X

A2-2 Minimum frequency WF remains connected X

A3-1, A3-2 High frequency event Not tested –

A4-1, A4-2 Low frequency event Not tested –

A5-1 Positive ROCOF ANSI 81R trips X

A5-2 Positive ROCOF WF remains connected X

A6-1 Negative ROCOF ANSI 81R trips X

A6-2 Negative ROCOF WF remains connected X

A7 Frequency response for high
frequencies

Control module decreases PWF X

A8 Frequency response for low
frequencies

Control module increases PWF X

B1-1 Balanced LVRT Converter module trips X

B1-2 Balanced LVRT WF remains connected X

B2-1, B2-2 Unbalanced LVRT Not tested –

B3 Ia during balanced LVRT Converter module Ia = f(V ) X

B4 Iq during balanced LVRT Converter module Iq = f(V ) X

B5 Ia during unbalanced LVRT Not tested –

B6 Iq during unbalanced LVRT Not tested –

C1-1 Voltage unbalance ANSI 47 Trips X

C1-2 Voltage unbalance WF remains connected X

C2-1, C2-2 Current unbalance Not tested –
Note: -1:outside the permitted range; -2:within the permitted range
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Chapter 11

Conclusions and future research

11.1 Conclusions

The point of departure of this thesis was the review of existing grid codes for the con-
nection of renewable generation assets in the light of harmonisation efforts launched
by international organisms. Differences in regulation can be attributed to environ-
mental conditions, government policies, local utility practices, network strength and
characteristics, and grid asset types present in the system. Therefore, this thesis
analysed the influence of strength in grid codes. Main outcomes point out that in
weak power grids wider operating ranges, greater power factor range, more stringent
frequency response and more onerous fault ride-through requirements are requested
by system operators.

The following step was to study current grid code compliance verification practices.
It was concluded that grid code verification, model validation and certification pro-
cedures are still under development in many countries, which on the contrary have
rather stable, harmonised and complete grid codes. Even if compliance processes
are well documented in some countries like the UK, mostly there is usually little
information and documents are not clear nor definite. Recently, RES certification
has been launched in some countries, such as Germany and Spain. The German re-
gulation encompasses generating unit and system certification. The process includes
type testing verification, as well as the provision of simulation models of the assets
under certification. The Spanish procedure for wind farm certification is based on
the verification of LVRT requirement based on simulation models of the whole wind
farm, which are made up by previously validated wind turbine models. However, si-
mulation procedures were found to be scarcely documented and basically focused on
FRT requirement. Modelling requirements are more widely standardised, although
mostly not adequate for weaker parts of the power grids and EMT studies.

Those weaknesses were addressed in this thesis, with the presentation of a grid
code compliance verification methodology aiming to expand simulation technique
as an adequate tool to prove compliance with other technical requirements besides
LVRT. The methodology presented in this thesis proposed a generic and reduced
grid model as equivalent system suitable for both simulating the static and dynamic
performance of a selected power system for interconnection and design purposes, and
for verifying the compliance of grid code requirements. Depending on the disturbance
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to be represented and sensitivity studies of the model parameters, the generic grid
model must be particularised, and so obtain a particular grid model. Finally, the grid
model has to be parameterised based on grid characteristics and grid code limits,
resulting into a parameterised grid model.

Island grids were selected as target because of the importance of RES integration and
proper testing and evaluation beforehand. As a consequence, a simulation procedure
for most critical rules in this kind of power grids was presented. Selected require-
ments were frequency ride-through, LVRT and unbalance, with corresponding remain
connected and active support provisions. Each of the requirements was theoretically
analysed so as to obtain an equivalent grid model able to reproduce any disturbance.

Regarding frequency ride-through, existing SFR models are adequate for only
thermal generation (Anderson), not straightforward to adjust (Aik), or only valid for
small power mismatches (Egido). As an alternative, this thesis presented a procedure
for larger disturbances, which are frequent in smaller island grids. Thus, frequency
can be calculated by equivalencing the power system considering first-order prime
movers.

The theoretical analysis of fault induced voltage dips is two-fold. Dip magnitude
calculation can be derived by using a simple voltage divider model. However, studying
the dynamic evolution results into high-order equations, even for small power grids.
Several parameters have an influence, including the characteristics of the network,
generating units and fault nature. Hence, in order to streamline parameterisation,
only dip magnitude and fault duration were considered in this thesis.

Voltage and current unbalance were theoretically analysed considering unba-
lanced short-circuits, series faults and asymmetrical loading. A sensitivity analysis
brought to light that short-circuits and series faults cannot be adjusted so as to ob-
tain usual limit values in the grids codes. Generally, these phenomena either involve
very high or very low -in the case of unequal impedances in conveniently transposed
lines- transient unbalances. Therefore, parameterisation was limited to unbalanced
loading in this thesis.

Finally, the compliance verification methodology was applied to three study cases:
three island power systems where a new or an existing renewable power plant must
prove fulfilment of a selected grid code or the ability to integrate in a power system.

First, a general medium size island where only minimum data at the PCC is known
was considered. The particular equivalent grid models for each of the requirements
were parameterised, and the parameterised grid models and corresponding adjust-
ment formulae were validated by comparing simulation results with theoretical ad-
justment. Then, a new PV power plant under grid code compliance verification was
connected to the parameterised grid models. By emulating limit conditions, the co-
rrect performance of the power plant was evaluated, both remaining connected when
required and contributing with active and reactive power during frequency excur-
sions and voltage dips. Thus, the methodology proposed in this thesis showed to be
useful for manufacturers aiming to integrate a new power plant in a medium size
island grid where little information about the power system is available.
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The second application example was Terceira island, in the Açores archipelago. The
island grid was modelled based on system operator information with no current speci-
fic technical regulation for the connection of renewable generation assets. Therefore,
particular grid models were parameterised based on real performance results at the
PCC. For that purpose, the static and dynamic performances of Terceira island were
simulated, under most usual operation scenarios and credible contingencies. Thus,
limit values for relevant parameters were derived. Terceira island showed to be a po-
wer system with favourable renewable energy resources and an encouraging potential
for higher penetration rates. In this line of work, the performance of a new wind farm
connected at Quatro Ribeiras substation was assessed so as to verify its suitability
to undergo limit grid situations and contribute to system performance. The results
proved the usefulness of the methodology for cases with similar characteristics as
Terceira island.

The last application example was the interconnected power system of Fuerteventura-
Lanzarote in the Canary islands. The big size island grid was modelled based on
system operator information, and a specific regulation rules the connection of re-
newable power plants in the Spanish SEIE. The performance analysis brought to
light usual technical issues in isolated power systems. Due to economic constraints,
investments in electrical infrastructures are often delayed. This seems to be the case
for Fuerteventura island, where issues arise even under steady-state operation. For
dynamic simulations, worst results were obtained when Fuerteventura and Lanzarote
systems are separated. This can be considered as a credible contingency, as currently
only a submarine link is available. Low values of frequency upon a power mismatch
event were reached in both systems, especially under valley demand scenarios, which
could trip UFLS protection relays. So, electricity supply would be compromised for
some parts of the network. Simulations showed that attained ROCOF values could
also be challenging for converter-based generators. As a consequence of these results,
the connection of a new renewable power plant seems unrealistic without underta-
king infrastructure upgrades. Hence, the WTG of an existing wind farm was replaced
with newer generating units, including control and protection algorithms which must
comply with the grid code under force. The parameterisation of the particular grid
codes for each of the requirements under assessment can be done either based on
real performance results, or in regulation limits. The choice depends on the purpose
of the application. In this thesis, most stringent values between both alternatives
were considered, corresponding to regulation limits. Thus, it was proved that grid
code of the SEIE is on the whole adequate for Fuerteventura-Lanzarote system. The
simulation results confirmed the validity of the methodology for a bigger size island
grid, where both network information and interconnection regulation for RES are
available. In addition, the methodology proved to be adequate for new and existing
power plants.

In conclusion, the verification methodology presented in the thesis was proved to be
suitable in the light of the application cases. The theoretical study leading to the
adjustment procedure was also confirmed to be correct, except for current unbalance.
The unbalancing phenomena under study -unbalanced short-circuits, series faults
and unbalanced loading- were evidenced to be inadequate for current unbalance
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adjustment because they involved unrealistic parameter values. The parameterisation
based on unbalancing power generation sources, left out the scope of the thesis, could
be a better alternative. Regarding LVRT, equivalencing techniques could be applied
to whole power systems. However, the simplifications assumed in the thesis were
valid for island power grids due to their limited size and because only voltage dip
magnitude was adjusted. Nevertheless, in order to reproduce polygonal profiles as
indicated in many grid codes, the use of controllable voltage sources could be a
better choice. This alternative would also be a more adequate solution for verifying
frequency response of generating units, because often several frequency values are
requested to be checked.

11.2 Main contributions

Grid codes issued by relevant system operators for the connection of renewable power
generation were reviewed and compared. Thus, the influence of system strength on re-
gulation was analysed. On the other hand, regulation provisions regarding modelling,
testing and validation of renewable generation units were studied. As a consequence,
main shortcomings in current practices were highlighted and used as basis for the
proposal of a methodology for the compliance verification.

Moreover, the novel contributions of the thesis are hereby presented.

1. A new grid code compliance verification was presented in this thesis. A T-
shaped generic power grid model was proposed as starting point, valid for the
emulation of several grid disturbances. The particularisation of the generic mo-
del was explained, based on the event types under study. Finally, this document
indicated an adjustment methodology leading to a parameterised grid model.

2. System Frequency Response models proposed in the literature were studied
and a simplified method for calculating the frequency minimum value was
introduced so as to fit small and medium size island power grids, where large
power mismatches can appear.

3. Voltage dip characterisation was studied beyond the classical voltage divider
model, so as to better analyse transient performance during a short-circuit and
its recovery.

4. Sequence circuit connection for series faults and unbalanced loading were ma-
thematically derived. Based on those expressions, complex voltage and current
unbalance factors for the unbalancing phenomena under study were computed.

5. Simplified equivalent grid models for the emulation of frequency excursions,
voltage dips and unbalances were presented. The expressions for the parame-
terisation of each particular grid model were hereby presented, taking into
account sensitivity studies.

6. Island power systems of Terceira in the Açores and Fuerteventura-Lanzarote
in the Canaries were modelled based on available network data. Their opera-
tion under steady-state and transient regimes was studied using PowerFactory
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software package.

7. The methodology was applied to three island examples and the particular grid
model parameterisation adapted to the available information. The integration
of new or existing RES power plants was simulated using PowerFactory soft-
ware package, based on parameterised grid equivalents. By using the particular
grid model conveniently parameterised, events were correctly emulated. Thus,
the control and protection algorithms of the renewable power plants were as-
sessed for all test cases under study.

11.3 Scientific production
Several contributions of this thesis were communicated to the scientific community
with relevant journal and conference papers.

Journal papers

[1 ] A. Etxegarai, P. Eguia, E. Torres, A. Iturregi and V. Valverde. “Review
of grid connection requirements for generation assets in weak power grids”.
Renewable and Sustainable Energy Reviews, vol. 41. pp. 1501-1514, January
2015.

This paper reviews and compares technical requirements imposed on to gene-
ration assets in countries with very distinct characteristics, in order to analyse
the influence of weakness and isolation of a power grid on the interconnec-
tion conditions imposed by system operators to grid users. Current and future
regulation aspects are covered.

[2 ]A. Etxegarai, P. Eguia, E. Torres, G. Buigues and A. Iturregi. “Current pro-
cedures and practices on grid code compliance verification of renewable power
generation”. submitted for publication to Renewable and Sustainable Energy
Reviews in January 2015.

Generation assets applying for grid connection must comply with certain grid
code requirements. Grid code compliance verification shall include revision of
documentation covering technical data and models, checking of the requested
capabilities, and validation of model performance. These procedures are singu-
lar regarding renewable power generation, due to their singular characteristics,
specific topologies and short experience. This paper reviews current procedu-
res and practices on grid code compliance verification, encompassing modelling
and validation requirements, testing set-ups and certification procedures.

Conference papers

[1 ] A. Etxegarai, E. Torres and P. Eguia. “Integrating Distributed Generation
into Weak Power Grids ”. 12 Conferencia Luso-Española de Ingeniería Eléctrica
XIICLEEE, Ponta Delgada, Açores (Portugal), July 2011.

[2 ] A. Etxegarai, P. Eguia, E. Torres and E. Fernandez. “Impact of wind po-
wer in isolated power systems ”. 2012 16th IEEE Electrotechnical Conference
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(MELECON), pp. 63-66, Hammamet (Tunis), April 2012.

[3 ] A. Etxegarai, E. Torres and P. Eguia. “Frequency control of isolated power
systems with wind power penetration”. Conferencias Hispano-Lusas de Ingenie-
ría Eléctrica (CHLIE) 2013, Valencia (Spain), July 2013.

[4 ] M. Zubiaga, S. Aurtenetxea, A. Etxegarai and E. Torres. “LVRT dynamic
performance analysis in a detailed time domain simulation scenario beyond the
impedance divisor fault”. EPE’13 15th European Conference on Power Elec-
tronics and Applications, pp. 1-10, Lille (France), September 2013.

[5 ] M. Zubiaga, S. Aurtenetxea, A. Etxegarai, E. Torres, P. Eguia and J. Chi-
vite. “Frequency restoration in insular grids with high penetration of wind po-
wer”. 39th Annual Conference of the IEEE Industrial Electronics Society IE-
CON’2013, pp. 2045-2050, Vienna (Austria), November 2013.

[6 ] A. Etxegarai, E. Torres, I. Zamora, J.I.San Martin and P. Eguia. “Review
of Procedures for Verification of Grid Code Compliance of Renewable Gene-
ration”. International Conference on Renewable Energies and Power Quality
(ICREPQ’14), Cordoba (Spain), April 2014.

[7 ] P. Eguia, A. Etxegarai, E. Torres, J.I. San Martin and I. Albizu. “Use of
generic dynamic models for photovoltaic plants”. International Conference on
Renewable Energies and Power Quality ICREPQ’15, ISSN 2172-038 X, N. 13,
La Coruña (Spain), March 2015.

[8 ] J. I. San Martin, P. Eguia, A. Etxegarai, E. Torres and I. Albizu. “A
survey on Innovative Solutions and Projects for the Integration of Renewable
Generation in Weak Power Grids”. International Conference on Renewable
Energies and Power Quality ICREPQ’15, ISSN 2172-038 X, N. 13, La Coruña
(Spain), March 2015.
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dinámicos genéricos de plantas fotovoltaicas: parametrización y validación”.
XVI ERIAC Encuentro Regional Iberoamericano de CIGRÉ, Puerto Iguazú
(Argentina), May 2015.

11.4 Future research lines

A thesis must be a finite time-bound work. As a consequence, there will always be
new papers to review, assumptions to discard, unresolved questions or research paths
to explore more deeply. It is certainly the case for the present thesis. But a finishing
line has to be drawn (fortunately). Therefore, here go some future research lines that
would contribute to further develop the work initiated by this thesis:

• Based on the procedure as outlined in this thesis, the grid code compliance
methodology could be extended to:

– Other usual technical requirements. Regarding remain connected require-
ments, phase-angle jump and HVRT could be best candidates after the
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corresponding theoretical study. On the other hand, inertia emulation
and oscillation damping are indicated as possible future active support
requirements for RES generators.

– Other kinds of power grids in addition to islands, by selecting the adequate
technical provisions and grid disturbances, as well as by carrying out a
sensitivity study that takes into account the boundary conditions.

• Load modelling in the equivalent grid could be further studied, taking into
account voltage and frequency dependent assets.

• The numerical application of the methodology in this thesis was based on a
grey-box RMS plant user model. Instead, validated generic generator models
could also be tested, as outlined in some reference documents. Besides, three-
phase generator models should be more adequate so as to verify grid code
compliance for remaining connected and contributing to the power system
stability under unbalancing events.

• The grid equivalent models presented in this dissertation could be used not
only to emulate island power operation or verify the grid code compliance of
generating units under certification. In addition, they could be applied to furt-
her analyse the interaction of converter systems with weak power grids, so as
to improve control and protection algorithms and tune control and protection
parameters.

• The methodology could be completed with more detailed measuring, passing
and accuracy criteria, especially for active requirements.
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Appendix A

Influence of SFR study model on
frequency response

The influence of the SFR study model on frequency response regarding frequency
minimum has been analysed for single generating units, as well as the whole power
system, based on the analytical study in Section 5.3.

A.1 Single generating unit models

Frequency behaviour is hereby analysed using different theoretical SFR study mo-
dels, comparing Kundur model [127], Anderson model [125], and Egido model [123]
for a single generating unit. For the Egido model, the parameters of the equivalent
first-order model (best suited for reheat steam turbines [126]) have been tuned in
open loop. In addition, the fitting time range has been analysed selecting extreme
frequency minimum occurrence instant values indicated in Table A.1, i.e. 1 and 20
seconds, as well as some intermediate values.

Table A.1. Typical frequency minimum time range in different power systems

Power system tmin (s) Reference

Spanish isolated systems 1-4 [123]

Large, mixed resource systems 9 [161]

Crete 2 [162]

Ireland 2.75, 3-7 [163]

US eastern interconnection 2.2-2.5 [161]

WECC 8-20 [164]

New Zealand 4 [165]

On the other hand, two simplified model types based on Egido model have been selec-
ted, with non-tunable and tunable k parameter (calculated from the droop constant
Ki) hereinafter called Egido1 and Egido2 methods, which correspond respectively
to one parameter estimation (T time constant) and two parameter estimation (k and
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T constants). Estimation results are indicated in Table A.2, obtained from a step
input to Kundur model (the most detailed model among those under analysis) with
parameters in Table 5.2 based on different fitting times. It can be concluded that
lower k and T values are obtained as fitting time is shorter.

Table A.2. Parameter estimation for a single generating unit

Fitting time Egido1 Egido2
k T (s) k T (s)

1 s 20 0.41 s 18.41 0.41 s

3 s 20 0.73 s 15.62 0.73 s

5 s 20 1.21 s 11.97 1.21 s

10 s 20 2.44 s 15.62 2.44 s

20 s 20 3.82 s 18.41 3.82 s

Resulting frequency deviations after a generation loss of 0.2 p.u. have been plotted
for different fitting time ranges in Figure A.1 and compared to Kundur model as the
most detailed model. It can be concluded that the two parameter estimation method
Egido2 gives a more exact result for predicting the system frequency behaviour for
the initial instants (included the frequency nadir). On the other hand, fitting time
range, hereinafter referred to as tf , is highly important. If a time range close to the
frequency minimum instant is chosen, the estimation for the first instants is more
precise.

Figure A.2 compares the frequency response in a power system with a single reheat
steam turbine generator after a generation loss of 0.2 p.u. including Kundur, Ander-
son and Egido method. For the Egido model, only Egido2 is considered based on the
real minimum frequency instant for the detailed model (i.e. 2 seconds) resulting in
parameters k = 8.77 and T = 0.5452 s. The equivalent first-order model fits perfectly
the detailed model response. The frequency nadir can be analytically approximated
based on [123] or directly solved (e.g. using Laplace transform). Both results are
indicated in Table A.3.

Table A.3. Comparison of SFR models

Parameter Kundur Anderson Egido2a Egido2b

fmin 48.73 Hz 48.87 Hz 49.25 Hz 48.73 Hz

tmin 2.1 s 2.31 s 1.2 s 2.1 s
a: Approximation
b: Directly solved

The result obtained by solving directly the first-order equivalent system corresponds
correctly to the detailed model response. Using Egido method, the difference between
both is notable. In fact, the simplification only suffices for small disturbances. The
bigger is P0 the mismatch disturbance, so it is the calculation error.
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Figure A.1. Study of Egido model

It can be concluded that when power mismatch is high, the method proposed by Egi-
do introduces a significant error in the estimation of frequency minimum. For smaller
disturbances, the error is reduced. Hence, the method is not adequate for small and
even medium size isolated power systems, where the loss of a single generating unit
could represent a high proportion of total installed capacity.

A.2 Whole power system models

The effect of the theoretical model on frequency response has been also analysed for a
whole power system. Anderson model [125], Aik model [130], and Egido model [123]
approaches for multi-generator power systems have been compared. Three simple
cases have been considered as illustration, based on a small power system made up
of two thermal generating units:

• Case A: two identical generating units (parameters in Table 5.2).

• Case B: two generating units with different inertia constants (H1 = 2.5s and
H2 = 4s) and rest of the parameters identical (Table 5.2).

• Case C: two generating units with different inertia constants (H1 = 2.5s and
H2 = 4s) and different turbine parameters (TRH,1 = 5s and TRH,1 = 8s)
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Figure A.2. Comparison of single reheat steam turbine-generator models

Table A.4. Parameter estimation for 2 generating units

Case Unit Fitting time k T (s)

Case A 1 2 s 8.77 0.5452 s
2 2 s 8.77 0.5452 s

Case B 1 1.5 s 8.22 0.47 s
2 2 s 8.77 0.5452 s

Case C 1 1.5 s 10.43 0.3995 s
2 2.3 s 8.2 0.62 s

First, equivalent first model parameters have been estimated for each of the ge-
nerating units in the system, based on Egido method and indicated in Table A.4.
As inertia constant is lower, estimation fitting range is also narrower, because the
frequency nadir happens earlier. In addition, both k and T parameters have been
normalised.

Figure A.3 compares the frequency response for a multigenerator system for Case
A, Case B and Case C, a after a generation loss of 0.2 p.u.
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Figure A.3. Comparison of SFR models for a multi-generator system

Regarding the calculation of the minimum frequency, taking into account that the
two generating units have the same power rating, Anderson method can only be ap-
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Table A.5. Frequency response for the multi-generator system

Case Method fmin (Hz) tmin (s)

Case A

Kundur 48.73 Hz 2.016 s
Anderson 48.87 Hz 2.31 s
Egido2a 49.25 Hz 1.2 s
Egido2b 48.73 Hz 2.1 s

Case B

Kundur 48.65 Hz 1.757 s
Anderson 48.83 Hz 2 s
Egido2a 49.388 Hz 0.7956 s
Egido2b 48.65 Hz 1.76 s

Case C

Kundur 48.75 Hz 1.62 s
Anderson - -
Egido2a 49.53 Hz 0.6149 s
Egido2b 48.74 Hz 1.61 s

a: Approximation
b: Directly solved

plied to Cases A and B, and only to underdamped second-order systems. Calculation
results are indicated in Table A.5.

It can be concluded that as in power systems with a single generating unit, Egido
method is not adequate for small isolated power systems, as errors are included for
power mismatches below 0.1 p.u.





Appendix B

Application of symmetrical
components for unbalancing
phenomena

B.1 Introduction

This appendix presents the connection of sequence circuits for short-circuit faults,
series faults and unbalanced loading. The mathematical derivation of sequence circuit
connection for series faults and unbalanced loading is hereby indicated, excluding out
short-circuit faults as it is widely documented in classical texts [152]. Expressions
for voltage and current calculation at PCC are also indicated.

B.2 Shunt faults

B.2.1 Connection of sequence circuits

Figures B.1, B.2 and B.3 indicate the connection of sequence circuits for short-circuit
faults.

+
−V pf

+
−V 1

+
−
V 0

+
−

3 · Zf
I1 = I2 = I0V 2

I0

Z0

I2

Z2

Z1

I1

Figure B.1. Sequence circuit connection for a single-phase short-circuit
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I1 I2

+
−

V pf

Figure B.2. Sequence circuit connection for a double-phase short-circuit

+
−

+
−

+
−

V pf
+
−

I1 I2 I0

V 1 V 2 V 0Z1 Z2 Z0

3 · Zf

Figure B.3. Sequence circuit connection for a double-phase to ground short-circuit

B.2.2 Current calculation

Three-phase short-circuit

Ia1 = Ia = V pf ·
1

Z1 + Zf

(B.1)

The negative and zero sequence currents are null: Ia2 = 0, Ia0 = 0.

Single-phase short-circuit (phase A)

Ia1 = Ia2 = Ia0 = V pf ·
1

Z1 + Z2 + Z0 + 3 · Zf

(B.2)

Double-phase short-circuit (phases B and C)

Ia1 = −Ia2 = V pf ·
1

Z1 + Z2 + Zf

(B.3)

The zero sequence current is null: Ia0 = 0.

Double-phase-to-ground short-circuit (phases B and C)

Ia1 = V pf ·
1

Z1 + Zf +
(
Zf + Z2

)
·
(
Z0 + Zf + 3 · Zt

)
Z2 + Z0 + 2 · Zf + 3 · Zt

(B.4)
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Ia2 = −Ia1 ·
Z0

Z0 + Z2
(B.5)

Ia0 = −Ia1 ·
Z2

Z0 + Z2
(B.6)

B.2.3 Voltage calculation

Voltage during short-circuits has been calculated at the faulted point, considering a
fault impedance Zf equal for any phase in fault. Positive, negative and zero sequence
voltage at the faulted phase(s) are indicated below.

Three-phase short-circuit

V a1 = V pf ·
Zf

Z1 + Zf

(B.7)

The negative and zero sequence voltages are null: V a2 = 0, V a0 = 0.

V a = V b = V c = V pf ·
Zf

Z1 + Zf

(B.8)

Single-phase short-circuit (phase A)

V a1 = V pf ·
(

1− Z1
Z1 + Z2 + Z0 + 3 · Zf

)
(B.9)

V a2 = V pf ·
−Z2

Z1 + Z2 + Z0 + 3 · Zf

(B.10)

V a0 = V pf ·
−Z0

Z1 + Z2 + Z0 + 3 · Zf

(B.11)

V a = V pf ·
3 · Zf

Z1 + Z2 + Z0 + 3 · Zf

(B.12)

Double-phase short-circuit (phases B and C)

V a1 = V pf ·
(

1− Z1
Z1 + Z2 + Zf

)
(B.13)

V a2 = V pf ·
Z2

Z1 + Z2 + Zf

(B.14)

The zero sequence voltage is null: V a0 = 0.

V a = V pf ·
2 · Z2 + Zf

Z1 + Z2 + Zf

(B.15)
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Double-phase-to-ground short-circuit (phases B and C)

V a1 = V pf ·
(

1− Z1
Z1 + Z + Zf

)
(B.16)

V a2 = V pf ·
(

Z2
Z1 + Z + Zf

·
Z0 + Zf + 3 · Zt

Z2 + Z0 + 2 · Zf + 3 · Zt

)
(B.17)

V a0 = V pf ·
Z0

Z1 + Z + Zf

·
(

1−
Z0 + Zf + 3 · Zt

Z2 + Z0 + 2 · Zf + 3 · Zt

)
(B.18)

where Z =
(
Z2 + Zf

)
·
(
Z0 + Zf + 3 · Zt

)
Z2 + Z0 + 2 · Zf + 3 · Zt

.

B.3 Series faults

B.3.1 Connection of sequence circuits

Unequal series impedances The mathematical derivation of the sequence cir-
cuit connection for unequal series impedances has been adapted from [152]. Voltage
between points F and F’ indicated as faulted points can be calculated:

V abc − V a′b′c′ = Zabc · Iabc (B.19)

Transforming phase impedance matrix into sequence impedance matrix:

Z012 = A−1 · Zabc ·A (B.20)

where A =

1 1 1
1 a2 a
1 a a2

.

Considering that the three phase have respectively Zaa, Zbb and Zcc series impe-
dance, Z012 can be calculated.

Z012 = 1
3 ·

 Zaa + Zbb + Zcc Zaa + a2 · Zbb + a · Zcc Zaa + Zbb + Zcc

Zaa + a · Zbb + a2 · Zcc Zaa + Zbb + Zcc Zaa + a2 · Zbb + a · Zcc

Zaa + a2Zbb + a · Zcc Zaa + a · Zbb + a2 · Zcc Zaa + Zbb + Zcc


(B.21)

In order to simplify the equation below, series impedance in phases B and C are
considered equal. Therefore:

Z012 = 1
3 ·

Zaa + 2 · Zbb Zaa − Zbb Zaa − Zbb

Zaa − Zbb Zaa + 2 · Zbb Zaa − Zbb

Zaa − Zbb Zaa − Zbb Zaa + 2 · Zbb

 (B.22)
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Voltage drop between points F and F’ can be calculated using following expression:

V aa′−012 = V a−012 − V a′−012 = Z012 · I012 (B.23)

Adding and subtracting rows and combining expressions:

V aa′−1 − Zbb · Ia1 = 1
3 · (Zaa − Zbb) · (Ia0 + Ia1 + Ia2) (B.24)

From previous equations it can be deduced that sequence circuits are connected as
indicated in Figure B.4.

The positive sequence current can be calculated as:

Ia1 =
V pf

Zt

(B.25)

where Zt = Zbb + Z1 + Z
′′
and Z

′′
=

(Z2 + Zbb) · (Z0 + Zbb) ·
(
Zaa − Zbb

3

)
Z2 + 2 · Zbb + Z0 + Zaa − Zbb

3

.

By inspection of Figure B.4:

Ia2 = −Ia1 ·
Z

′′

Zbb + Z2
(B.26)

and

Ia0 = −Ia1 ·
Z

′′

Zbb + Z0
(B.27)

One phase open It can considered a particularisation of unequal series impedances
case, in which case impedance in phase A Zaa is infinite and Zbb and Zcc are finite.
Therefore, the sequence circuit connection is as shown in Figure B.5.

By inspection of Figure B.5:

Ia1 =
V pf

Zt

(B.28)

where Zt = Zbb + Z1 + Z and Z = (Z2 + Zbb) · (Z0 + Zbb)
Z2 + 2 · Zbb + Z0

.

By inspection of Figure B.5:

Ia2 = −Ia1 ·
Z

Zbb + Z2
(B.29)
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and

Ia0 = −Ia1 ·
Z

Zbb + Z0
(B.30)

Two phases open It can considered a particularisation of unequal series impedan-
ces case, in which case impedance in phase A Zaa is finite and Zbb and Zcc are
infinite. The boundary conditions are Ib = Ic = 0 and V aa′ = Zaa · Ia.

Transforming to sequence currents:

Ia0 = Ia1 = Ia2 = 1
3 · Ia (B.31)

The sequence currents are all equal. Based on the boundary conditions:

V aa′−1 + V aa′−2 + V aa′−0 = Zaa · (Ia1 + Ia2 + Ia0) (B.32)
Funderlinea Rearranging:(

V aa′−0 − Za · Ia0
)

+
(
V aa′−1 − Zaa · Ia1

)
+
(
V aa′−2 − Zaa · Ia2

)
(B.33)

Therefore, the sequence circuit connection is as shown in Figure B.6.

Figures B.4, B.5 and B.6 indicate the connection of sequence circuits for series faults,
as concluded analytically.

FF

+
−

+
−

F

+
−

F’F’F’

+
−

V pf

I1 I2 I0

Z1 Z2 Z0

Zbb Zbb Zbb

Zaa − Zbb

3

Figure B.4. Sequence circuit connection for unequal series impedances

B.3.2 Sequence voltage drop calculation

Unequal series impedances

∆V a1 = V pf ·
(

1− Z1
Z1 + Zbb + Z

′′

)
(B.34)

∆V a2 =
Z2 · V pf

Z1 + Zbb + Z
′′ ·

Z
′′′

Z2 + Z0 + 2 · Zbb + Zaa − Zbb

3

(B.35)
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V 1 V 2 V 0Z1 Z2 Z0

Figure B.5. Sequence circuit connection for one phase open

+
−V pf

+
−V 1

+
−
V 0

+
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3 · Zaa I1 = I2 = I0V 2

I0

Z0

I2

Z2

Z1

I1

Figure B.6. Sequence circuit connection for two open phases

∆V a0 =
Z0 · V pf

Z1 + Zbb + Z
′′ ·

Z
′

Z2 + Z0 + 2 · Zbb + Zaa − Zbb

3

(B.36)

One phase open

∆V a1 = V pf ·
(

1− Z1

Z1 + Zbb + Z
′′′′

)
(B.37)

∆V a2 =
Z2 · V pf

Z1 + Zbb + Z
′′′′ ·

Z0 + Zbb

Z2 + Z0 + 2 · Zbb

(B.38)

∆V a0 =
Z0 · V pf

Z1 + Zbb + Z
′′ ·
(

1− Z0 + Zbb

Z2 + Z0 + 2 · Zbb

)
(B.39)

Two phases open

∆V a1 = V pf ·
(

1− Z1
Z1 + Z2 + Z0 + 3 · Zaa

)
(B.40)

∆V a2 = −
Z2 · V pf

Z1 + Z2 + Z0 + 3 · Zaa

(B.41)
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∆V a0 = −
Z0 · V pf

Z1 + Z2 + Z0 + 3 · Zaa

(B.42)

where Z
′

=
(Z2 + Zbb) ·

(
Zaa − Zbb

3

)
Z2 + Zbb + Zaa − Zbb

3

, Z
′′

=
(Z2 + Zbb) · (Z0 + Zbb) ·

(
Zaa − Zbb

3

)
Z2 + 2 · Zbb + Z0 + Zaa − Zbb

3

,

Z
′′′

=
(Z0 + Zbb) ·

(
Zaa − Zbb

3

)
Z0 + Zbb + Zaa − Zbb

3

, and Z
′′′′

= (Z2 + Zbb) · (Z0 + Zbb)
Z2 + 2 · Zbb + Z0

,

B.3.3 Sequence current calculation

Unequal series impedances

Ia1 =
V pf

Zt

(B.43)

where Zt = Zbb + Z1 + Z and Z = (Z2 + Zbb) · (Z0 + Zbb)
Z2 + 2 · Zbb + Z0

.

Ia2 = −Ia1 ·
Z

′′

Zbb + Z2
(B.44)

Ia0 = −Ia1 ·
Z

′′

Zbb + Z0
(B.45)

One phase open

Ia1 =
V pf

Zt

(B.46)

where Zt = Zbb + Z1 + Z and Z = (Z2 + Zbb) · (Z0 + Zbb)
Z2 + 2 · Zbb + Z0

.

Ia2 = −Ia1 ·
Z

Zbb + Z2
(B.47)

Ia0 = −Ia1 ·
Z

Zbb + Z0
(B.48)

Two phases open

Ia1 = Ia2 = Ia0 =
V pf

Z1 + Z2 + Z0 + 3 · Zaa

(B.49)
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B.4 Unbalanced loads

Any three-phase load connected in delta can be converted into a ungrounded star
connected three-phase load based on equations (B.50) to (B.52) corresponding to
Kennelly theorem.

Za = Zab · Zca

Zab + Zbc + Zca

(B.50)

Zb = Zab · Zbc

Zab + Zbc + Zca

(B.51)

Zc = Zbc · Zca

Zab + Zbc + Zca

(B.52)

B.4.1 Connection of sequence circuits

Single-phase load connected to line voltage A single-phase load connected to
line voltage is analogous to a double-phase short-circuit. For a single-phase load
connected between phases B and C, Ia = Iab, Ib = Ibc − Iab and Ic = Ibc. On the
other hand, voltage between phases B and C can be calculated:

V b − V c = Zbc · Ib (B.53)

Based on the symmetrical components theory, sequence current and voltages are
computed. For sequence currents, no zero sequence current flows and positive and
negative sequence currents: Ia1 = −Ia2. As to sequence voltages:

V a1 − V a2 = Zbc · Ia1 (B.54)

Therefore, only positive and negative sequence networks exist and they are shunt
connected through load impedance Zbc, as indicated in Figure B.7. Thus, it can be
stated that:

Ia1 = −Ia2 =
V pf

Z1 + Z2 + Zbc

(B.55)

The zero sequence current is null: Ia0 = 0.
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Three-phase loads connected to phase voltages As star neutral wire is un-
grounded, Ia + Ib + Ic = 0. Therefore, there is no zero sequence current circulation:
Ia0 = 0. Expressions for phase voltage calculation:

V a

V b

V c

 =

Za 0 0
0 Zb 0
0 0 Zc

 ·
Ia

Ib

Ic

 (B.56)

Using B.20, the sequence impedance matrix is obtained.

Z012 = 1
3 ·

 Za + Zb + Zc Za + a2 · Zb + a · Zc Za + a · Zb + a2 · Zc

Za + a · Zb + a2 · Zc Za + Zb + Zc Za + a2 · Zb + a · Zc

Za + a2 · Zb + a · Zc Za + a · Zb + a2 · Zc Za + Zb + Zc


(B.57)

In order to simplify the equation below, Zb = Zc is considered [166]. Therefore:

Z012 = 1
3 ·

Za + 2 · Zb Za − Zb Za − Zb

Za − Zb Za + 2 · Zb Za − Zb

Za − Zb Za − Zb Za + 2 · Zb

 (B.58)

Voltage drop in phase A can be calculated using following expression:

V a−012 = Z012 · I012 (B.59)

Adding and subtracting rows and combining expressions:

V a1 − Zb · Ia1 = 1
3 · (Za − Zb) · (Ia0 + Ia1 + Ia2) (B.60)

From previous equations, it can be deduced that sequence circuits are connected as
indicated in Figure B.8.

By inspection of Figure B.8:

Ia1 =
V pf

Zt

(B.61)

where Zt = Zb + Z1 + Z and Z =
(Z2 + Zb) · (Za − Zb)

3
Z2 + 2 · Zb + (Za − Zb)

3

.

By inspection of Figure B.5:

Ia2 = −Ia1 ·
Z

Zb + Z2
(B.62)
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Three-phase loads connected to phase voltages with grounded neutral
Expressions for phase voltage calculation:

Vag

Vbg

Vcg

 =

Za + ZN 0 0
0 Zb + ZN 0
0 0 Zc + ZN

 ·
Ia

Ib

Ic

 (B.63)

Using B.20, the sequence impedance matrix can be obtained.

Z012 = 1
3 ·

Za + Zb + Zc + 9 ·+ZN Za + a2 · Zb + a · Zc Za + a · Zb + a2 · Zc

Za + a · Zb + a2 · Zc Za + Zb + Zc Za + a2 · Zb + a · Zc

Za + a2 · Zb + a · Zc Za + a · Zb + a2 · Zc Za + Zb + Zc


(B.64)

In order to simplify the equation below, Zb = Zc is considered [166]. Therefore:

Z012 = 1
3 ·

Za + 2 · Zb + 9 · ZN Za − Zb Za − Zb

Za − Zb Za + 2 · Zb Za − Zb

Za − Zb Za − Zb Za + 2 · Zb

 (B.65)

Voltage drop in phase A can be calculated using following expression:

V ag−012 = V an−012 + V ng−012 = Z012 · I012 (B.66)

Adding and subtracting rows and combining expressions:

Vag1 − Zb · Ia1 = 1
3 · (Za − Zb) · (Ia0 + Ia1 + Ia2) (B.67)

From previous equations, it be can deduced that sequence circuits are connected as
indicated in Figure B.9.

The positive sequence current can be calculated as:

Ia1 =
V pf

Zt

(B.68)

where Zt = Zb + Z1 + Z and Z =
(Z2 + Zb) · (Z0 + 3 · ZN + Zb) ·

(
Za − Zb

3

)
Z2 + 2 · Zb + Z0 + 3 · ZN + Za − Zb

3

.

By inspection of Figure B.9:

Ia2 = −Ia1 ·
Z

Zb + Z2
(B.69)
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and

Ia0 = −Ia1 ·
Z

Zb + 3 · ZN + Z0
(B.70)

Three-phase loads connected to line voltages It can be easily derived that
no zero current flows out of a delta connected three-phase load. The sequence net-
work connection can be derived from the ungrounded star three-phase load. Any
delta connected three-phase load can be converted into an equivalent star load follo-
wing equations (B.50) to (B.52). For the sake of simplicity, Zab = Zca is assumed.
Therefore, equivalent sequence impedance matrix becomes:

Z012 = 1
3 ·

X + 2 · Y X − Y X − Y
X − Y X + 2 · Y X − Y
X − Y X − Y X + 2 · Y

 (B.71)

where X = Zab · Zab

2 · Zab + Zbc

and Y = Zab · Zbc

2 · Zab + Zbc

.

Figures B.7, B.8, B.9 and B.10 indicate the connection of sequence circuits for un-
balanced loading, as concluded analytically.

+

−

+

−

Reference

Z1 Z2Zbc
V 1 V 2

I1 I2

+
−

V pf

Figure B.7. Sequence circuit connection for single-phase load

+
−

+
−

+
−V pf

I1 I2

Z1 Z2

Zb Zb

Za − Zb

3

Figure B.8. Sequence circuit connection for three-phase load in ungrounded star

B.4.2 Sequence voltage calculation

Voltage due to unbalanced load has been calculated between at the PCC of the load
and its positive, negative and zero sequence components are indicated below.



B.4 Unbalanced loads 211

+
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+
−

+
−

+
−V pf

I1 I2 I0

Z1 Z2 Z0

Zb Zb Zb + 3 · ZN

Za − Zb

3

Figure B.9. Sequence circuit connection for three-phase load in grounded star

+
−

+
−

+
−

V pf

I1 I2

Z1 Z2

Y Y

X − Y
3

Figure B.10. Sequence circuit connection for a three-phase load in delta connection

Single phase load connected to line voltages

V a1 = V pf ·
(

1− Z1
Z1 + Z2 + Zbc

)
(B.72)

V a2 =
Z2 · V pf

Z1 + Z2 + Zbc

(B.73)

The zero sequence voltage is null: V a0 = 0.

Three-phase load in ungrounded star connection

V a1 = V pf ·
(

1− Z1

Z1 + Zb + Z
′

)
(B.74)

V a2 =
Z2 · V pf ·

Za − Zb

3(
Z2 + Zb + Za − Zb

3

)
·
(
Z2 + Zb + Z

′) (B.75)

The zero sequence voltage is null: V a0 = 0.

Three-phase load in grounded star connection

V a1 = V pf ·
(

1− Z1

Z1 + Zb + Z
′′

)
(B.76)
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V a2 =
Z2 · V pf

Z1 + Zb + Z
′′ ·

Z
′′′

Z2 + Z0 + 2 · Zb + Za − Zb

3

(B.77)

V a0 =
Z0 · V pf

Z1 + Zb + Z
′′ ·

Z
′

Z2 + Z0 + 2 · Zb + Za − Zb

3

(B.78)

Three-phase load in delta connection Formulae for ungrounded star load can be

applied for three-phase loads connected in delta, where Z
′

=
(Z2 + Zb) ·

(
Za − Zb

3

)
Z2 + Zb + Za − Zb

3

,

Z
′′

=
(Z2 + Zb) · (Z0 + Zb) ·

(
Za − Zb

3

)
Z2 + 2 · Zb + Z0 + Za − Zb

3

and Z
′′′

=
(Z0 + Zb) ·

(
Za − Zb

3

)
Z0 + Zb + Za − Zb

3

.

B.4.3 Sequence current calculation

Single phase load connected to line voltages

Ia1 = −Ia2 =
V pf

Z1 + Z2 + Zbc

(B.79)

The zero sequence current is null: Ia0 = 0.

Three-phase load in ungrounded star connection

Ia1 =
V pf

Zt

(B.80)

where Zt = Zb + Z1 + Z and Z =
(Z2 + Zb) · (Za − Zb)

3
Z2 + 2 · Zb + (Za − Za)

3

.

Ia2 = −Ia1 ·
Z

Zb + Z2
(B.81)

The zero sequence current is null: Ia0 = 0.

Three-phase load in grounded star connection

Ia1 =
V pf

Zt

(B.82)
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where Zt = Zb + Z1 + Z and Z =
(Z2 + Zb) · (Z0 + 3 · ZN + Zb) ·

(
Za − Zb

3

)
Z2 + 2 · Zb + Z0 + 3 · ZN + Za − Zb

3

.

Ia2 = −Ia1 ·
Z

Zb + Z2
(B.83)

Ia0 = −Ia1 ·
Z

Zb + 3 · Zb + Z0
(B.84)





Appendix C

Numerical application: power
system and power plant
modelisation

C.1 Introduction
The thesis includes the practical application of the methodology to three study cases.
This appendix gathers the modelisation and simulation data for the three cases. The
simulation has been carried out by using PowerFactory DigSilent software package.
The model of the renewable power plants considered in the study cases is based on
a common plant model for all the cases and is described in Section C.2. Then, the
power plant model parameterisation and its connection layout to the parameterised
grid models are detailed in Section C.3, C.4, and C.5 respectively for the medium
size island (general case), Terceira island and Fuerteventura-Lanzarote system.

C.2 Power plant model description
The power plants of the three numerical applications of the methodology presented in
this thesis have a common plant model, based on a positive sequence RMS Composite
Frame. This model refers to the Generic Renewable Generator Model proposed by
the WECC [167]. The model is already implemented in some simulation software
packages such as PSLF, PowerWorld or PSS/E. In this case, the generic model has
been carried out by user models in Power Factory including some modifications
suited for an inverter manufacturer. Therefore, the user models are grey-box models
and consist of static generators connected to converter systems. The block diagram
is indicated in Figure C.1.

The RMS model has nine slots. The Static Generator, V&F Control Bus, V Inverter
Bus, P&Q Inverter Bus, and Phase-Locked Loop (PLL) slots are built-in models. The
rest are common user models. The converter includes active grid support functions,
as required in many grid codes. The methodology hereby presented covers primary
frequency regulation based on a droop function, as well as active and reactive cu-
rrent injection during LVRT. Therefore, only dynamic parameters regarding these
functions are indicated for Control Module Common Model and Converter Module
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Figure C.1. Converter RMS model in block diagrams

Common Model in following sections. In order to test the control for low frequencies,
the output of plant must be curtailed. However, in field, it has to be considered that
for low frequency response, the plant only responds if there is resource availability so
as to increase production. Primary frequency response can be disabled by setting a
very large deadband (e.g. 1 p.u.). On the other hand, the RMS model only provides
active and reactive current injection during balanced faults under LVRT operation
mode. Therefore, current injection for unbalanced faults is out of the scope of the
model abilities. The LVRT function trips the power plant when voltage is out of the
permitted range.

In addition, the static generator includes the relay model ABB DPU200R, with
following ANSI protection functions activated: 47 phase-sequence voltage, 81O over-
frequency, 81R ROCOF and 81U underfrequency relays.

C.3 Model parameterisation: application to a me-
dium size island (Case 1)

This section includes the parameterisation, modelling and simulation of both the
photovoltaic plant and the equivalent grid model.

C.3.1 Photovoltaic power plant: description and parameteri-
sation

The new PV plant to be installed in Gomera island generates at 400 V. A constant
irradiation is considered. Then, voltage is stepped up to 20 kV by the plant transfor-
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mer (20/0.4 kV, 2.5 MVA), and connected by an overhead line of 5 km to the PCC.
The parameterised grid model is connected to this connecting point. Table C.1 de-
tails the impedances of the system elements. All sequence impedances are considered
equal. The plant connection layout is shown in Figure C.2.

PCC HV bus LV bus

PV PlantPlant transformerPlant cable

Figure C.2. PV plant connection layout

Table C.1. Case 1: system impedance data (20 kV 100 MVA base)

Element R(p.u.) X(p.u.)

Plant cable 1 0.175

Plant transformer 0.3075 2.38

In PowerFactory, a PV plant in power flow can be represented by a static generator.
An equivalent inverter and step-up transformer representing 2 lumped inverters have
been configured with ratings in Table C.2, operating with a ± 0.9 power factor. The
operation point is set at 80% of the rating: PP V = 1.3 MW and QP V = 0.63 MW.

Table C.2. Case 1: inverter and static generator ratings

Parameter Single inverter Equivalent generator

Nameplate rating 800 kW

Generator rating 0.89 MVA 1.78 MVA

Pmax 0.8 MW 1.6 MW

Pmin 0 W 0 W

Qmax 0.39 MVAr 0.78 MVAr

Qmin -0.39 MVAr -0.78 MVAr

Primary frequency response has been adjusted with parameters in Table C.3 corres-
ponding to the Control Module, based on optimal performance results and within
SEIE limits. LVRT protection function and current injection have been set to pa-
rameters in Tables C.4 C.5, and C.6 corresponding to the Converter Module. Both
features are based on the Spanish SEIE grid code graphs and limit values: volta-
ge versus time for LVRT and current versus voltage for current injection. Reactive
current injection covers both undervoltage and overvoltage. Intermediate values are
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interpolated by the converter control system. Besides, the relay model must be pa-
rameterised with values in Table C.7, based on grid code limits.

Table C.3. Case 1: parameters of Control Module

Parameter Value Description SEIE limits

dbfreq(p.u.) 0.002 Deadband ±30 mHz to ±200 mHz

R(p.u.) 0.05 Droop 0.02-0.066

d_ppr_max(p.u.) 1 Maximum limit -

d_ppr_min(p.u.) -1 Minimum limit -

Ramp_pr(p.u./s) 0.2 Response ramp 0.2

Table C.4. Case 1: parameters of Converter Module (LVRT)

Parameter Description Value SEIE limits

VRTime(s) Voltage recovery time 10 <30 s

Vmin_1t(s) Vmin curve point 1 (t) 0.02 0

Vmin_1V(p.u.) Vmin curve point 1 (V) 0 0

Vmin_2t(s) Vmin curve point 2 (t) 0.5 0.5

Vmin_2V(p.u.) Vmin curve point 2 (V) 0 0

Vmin_3t(s) Vmin curve point 3 (t) 1 1

Vmin_3V(p.u.) Vmin curve point 3 (V) 0.85 0.85
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Table C.5. Case 1: parameters of Converter Module (Reactive current injection)

Parameter Description Value SEIE limits

Iq_LV_1V Iq LV curve point 1 (V) 0.95 p.u. 0.95 p.u.

Iq_LV_1I Iq LV curve point 1 0.287 p.u. 0.287 p.u.

Iq_LV_2V Iq LV curve point 2 (V) 0.85 p.u. 0.85 p.u.

Iq_LV_2I Iq LV curve point 2 0.6 p.u. 0.6 p.u.

Iq_LV_3V Iq LV curve point 3 (V) 0.5 p.u. 0.5 p.u.

Iq_LV_3I Iq LV curve point 3 0.9 p.u. 0.9 p.u.

Iq_LV_4V Iq LV curve point 4 (V) 0 p.u. 0 p.u.

Iq_LV_4I Iq LV curve point 4 1 p.u. 1 p.u.

Iq_HV_1V Iq HV curve point 1 (V) 1.05 p.u. 1.05 p.u.

Iq_HV_1I Iq HV curve point 1 -0.287 p.u. -0.287 p.u.

Iq_HV_2V Iq HV curve point 2 (V) 1.15 p.u. 1.15 p.u.

Iq_HV_2I Iq HV curve point 2 -0.6 p.u. -0.6 p.u.

Iq_HV_3V Iq HV curve point 3 (V) 1.5 p.u. 1.5 p.u.

Iq_HV_3I Iq HV curve point 3 -0.9 p.u. -0.9 p.u.

Table C.6. Case 1: parameters of Converter Module (Active current injection)

Parameter Description Value SEIE limits

Id_LV_1V Id curve point 1 (V) 0 p.u. 0

Id_LV_1I Id LV curve point 1 (V) 0 p.u. 0

Id_LV_2V Id LV curve point 2 (V) 0.5 p.u. 0.5

Id_LV_2I Id LV curve point 2 (V) 0 p.u. 0-0.53 p.u.

Id_LV_3V Id LV curve point 3 (V) 0.95 p.u. 0.95 p.u.

Id_LV_3I Id LV curve point 3 (V) 1 p.u. 1 p.u.

Table C.7. Case 1: relay parameters

Function Value

47 0.02%

81O 52 Hz

81R ± 2 Hz/s

81U 47 Hz
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C.3.2 Parameterised grid model

Table C.8 indicates the parameterisation of the particular grid model for the nu-
merical application case regarding the power flow in the system for frequency ride-
through.

Table C.8: Case 1: parameterisation of particular grid model for frequency ride-
through

Test case Limit G2 Load 1 Load 2

A1-1 52.5 Hz - 3.46 MW 2.44 MW

A1-2 51.5 Hz - 4.44 MW 1.46 MW

A2-1 46.5 Hz 2.28 MW 2.95 MW 2.95 MW
A2-2 47.5 Hz 1.63 MW 2.95 MW 2.95 MW
A5-1 2.2 Hz/s - 3.05 MW 2.85 MW

A5-2 1.8 Hz/s - 3.57 MW 2.33 MW

A6-1 -2.2 Hz/s 1.9 MW 2.95 MW 2.95 MW

A6-2 -1.8 Hz/s 1.55 MW 2.95 MW 2.95 MW

Generator 1 (G1) has a rated capacity of SN = 10 MVA, with H1 = 2.16s. The
rated capacity of Generator 2 (G2) is 5 MVA with the same characteristics. Both
generators have a governor based on a user model, representing a first-order turbine-
governor model. The user model is based on the steam turbine TGOV1 model [168]
and shown in Figure C.3. Parameters of the turbine-governor model are indicated in
Table C.9.

Table C.9. Parameters of first-order turbine-governor model

Parameters Generator 1 Generator 2

At 1 1

Dt 0 0

R 0.061 0.061

PN 10 MVA 5 MVA

T1 6.1 s 6.1 s

For LVRT, the divider model has been selected as particular grid model because dis-
tances between assets in the island are short. The parameterisation of the particular
grid model was indicated in Table 8.3. Generator 1 includes the turbine-governor
system as indicated in Table C.9 and the AVR represented by model SEXS with
parameters in Table C.10. Its rated power is 25 MVA, with inertia H1 = 2.5 s and
X ′′d = X ′′q = 0.21 p.u.

Voltage unbalance has been simulated by the connection of an unbalanced three-
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Figure C.3. First-order turbine-governor model

Table C.10. Parameters of AVR model SEXS

Parameters Value

Tb 10

Ta 2

K 100

Te 0.5

Emin -3

Emax 3

phase load Load2 consuming the active power indicated in Table C.11. The rated
power of Generator 1 is 15 MVA, with H1 = 2.16 s, X ′d = 0.25 p.u. and X ′′d = 0.21
p.u. It includes the turbine-governor system as indicated in Table C.9 and the AVR
represented by model SEXS with parameters in Table C.10.

Table C.11. Case 1: parameterisation of particular grid model for voltage unbalance

Test case Test value Load2

C1 2% Pa = 1 MW, Pb = Pc = 2 MW

C1-1 2.5% Pa = 1.255 MW, Pb = Pc = 2.5 MW

C1-2 1.5% Pa = 0.75 MW, Pb = Pc = 1.5 MW
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C.4 Model parameterisation: application to Tercei-
ra island (Case 2)

This section includes the parameterisation, modelling and simulation of both the
wind farm to install in Terceira and the equivalent grid model.

C.4.1 Wind farm: description and parameterisation

The WTGs at the new wind farm to be installed in Terceira island at Quatro Ribeiras
generate at 400 V. Then, voltage is stepped up to 30 kV by the WTG transformer
(30/0.4 kV, MVA), and connected by an 7.5 km long overhead line to the PCC. The
parameterised grid model is connected to this connecting point. Table C.12 details
the impedances of the system elements. All sequence impedances are considered
equal. The plant connection layout is shown in Figure C.4.

PCC HV bus LV bus

Wind farmUnit transformerPlant cable

Aggregation

Figure C.4. Wind farm connection layout in Terceira

Table C.12. Case 2: system impedance data (30 kV 100 MVA base)

Element R(p.u.) X(p.u.)

Plant cable 0.138 0.202

Plant transformer 0 0.03

In PowerFactory, a wind farm in power flow can be represented by a static generator.
An equivalent inverter and step-up transformer representing 2 lumped inverters have
been configured with ratings in Table C.13, operating with a ± 0.9 power factor. The
operation point is set at 80% of the rating: PW F = 4 MW and QW F = 1.94 MW.

Primary frequency response has been adjusted with parameters in Table C.3 corres-
ponding to the Control Module, based on real performance results. LVRT protection
function and current injection has been adjusted with parameters in Tables C.14,
C.5, and C.15 corresponding to the Converter Module. They are partially based on
performance results and the SEIE grid code limits.Reactive current injection covers
both undervoltage and overvoltage. The active current injection is also based in the
SEIE grid code, but the values have been adapted to the island characteristics. In-
termediate values are interpolated by the converter control system. The protection
function is based on the performance study.
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Table C.13. Case 2: inverter and static generator ratings

Parameter Single inverter Equivalent generator

Nameplate rating 2.5 MW

Generator rating 2.78 MVA 5.55 MVA

Pmax 2.5 MW 5 MW

Pmin 0 W 0 W

Qmax 1.2 MVAr 2.4 MVAr

Qmin -1.2 MVAr -2.4 MVAr

Table C.14. Case 2: parameters of Converter Module (LVRT)

Parameter Description Value

VRTime(s) Voltage recovery time 10

Vmin_1t(s) Vmin curve point 1 (t) 0.02

Vmin_1V(p.u.) Vmin curve point 1 (V) 0

Vmin_2t(s) Vmin curve point 2 (t) 0.25

Vmin_2V(p.u.) Vmin curve point 2 (V) 0

Vmin_3t(s) Vmin curve point 3 (t) 1

Vmin_3V(p.u.) Vmin curve point 3 (V) 1

Table C.15. Case 2: parameters of Converter Module (Active current injection)

Parameter Description Value SEIE limits

Id_LV_1V Id curve point 1 (V) 0 p.u. 0

Id_LV_1I Id LV curve point 1 (V) 0 p.u. 0

Id_LV_2V Id LV curve point 2 (V) 0.25 p.u. 0.5

Id_LV_2I Id LV curve point 2 (V) 0 p.u. 0-0.53 p.u.

Id_LV_3V Id LV curve point 3 (V) 0.95 p.u. 0.95 p.u.

Id_LV_3I Id LV curve point 3 (V) 1 p.u. 1 p.u.

Besides, the relay model must be parameterised with values in Table C.16, based on
real performance results and grid code limits in the case of unbalance.

C.4.2 Parameterised grid model

Table C.17 indicates the parameterisation of the particular grid model for the nu-
merical application case regarding the power flow in the system for frequency ride-
through.

Maximum frequency deviations correspond to different scenarios regarding demand
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Table C.16. Case 2: relay parameters

Function Value

47 0.02%

81O 51.89 Hz

81R ± 2.3 Hz/s

81U 48.06 Hz

Table C.17: Case 2: parameterisation of particular grid model for frequency ride-
through

Test case Limit G2 Load 1 Load 2

A1-1 52 Hz - 3.07 MW 2.38 MW

A1-2 51.5 Hz - 3.67 MW 1.78 MW

A2-1 47.5 Hz 2.97 MW 4.965 MW 4.965 MW
A2-2 48.5 Hz 1.78 MW 4.965 MW 4.965 MW
A5-1 2.5 Hz/s - 1.64 MW 3.81 MW

A5-2 1.5 Hz/s - 3.16 MW 2.29 MW

A6-1 -2.5 Hz/s 3.81 MW 4.965 MW 4.965 MW

A6-2 -1.5 Hz/s 2.29 MW 4.965 MW 4.965 MW

and generation dispatch. For underfrequency events, Generator 1 has a rated power
of SN = 15.25 MVA, with Heq = 2.5s, Req = 0.05 and Teq = 6. The installed
capacity of Generator 2 is SN = 7.625 MVA with the same characteristics. Load
demand has been equally divided between Load 1 and Load 2. On the other hand,
for overfrequency events, Generator 1 has a rated power of SN = 7.625 MVA, with
Heq = 2.5s, Req = 0.05 and Teq = 6. The installed capacity of Generator 2 is
SN = 7.625 MVA with the same characteristics. Both generators have a governor
based on a user model, representing a first-order turbine-governor model. The user
model is based on the steam turbine TGOV1 model [168] and shown in Figure
C.3. Parameters of the turbine-governor model are indicated in Table C.18 for both
generators and for underfrequency (UF) and overfrequency (OF) events.

Table C.18. Parameters of First-order turbine-governor model

Parameters Generator 1 Generator 2

At 1 1

Dt 0 0

R 0.05 0.05

PN 15.25 MVA (UF), 7.625 MVA (OF) 7.625 MVA

T1 6 s 6 s
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For LVRT, the divider model has been selected as particular grid model because
distances between assets in Terceira are short. The parameterisation of the particular
grid model was indicated in Table 9.6. Generator 1 includes the turbine-governor
system as indicated in Table C.18 and the AVR represented by model SEXS with
parameters in Table C.10. It is the same model and values as used in the complete
power system model (Appendix D). Its rated power is 76.45 MVA, with inertia
H1 = 2.5 s and X ′′d = X ′′q = 0.32 p.u. based on assumed data for the complete power
system case.

Voltage unbalance has been simulated by the connection of an unbalanced single-
phase load Load2 consuming the active power indicated in Table C.19. Single-phase
load has been selected as unbalancing event, because it results in higher unbalances
in the system. The rated power of Generator 1 is 15.25 MVA, with H1 = 2.5 s,
X ′d = 0.4 p.u. and X ′′d = 0.32 p.u. It includes the turbine-governor system as
indicated in Table C.18 and the AVR represented by model SEXS with parameters
in Table C.10.

Table C.19. Case 2: parameterisation of particular grid model for voltage unbalance

Test case Test value Load2

C1 2% Pa = 0.75 MW

C1-1 2.5% Pa = 0.93 MW

C1-2 1.5% Pa = 0.56 MW

C.5 Model parameterisation: application to Lanzarote-
Fuerteventura island system (Case 3)

This section includes parameterisation, modelling and simulation of both the wind
farm to upgrade in Fuerteventura-Lanzarote and the equivalent grid model.

C.5.1 Wind farm: description and parameterisation

The wind farm at Montaña de la Mina in Lanzarote will be upgraded. The WTGs
at the new wind farm generate at 400 V. Then, voltage is stepped up to 30 kV by
the WTG transformer (30/0.4 kV, MVA), and stepped up again at the wind farm
substation up to 66 kV. The PCC is located at Montaña Mina 66 kV substation. The
parameterised grid model is connected to this connecting point. Table C.20 details
the impedances of the system elements. All sequence impedances are considered
equal. The plant connection layout is shown in Figure C.5.

In PowerFactory, a wind farm in power flow can be represented by a static generator.
An equivalent inverter and step-up transformer representing 4 lumped inverters have
been configured with ratings in Table C.21, operating with a ± 0.9 power factor
range. The operation point is set at 80% of the rating: PW F = 6.4 MW and QW F = 3
MW.
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Figure C.5. Wind farm connection layout in Lanzarote

Table C.20. CASE 3: system impedance data (66 kV 100 MVA base)

Element R(p.u.) X(p.u.)

Plant transformer 0.00099 0.05999

Substation transformer 0.006 0.075

Table C.21. Case 3: inverter and static generator ratings

Parameter Single inverter Equivalent generator

Nameplate rating 2 MW

Generator rating 2.22 MVA 8.88 MVA

Pmax 2 MW 8 MW

Pmin 0 W 0 W

Qmax 0.97 MVAr 3.87 MVAr

Qmin -0.97 MVAr -3.87 MVAr

The parameters of the inverter can be found in Section C.3, as both cases have been
parameterised for the SEIE grid code.

C.5.2 Parameterised grid model

The loss of a single generating unit in Fuerteventura-Lanzarote system for the worst
case results into a 13.23% of the total installed capacity. When the subsystems are
separated, the ratio increases up to a 18.8%. Therefore, the values for maximum
and minimum frequency have been calculated with (5.50). Table C.22 indicates the
parameterisation of the particular grid model for the numerical application case
regarding the power flow in the system for frequency ride-through.

Generator 1 (G1) has a rated capacity of SN = 78.4 MVA, with H1 = 3.25s, which
is the equivalent inertia value in the system. The rated capacity of Generator 2 (G2)
is 30.5 MVA with H2 = 3.53s. Both generators have a governor based on a user
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Table C.22: Case 3: parameterisation of particular grid model for frequency ride-
through

Test case Limit G2 Load 1 Load 2

A1-1 52.5 Hz - 34.93 MW 22.92 MW

A1-2 51.5 Hz - 44.1 MW 13.75 MW

A2-1 46.5 Hz 23.75 MW 28.925 MW 28.925 MW
A2-2 47.5 Hz 16.96 MW 28.925 MW 28.925 MW
A5-1 2.5 Hz/s - 21.59 MW 36.26 MW

A5-2 1.5 Hz/s - 36.09 MW 21.76 MW

A6-1 -2.5 Hz/s 25.48 MW 28.925 MW 28.925 MW

A6-2 -1.5 Hz/s 15.29 MW 28.925 MW 28.925 MW

model, representing a first-order turbine-governor model. The user model is based
on the steam turbine TGOV1 model [168] and shown in Figure C.3. Parameters of
the turbine-governor model are indicated in Table C.23.

Table C.23. Parameters of First-order turbine-governor model

Parameters Generator 1 Generator 2

At 1 1

Dt 0 0

R 0.052 0.07

PN 78.4 MVA 30.5 MVA

T1 6 s 6 s

For LVRT, the divider model has been selected as particular grid model because only
dip magnitude has been adjusted. The parameterisation of the particular grid model
was indicated in Table 9.6. Generator 1 includes the turbine-governor system as
indicated in Table C.23 and the AVR represented by model SEXS with parameters
in Table C.10. It is the same model and values as used in the complete power system
model (Appendix D). Its rated power is 452.39 MVA, with inertia H1 = 3.69 s and
X ′′d = X ′′q = 0.21 p.u., based on assumed data for the complete power system case.

Voltage unbalance has been simulated by the connection of an unbalanced single-
phase load Load2 consuming the active power indicated in Table C.24. The rated
power of Generator 1 is 108.9 MVA, with H1 = 3.33 s, X ′d = 0.4 p.u. and X ′′d =
0.21 p.u. It includes the turbine-governor system as indicated in Table C.23 for
Generator 1 and the AVR represented by model SEXS with parameters in Table
C.10.
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Table C.24. Case 3: parameterisation of particular grid model for voltage unbalance

Test case Test value Load2

C1 2% Pa = 6.75 MW

C1-1 2.5% Pa = 8.44 MW

C1-2 1.5% Pa = 5.06 MW



Appendix D

Description of Terceira island

D.1 Introduction
Figure D.1 shows the single line diagram of the Terceira island based on [154], with
main power stations: TPP Belo Jardim with an installed capacity of 76453 kVA
with 10 Diesel generators (4 of them supplied by gas-oil, 6 of them by fuel-oil)
and 2 emergency generators (not included in this study), and the WPP Serra do
Cume, with 10 WTGs adding up 9 MW. Mini-hydroelectric power stations of Cidade,
Nasce d’Agua and Sao Joao de Deus are not included. Substations are named with
abbreviated labels. PESC corresponds to Sierra to Cume wind farm, SEVB to Vinha
Brava, SEAH to Angra do Heroismo, SEQR to Quatro Ribeiras, SELJ to Lajes, SEBJ
Belo Jardim.

D.2 Characteristics of the power system in Tercei-
ra

D.2.1 Characteristics of transmission lines

The main characteristics of 30 kV transmission lines in Terceira island are displayed
in Table D.1. OH corresponds to overhead line and UG to underground line.

D.2.2 Description of generator characteristics

Table D.2 summarises the main data of all the power plants in the island of Terceira.
Hydroelectric power plants are connected to the low voltage distribution network,
and because of their small size are let out of the scope of this work.

D.2.2.1 Belo Jardim

All synchronous generators are salient pole generators, which are typical for internal
combustion machines and hydraulic turbines, and a power factor of 0.8 has been
considered. The technical minimum is set to 40% of the rated power. The selected
generator model is GENSAL, a linearised representation of a synchronous machine
with salient poles that assumes equal mutual inductance rotor modelling. It must be
noted that actually demand is covered by only units G5BJ to G10BJ 99% of the year.
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Figure D.1. Single line diagram of Terceira island

This is due to the fact that G1BJ to G4BJ use gas-oil as fuel, whereas the rest of the
units are supplied with fuel-oil [169] -although they use gas-oil for starting up)-which
is cheaper and less polluting. In addition, generating units G5BJ, G7BJ, G9JB and
G10BJ have waste heat recovery, and hence, a higher overall efficiency [170]: 93%
against an average 77%. Generator dispatch is influenced by aforementioned factors.
Parameter values are based on criteria mentioned in [171] and [172].

Tables D.3, D.4 and D.5 gather the technical data of the synchronous generator,
voltage regulator and speed regulator models, respectively, at Belo Jardim TPP. The
speed regulation system needs to be selected according to a driving machine coupled
with the generator. In the case of Belo Jardim, the driving machine is an internal
combustion motor that runs on fuel, that can be modelled with the Woodward diesel
governor model DEGOV1. In this model, in addition to the motor, a governor and
an actuator for gas flow are also modelled. On the other hand, for the representation
of the voltage regulator, simplified model SEXS is adopted. Generator parameter
values are based on [173] and [162], as well as on the criteria mentioned in [171] and
[172] for the unknown parameters.

D.2.2.2 Serra do Cume

On the other hand, the generation park in Terceira is also made up of wind farm in
Serra do Cume equipped with 10 WTGs Enercon E44 900 kW. These turbines are
variable speed and gearless and the generator is an ENERCON direct-drive annular



D.2 Characteristics of the power system in Terceira 231

Table D.1. Parameters of 30 kV transmission lines in Terceira island

Line Type Length (km) R(Ω) X(Ω) B(µS)

Vitória-Vinha Brava 1 OH 13.61 3.3753 4.9404 43.3
Vitória-Vinha Brava 2 OH 13.42 1.3527 5.2177 1.46
Vitória-Vinha Brava 2 UG 0.54 0.086 0.05589 0.362
Vitória-S. do Cume OH 3.56 0.8829 1.2923 11.3
Vitória-S. do Cume UG 0.2 0.0484 0.02196 0.292

Vinha Brava-S. do Cume OH 10.03 2.4874 3.6404 31.9
Vinha Brava-S. do Cume UG 0.2 0.0484 0.02196 0.294

Vitória-Lajes OH 3.81 0.9449 1.383 12.1
Vitória-Lajes UG 1.09 0.2639 0.1197 1.61

Lajes-Quatro Ribeiras OH 14.15 2.929 5.1322 3.35
Lajes-Quatro Ribeiras UG 1.51 0.3656 0.1658 83.6
Vinha Brava-Angra 1 UG 2.34 0.5665 0.2569 130
Vinha Brava-Angra 2 UG 2.38 0.5762 0.2613 132

Table D.2. List of power stations in Terceira island

Power station Installed capacity Type Id. Generators
Cidade 900 kVA Hydro G1CHCD

Nasce d’Agua 560 kVA Hydro G1CHNA
Sao Joao de Deus 330 kVA Hydro G1CHSJ

Belo Jardim 76453 kVA Fuel G1BJ-G10BJ
Serra do Cume 9000 kW Wind WT1SC-WT10SC

Table D.3. Technical data from Belo Jardim power plant (G1BJ-G10BJ)

Parameters G1,G2 G3 G4 G5,G7 G6,G8 G9,G10
UN (kV) 6.6 10 6.6 6 6 6
SN (kVA) 3910 3750 3575 7625 7625 15404
PN (kW) 3128 3000 2860 6100 6100 12323.2
Pmax (kW) 2408.56 2310 2202.2 5673 4880 11460.58
Pmin (kW) 1251.2 1200 1144 2440 2440 4929.28
Hs (s) 2 2 2 2.5 2.5 2.5

Xd (p.u.) 1.6 1.6 1.6 1.6 1.6 1.2
Xq (p.u.) 1.04 1.04 1.04 1.04 1.04 0.72
X′d (p.u.) 0.4 0.4 0.4 0.4 0.4 0.36
Xl (p.u.) 0.224 0.224 0.224 0.224 0.224 0.168
X′′d (p.u.) 0.32 0.32 0.32 0.32 0.32 0.24
X′′q (p.u.) 0.32 0.32 0.32 0.32 0.32 0.24
T ′d0 (s) 4 4 4 4 4 5
T ′′d0 (s) 0.035 0.035 0.035 0.035 0.035 0.5
T ′′q0 (s) 0.05 0.05 0.05 0.05 0.05 0.06
S(1.0) (s) 0.15 0.15 0.15 0.15 0.15 0.15
S(1.2) (s) 0.4 0.4 0.4 0.4 0.4 0.4
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Table D.4: Voltage regulator model SEXS technical data from the thermal power
plants in Terceira island

Tb Ta K Te (s) Emax (p.u.) Emin (p.u.)
10 2 100 0.5 3 -3

Table D.5: Speed regulator model DEGOV1 technical data from Belo Jardim power
plant (G1BJ-G10BJ)

Parameters G1,G2 G3 G4 G5-G8 G9,G10
T1 (s) 0.2 0.2 0.2 0.2 0.2
T2 (s) 0.3 0.3 0.3 0.3 0.3
T3 (s) 0.5 0.5 0.5 0.5 0.5
T4 (s) 0.25 0.25 0.25 0.25 0.25
T5 (s) 0.1 0.1 0.1 0.1 0.1
T6 (s) 0.2 0.2 0.2 0.2 0.2
K 8 8 8 9 10

TD (s) 0.05 0.05 0.05 0.05 0.05
Tmax 1 1 1 1 1
Tmin 0 0 0 0 0
Droop 0.05 0.05 0.05 0.05 0.05
Te (s) 0 0 0 0 0

generator (Permanent Magnet Synchronous Generator (PMSG)).

Table D.6. Fully rated converter parameters in Terceira island

usc Pcu Kd Td Kq Tq

10% 10 kW 5 0.01 s 5 0.01 s

D.2.3 Power transformers

The power transformer characteristics at the main substations in Terceira are des-
cribed in Table D.7. The power transformer characteristics corresponding to the
synchronous generators at Belo Jardim thermal power plant are described in Table
D.8, and those corresponding to Serra do Cume wind farm in Table D.9.

D.3 Case study

D.3.1 Load scenarios

Table D.10 indicates the active and reactive power demand of the loads under peak
and valley demand situations.

Static loads have been considered.
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Table D.7. Power transformer characteristics in Terceira island

Substation Id Connection U SN R(p.u.) X(p.u.)
SEBJ TP1 YNd11 31.46/15 kV 10 0.0027 0.0748
SEBJ TP2 YNd11 31.5/15 kV 10 0.0055 0.0728
SEVB TP1 YNd11 31.5/15 kV 10 0.0077 0.0843
SEVB TP2 YNd11 31.5/15 kV 10 0.0035 0.0760
SEAH TP1 YNd11 31.51/15 kV 5 0.0066 0.0677
SEAH TP2 YNd11 31.51/15 kV 5 0.0066 0.0677
SELJ TP1 YNd11 31.5/6.9 kV 6.25 0.0051 0.0682
SELJ TP2 YNd11 31.5/6.9 kV 6.25 0.0051 0.0682
SELJ TP3 YNd11 31.5/15 kV 1 0.0199 0.0566
SEQR TP1 YNd11 31.48/15 kV 10 0.0063 0.0868

Note. Values in p.u. referred to the rated capacity of the transformers

Table D.8. Power transformer characteristics at Belo Jardim

Id Connection U SN R(p.u.) X(p.u.)
TP G1 Yd5 15/6.6 kV 4 0.0094 0.0945
TP G2 Yd5 15.5/6.6 kV 4 0.0095 0.1005
TP G3 Yd5 15.5/10 kV 4 0.0094 0.1006
TP G4 YNd5 15.5/6.6 kV 4 0.0070 0.0907
TP G5 YNd5 31.56/6 kV 8 0.0030 0.058
TP G6 YNd5 31.56/6 kV 8 0.0030 0.0571
TP G7 YNd5 31.56/6 kV 8 0.0030 0.0587
TP G8 YNd5 31.56/6 kV 8 0.0039 0.0565
TP G9 YNd5 31.56/6 kV 15.5 0.0081 0.0786
TP G10 YNd5 31.56/6 kV 15.5 0.0082 0.0776
Note. Values in p.u. referred to the rated capacity of the transformers

Table D.9. Power transformer characteristics at Serra do Cume

Id Connection U SN R(p.u.) X(p.u.)
TP1-TP5 Dy5 30/0.4 kV 1 0.0130 0.0378
TP6-TP10 Dy5 30/0.4 kV 1 0.0186 0.0555
Note. Values in p.u. referred to the rated capacity of the transformers

D.3.2 Generation dispatch

Thermal generation (without taking into account losses and spinning reserve) is
indicated in Table D.11 for each study case.

Thermal generating unit dispatch can be programmed so as to minimise overall
cost, power system losses, or environmental impact. In addition, generating unit
maximum and minimum output constraint, maximum ramps and required spinning
reserve shall be taken into account. However, for the Terceira system, only maximum
and minimum output constraint is known. Therefore, for the unit commitment two
steps have been followed. First, the on-line generating units have been chosen based
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Table D.10. Load scenarios in Terceira island, 2012

Load Id. Peak demand Valley demand
Lajes 1 2.016 MW 0.505 MVAr 0.989 MW 0.201 MVAr
Lajes 2 2.148 MW 0.706 MVAr 1.107 MW 0.364 MVAr
Lajes 3 0.405 MW 0.123 MVAr 0.182 MW 0.112 MVAr

Quatro Ribeiras 2.259 MW 1.302 MVAr 0.751 MW 0.612 MVAr
Angra do Heroismo 1 3.181 MW 1.251 MVAr 1.237 MW 0.742 MVAr
Angra do Heroismo 2 3.012 MW 1.152 MVAr 0.583 MW 0.16 MVAr

Vinha Brava 1 6.601 MW 3.578 MVAr 3.594 MW 2.119 MVAr
Vinha Brava 2 6.629 MW 3.495 MVAr 2.429 MW 1.232 MVAr
Praia da Vitoria 8.443 MW 4.975 MVAr 3.277 MW 3.006 MVAr

Total 35.194 MW 17.087 MVAr 14.149 MW 8.548 MVAr

Table D.11. Thermal generation scenarios in Terceira island

Case Total generation Wind power Thermal generation
Case 1 35.194 MW 0 MW 35.194 MW
Case 2 35.194 MW 4.5 MW 30.694 MW
Case 3 35.194 MW 9 MW 26.194 MW
Case 4 14.149 MW 0 MW 14.149 MW
Case 5 14.149 MW 4.5 MW 9.649 MW
Case 6 14.149 MW 9 MW 5.149 MW

on the demand scenarios for each study case, and taking into account the spinning
reserve to cover. For each scenario, at least two generating units must be programmed
in order to guarantee security in a N-1 condition. In addition, system losses have also
to be covered. As a second step, an economic dispatch have been performed (without
taking into account losses), based on data available in [162], and respecting maximum
and minimum output constraints. The cost functions are indicated below:

C1 = C2 = C3 = 146.44 + 4.7593 · P + 0.06237 · P 2 (D.1)

C4 = 219.66 + 5.4915 · P + 0.069559 · P 2 (D.2)

C5 = C6 = C7 = C8 = 73.22 + 4.0271 · P + 0.054915 · P 2 (D.3)

C9 = C10 = 117.9585 + 6.8798 · P + 0.7595 · P 2 (D.4)

The optimal unit commitment is summarised in Table D.12, where on-line generators
are marked. Smallest Diesel generators (i.e. G3, G4) are normally left for emergency
situations.
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Table D.12. On-line generators for each study case in Terceira island

Case Id. G1 G2 G5 G6 G7 G8 G9 G10
1 X X X X X X X X
2 X X X X X X
3 X X X X X
4 X X X
5 X X X
6 X X





Appendix E

Description of
Fuerteventura-Lanzarote system

E.1 Introduction

Figure E.1 shows the single line diagram of the Fuerteventura-Lanzarote, where
the system is weakly meshed and a unique corridor links substations from north to
south. Main power stations are the TPP Las Salinas (in Fuerteventura island) with
an installed capacity of 231.4 MW, with 3 gas turbines and 9 Diesel units, the TPP
Punta Grande (in Lanzarote island) with an installed capacity of 212.5 MW and
2 gas turbines and 8 Diesel units, and finally, 4 small size wind farms: Los Valles
with an installed capacity of 7.65 MW, Montaña Mina of 1.125 MW, Cañada del
Río of 18.4 MW, and Cañada La Barca with 1.12 MW. Further details are included
in Appendix E. In addition, due to the high demand in the more distant substation,
i.e. Matas Blancas, emergency generators have been installed close to Gran Tarajal
substation. Those generators are not included in the present study. Substations are
named with abbreviated labels in Figure E.1. In Fuerteventura, SECB corresponds to
Cañada La Barca, SECR corresponds to Cañada del Río, SEMB to Matas Blancas,
SEGT to Gran tarajal, SELS to Las Salinas, and SECO to Corralejo. In Lanzarote,
SELV corresponds to Los Valles, SEMM to Montaña Mina, SESB to san Bartolomé,
SEM to Macher, and SEPB to Playa Blanca.

E.2 Characteristics of the power system Fuerteventura-
Lanzarote

E.2.1 Characteristics of transmission lines

The main characteristics of transmission lines are displayed in Table E.1. The data
is based on [157] available in 2013 and the information about the conductor types in
[153]. OH corresponds to overhead line and UG to underground line.
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Figure E.1. Single line diagram of Fuerteventura-Lanzarote system

E.2.2 Description of generator characteristics

Table E.3 summarises main data form all the power plants in the Fuerteventura-
Lanzarote system. F indicates power stations belonging to Fuerteventura and L those
in Lanzarote. Regarding Diesel engines, in Lanzarote mostly 4 cylinder units are used
except for G4PG-G6PG, and in Fuerteventura all are 4 cylinder engines. In addition,
the wind farm Montaña Mina is connected to the substation of San Bartolomé and
Los Valles at Punta Grande substation. In Fuerteventura, on the other hand, both
Cañada del Río and Cañada de la Barca are connected at Matas Blancas substation.
In Fuerteventura, 4 MW of photovoltaic generation are also installed, but have not
been considered in this study.

Tables E.4, E.6, E.6, E.8 and E.9 gather the technical data of the synchronous
generator, speed regulator and voltage regulator models at Punta Grande TPP.
On the other hand, Tables E.5, E.6, E.7 and E.9 gather the technical data of the
synchronous generator, speed regulator and voltage regulator models at Las Salinas
TPP. Speed regulator and voltage regulator models for Diesel engines are based on
[174].

At Punta Grande, G1PG-G8PG are Diesel generating units, while G9PG and G10PG
are gas turbines. At Las Salinas, all the units are Diesel engines, except for units
G10LS-G12LS which are gas turbines. Table E.2 summarises the models used in
Power Factory simulation software.

For all synchronous generators, a power factor of 0.8 has been considered, and the
technical minimum is set to 40% of the rated power for Diesel engines and 20% for
gas turbines. Parameter values are based on criteria mentioned in [171] and [172], as
well as data available in [123]. Reactive power limits are set between 0.5/-0.3 p.u.
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Table E.1: Parameters of 66 kV transmission lines in Fuerteventura-Lanzarote system

Line Type Length (km) R(Ω) X(Ω) B(µS)

Las Salinas-G. Tarajal OH 38.77 4.9354 15.4964 111.4133
Las Salinas-G. Tarajal UG 1.27 0.166 0.07112 118.11
Las Salinas-Corralejo UG 1.27 0.166 0.07112 118.11
Las Salinas-Corralejo OH 23.33 2.9699 9.325 67.0434
Las Salinas-Corralejo UG 0.95 0.1216 0.05785 74.1

G. Tarajal-Matas Blancas OH 6.45 0.8211 2.5781 18.5353
G. Tarajal-Matas Blancas UG 2.56 0.3346 0.1434 238.08
Corralejo-Playa Blanca UG 5 0.689 0.294 425
Corralejo-Playa Blanca US 15 0.9015 2.07 631.46
Corralejo-Playa Blanca UG 1.5 0.225 0.0882 127.5
Playa Blanca-Macher OH 17.4 2.215 6.9548 50
Macher-S. Bartolomé OH 9.87 1.2564 3.945 28.3634
Macher-S. Bartolomé UG 0.85 0.1172 0.04998 72.25

Macher-Punta Grande 1 UG 21.59 2.9773 1.2695 1835.5
Macher-Punta Grande 2 UG 21.59 2.9773 1.2695 1835.5

S. Bartolomé-Punta Grande OH 8.06 1.02604 3.2216 23.162
S. Bartolomé-Punta Grande UG 0.85 0.1172 0.04998 72.25
Los Valles-Punta Grande OH 8.06 1.02604 3.2216 23.162

for round rotor generators, and 0.5/-0.4 p.u. for salient poles generators.

Table E.2. List of models

Element Model

Round rotor generator GENROU

Salient poles generator GENSAL

Gas turbine GAST

Diesel motor DEGOV1

Voltage regulator IEEET1

Table E.3. List of power stations in Fuerteventura-Lanzarote system

Power station System Technology Installed capacity Id.
Las Salinas F D, GT 185.07 MW G1-G12LS

Punta Grande L D, GT 212.11 MW G1-G12PG
Los Valles L DFIG 7650 kW WT1-WT9LV

Montaña de la Mina L IG 1125 kW WT1-WT5MM
Cañada de la Barca F IG 1125 kW WT1-WT5CB
Cañada del Río F DFIG 18.4 MW WT1-WT8CR
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Table E.4. Technical data from the thermal power plant Punta Grande, Lanzarote

Parameters G1-G3PG G4-G5PG G6PG G7-G10PG G11PG G12PG
Technology D D D D GT GT
UN (kV) 6.6 11.3 11.3 11.3 11.3 11.3
SN (MVA) 9.4 19.375 30.5 23 31.25 46.87
PN (MW) 7.52 15.50 24.39 18.4 25 37.5
Pmax (MW) 6.49 12.85 20.51 17.2 19.6 32.34
Pmin (MW) 3 6.2 9.756 7.36 5 7.5

Hs (s) 1.19 3.66 3.53 3.53 7.5 1.95
Xd (p.u.) 1.6 2.16 2.2 1.5 1.7 1.735
Xq (p.u.) 1.04 2.074 2.112 1.06 1.632 1.651
X′d (p.u.) 0.48 0.41 0.308 0.3 0.247 0.196
X′q (p.u.) - 0.54 0.55 - 0.379 0.395
Xl (p.u.) 0.224 0.164 0.132 0.16 0.119 0.095
X′′d (p.u.) 0.32 0.26 0.209 0.184 0.162 0.15
X′′q (p.u.) 0.32 0.26 0.209 0.184 0.162 0.15
T ′d0 (s) 4 4.75 4.75 4.75 5.228 5.51
T ′′d0 (s) 0.035 0.035 0.035 0.035 0.023 0.04
T ′q0 (s) - 0.7 0.7 - 0.411 0.7
T ′′q0 (s) 0.05 0.05 0.05 0.05 0.056 0.05
S(1.0) (s) 0.15 0.15 0.15 0.15 0.101 0.14
S(1.2) (s) 0.4 0.4 0.4 0.4 0.441 0.65

E.2.3 Power transformers

The power transformer data is indicated in Tables E.10,E.11, E.12, and E.13 and
partially based on [153], [154] and [172]. No load losses are dismissed.

E.3 Case study

E.3.1 Load scenarios

Peak and valley scenarios are indicated in Table E.14, based on data supplied at
[175], [153] and [176].

E.3.2 Generation dispatch

Currently, the relation between installed generation to peak demand is around 1.6
in Lanzarote and 2.8 in Fuerteventura, considering them as separate power systems.
Due to the low relation value in Lanzarote, emergency engines have been installed in
Punta Grande. Some years ago, Fuerteventura used to export energy to Lanzarote
island. However, currently the interconnection between both islands often plays a
role only under emergency situations [177] for two reasons: the limited capacity of
the interconnection link, constrained by the capacity of the undersea cable to 64
MVA, and because of the increasing demand in Fuerteventura. In the future, if the
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Table E.5. Technical data from the thermal power plant Las Salinas, Fuerteventura

Parameters G1-G2LS G3LS G4-G5LS G6LS G7-G9LS G10LS G11LS
Technology D D D D D GT GT
UN (kV) 6.6 6.6 6.6 11.3 11.3 11.3 11.3
SN (MVA) 5.4 6.3 9.4 30 23 31.25 46.87
PN (MW) 4.32 5.04 7.52 24 18.4 25 37.5
Pmax (MW) 3.82 4.11 6.21 20.51 17.2 21.85 29.4
Pmin (MW) 1.73 2.016 3 9.76 7.36 5 7.5

Hs (s) 1.75 1.73 2.16 3.53 3.53 7.5 1.95
Xd (p.u.) 1.3 1.7 1.6 2.2 1.5 1.7 1.735
Xq (p.u.) 0.84 1.04 1.04 2.112 1.06 1.632 1.651
X′d (p.u.) 0.386 0.368 0.48 0.308 0.3 0.247 0.196
X′q (p.u.) - - - 0.55 - 0.379 0.395
Xl (p.u.) 0.219 0.16 0.224 0.132 0.16 0.119 0.095
X′′d (p.u.) 0.29 0.233 0.32 0.209 0.184 0.162 0.15
X′′q (p.u.) 0.29 0.233 0.32 0.209 0.184 0.162 0.15
T ′d0 (s) 4 4 4 4.75 4.75 5.228 5.51
T ′′d0 (s) 0.035 0.035 0.035 0.035 0.035 0.023 0.04
T ′q0 (s) - - - 0.7 - 0.411 0.7
T ′′q0 (s) 0.05 0.05 0.05 0.05 0.05 0.056 0.05
S(1.0) (s) 0.15 0.15 0.15 0.15 0.15 0.101 0.14
S(1.2) (s) 0.4 0.4 0.4 0.4 0.4 0.441 0.65

Table E.6: Speed regulator model DEGOV1 technical data from the thermal power
plant at Punta Grande

Parameters G1-G3PG G4-G5PG G6PG G7-G10PG
T1 (s) 0.2 0.2 0.2 0.2
T2 (s) 0.3 0.3 0.3 0.3
T3 (s) 0.5 0.5 0.5 0.5
T4 (s) 1 0.5 0.5 0.25
T5 (s) 0.1 0.1 0.1 0.1
T6 (s) 0.2 0.2 0.2 0.2
K 8 10 9 9

TD (s) 0.05 0.05 0.05 0.05
Tmax 0.8 0.8 0.81 0.8
Tmin 0 0 0 0
Droop 0.075 0.07 0.07 0.05
Te (s) 0 0 0 0.5

interconnection capacity between both islands increases, demand could be covered
in both islands like a unique power system [177].

Therefore, the generation dispatches have been initially calculated separately. Ther-
mal generation (without taking into account losses and spinning reserve) is indicated
in Table E.15 for each study case.
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Table E.7: Speed regulator model DEGOV1 technical data from the thermal power
plant at Las Salinas

Parameters G1-G2LS G3LS G4-G5LS G6LS G7-G9LS
T1 (s) 0.2 0.2 0.2 0.2 0.2
T2 (s) 0.3 0.3 0.3 0.3 0.3
T3 (s) 0.5 0.5 0.5 0.5 0.5
T4 (s) 1 1 0.5 0.5 0.25
T5 (s) 0.1 0.1 0.1 0.1 0.1
T6 (s) 0.2 0.2 0.2 0.2 0.2
K 7 7 8 9 9

TD (s) 0.05 0.05 0.05 0.05 0.05
Tmax 0.8 0.8 0.8 0.81 0.8
Tmin 0 0 0 0 0
Droop 0.075 0.075 0.075 0.07 0.05
Te (s) 0 0 0 0 0

Table E.8: Speed regulator model GAST technical data from the thermal power plants
in Fuerteventura-Lanzarote

Parameters Value
T1 (s) 0.4
T2 (s) 0.1
T3 (s) 3
AT 1
KT 2
Vmax 1
Vmin -0.05
Dturb 0
R 0.05

Table E.9: Voltage regulator model IEEET1 technical data from the thermal power
plants in Fuerteventura-Lanzarote system

Parameters Value
Ka 200
Ke 1
Kf 0.1

Ta (s) 0.84
Te (s) 0.3
Tr (s) 0.023
Tf (s) 1
E1 2.47

S(E1) 0.035
E2 3.5

S(E2) 0.6
Vmax (p.u.) 3.5
Vmin (p.u.) -2.5
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Table E.10. Power transformer characteristics at Punta Grande

Id Connection U SN (MVA) X(%) R(%)
TG1-TG3PG YNd11 6.6/66 kV 10 MVA 9 0.5
TG4-TG5PG YNd11 11.3/66 kV 20 MVA 10 0.45

TG6PG YNd11 11.3/66 kV 30 MVA 10 0.35
TG7-TG10PG YNd11 11.3/66 kV 25 MVA 10 0.4

TG11PG YNd11 11.3/66 kV 35 MVA 10.5 0.4
TG12PG YNd11 11.3/66 kV 50 MVA 11.5 0.3

Table E.11. Power transformer characteristics at Las Salinas

Id Connection U SN (MVA) X(%) R(%)
TG1 YNd11 6.6/66 kV 5 MVA 7.5 0.55

TG2-TG5LS YNd11 6.6/66 kV 10 MVA 9 0.5
TG6 YNd11 11.3/66 kV 30 MVA 10 0.35

TG7-TG9LS YNd11 11.3/66 kV 25 MVA 10 0.4
TG10LS YNd11 11.3/66 kV 35 MVA 10.5 0.4
TG11LS YNd11 11.3/66 kV 50 MVA 11.5 0.3

Table E.12. Power transformer characteristics at wind park substations

Id Connection U SN (MVA) X(%) R(%)
TP WT1LV-WT8LV Dyn5 30/0.4 kV 1 3.78 1.30
TP WT1CR-WT9CR Dyn5 30/0.4 kV 2.5 5.951672 0.76
TP WT1CB-WT5CB Dyn5 30/0.4 kV 0.3 3.64 1.66
TP WT1MM-WT5MM Dyn5 30/0.4 kV 0.3 3.64 1.66

Table E.13. Power transformer characteristics at wind park substations

Id Connection U SN R(%) X(%)
Montaña de la Mina YNd11 30/66 kV 5 MVA 7.5 0.6

Los Valles YNd11 30/66 kV 10 MVA 9 0.55
Cañada de la Barca YNd11 30/66 kV 5 MVA 7.5 0.6
Cañada del Rio YNd11 30/66 kV 20 MVA 10 0.4

The regulation corresponding to the OP 2.2 [178] establishes that the initial genera-
tion dispatch shall be determined minimising the variable costs. The variable costs
include the costs of the fuel, starting or spinning reserve costs, and variable costs of
operation and maintenance. However, only variable costs related to the fuel consum-
ption has been taken into account for this study. They can be calculated for each
generating group based on [179]. Thus, cost functions are indicated in Table E.16.
Recently, some reports have been issued containing recommendations to improve the
technical and economic efficiency of the insular systems [158], which are out of the
scope of this thesis.

In addition, in the OP 1 [178] it is stated that the primary regulation reserve shall
be at least 50% of the highest dispatch assigned to any on-line generating unit.
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Table E.14. Load scenarios in Fuerteventura-Lanzarote, 2013

Load Id Peak demand Valley demand
Las Salinas 34.9 MW 7.1 MVAr 15.21 MW 3.09 MVAr
Gran Tarajal 10.2 MW 2.1 MVAr 4.42 MW 0.9 MVAr
Matas Blancas 48.1 MW 9.8 MVAr 21 MW 4.26 MVAr

Corralejo 20.9 MW 4.2 MVAr 9.1 MW 1.85 MVAr
Total Fuerteventura 114.1 MW 23.2 MVAr 49.73 MW 10.1 MVAr

Playa Blanca 31.7 MW 6.4 MVAr 15.25 MW 3.1 MVAr
Macher 27.8 MW 5.7 MVAr 13.4 MW 2.72 MVAr

San Bartolomé 13.7 MW 2.8 MVAr 6.64 MW 1.34 MVAr
Punta Grande 63.8 MW 13 MVAr 30.76 MW 6.25 MVAr

Total Lanzarote 137 MW 27.9 MVAr 66.05 MW 13.41 MVAr
Total 251.1 MW 51.1 MVAr 115.74 MW 23.51 MVAr

Table E.15. Thermal generation scenarios in Fuerteventura-Lanzarote system

Case Total Wind Thermal Thermal L Thermal F
Case 1 251.1 MW 0 MW 251.1 MW 137 MW 114.1 MW
Case 2 251.1 MW 14.15 MW 235.95 MW 132.61 MW 104.34 MW
Case 3 251.1 MW 28.3 MW 222.8 MW 128.22 MW 94.57 MW
Case 4 115.74 MW 0 MW 115.74 MW 66.05 MW 49.73 MW
Case 5 115.74 MW 14.15 MW 101.59 MW 61.66 MW 39.97 MW
Case 6 115.74 MW 28.3 MW 87.44 MW 52.27 MW 30.21 MW
Note. L:Lanzarote, F:Fuerteventura

In addition, the sum of the primary and secondary reserve must be 100% of the
biggest generator on-line, the loss of interconnections to other islands or the loss
of wind power (among other reasons). The biggest generating unit in Lanzarote
corresponds to unit G12PG of 32.34 MW, and in Fuerteventura, to unit G11LS of
29.40 MW. However, gas turbines only generate in peak demand scenarios due to
higher variable costs. Therefore, the maximum daily reserve is normally provided
by the biggest Diesel units, i.e. units G6PG and G6LS of 20.51 MW. Regarding
wind power, installed capacity amounts to 8.775 MW and 19.525 MW respectively
in Lanzarote and Fuerteventura. Therefore, it shall not be considered for the reserve
requirement calculation, as it can certainly be smaller than the biggest generator
on-line. On the other hand, considering both islands as a unique power system, the
spinning reserve could be minimised, being divided between the power stations of
Punta Grande and Las Salinas. But in that case, the spinning reserve would not be
guaranteed upon the loss of the interconnection between both islands.

The optimal unit commitment is summarised in Tables E.17 and E.18, where on-
line generators are marked. For Punta Grande power plant G2PG and G3PG are
reserved as emergency generators.
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Table E.16. Cost functions in Lanzarote and Fuerteventura

Generator Id. Cost function (euros)

G1PG C = 118.786 + 166.55 · P + 0.7915 · P2

G2PG C = 118.786 + 166.55 · P + 0.7915 · P2

G3PG C = 118.786 + 166.55 · P + 0.7915 · P2

G4PG C = 253.8 + 119.2588 · P + 1.08 · P2

G5PG C = 253.8 + 119.2588 · P + 1.08 · P2

G6PG C = 565.299 + 102.6 · P + 1.1323 · P2

G7PG C = 709.5361 + 77.157 · P + 2.681 · P2

G8PG C = 709.5361 + 77.157 · P + 2.681 · P2

G9PG C = 709.5361 + 77.157 · P + 2.681 · P2

G10PG C = 709.5361 + 77.157 · P + 2.681 · P2

G11PG C = 1802.4628 + 194.7847 · P + 0.2494 · P2

G12PG C = 2260.6778 + 171.373 · P + 0.1047 · P2

G1LS C = 37.436 + 166.93 · P + 1.7559 · P2

G2LS C = 37.436 + 166.93 · P + 1.7559 · P2

G3LS C = 25.6922 + 178.6465 · P + 1.309 · P2

G4LS C = 117.9585 + 166.8798 · P + 0.7595 · P2

G5LS C = 117.9585 + 166.8798 · P + 0.7595 · P2

G6LS C = 565.299 + 102.6 · P + 1.132 · P2

G7LS C = 709.5361 + 77.1571 · P + 2.681 · P2

G8LS C = 709.5361 + 77.1571 · P + 2.681 · P2

G9LS C = 709.5361 + 77.1571 · P + 2.681 · P2

G10LS C = 1804.61 + 194.49 · P + 0.2587 · P2

G11LS C = 2260.6778 + 171.3735 · P + 0.1047 · P2

Table E.17. On-line generators in Punta Grande for each study case

Case Id. G1PG G4PG G5PG G6-G9PG G10-G12PG
1 X X X X
2 X X X X
3 X X X X
4 X X X
5 X X
6 X X
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Table E.18. On-line generators in Las Salinas for each study case

Case Id. G1-G4LS G5LS G6-G8LS G9LS G10LS G11LS
1 X X X X X X
2 X X X X X X
3 X X X X X
4 X X X
5 X X
6 X
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