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Summary

Today’s power systems are undergoing major changes. These changes are driven by
both economical and environmental issues such as liberalization of energy markets,
unbundling of utilities, depletion of conventional energy sources and climate change.
Hugh efforts are made to stimulate development of sustainable energy sources, such as
wind turbines and photovoltaic systems. Also the combined heat and power production
is encouraged. This has led to an increasing penetration of small generating units in the
medium voltage (MV) grids. Such generation units, also called distributed generation
(DG), can have a significant impact on, amongst others, power flow, voltage profile,
power quality and grid protection. Because of the increasing penetration level the
effect of these units cannot be neglected anymore.

In the Netherlands horticultural industries are developed in designated areas. In
these areas greenhouses are built and in each greenhouse a combined heat and power
(CHP) plant is installed. These developments lead to dense distribution grids with a
significant number of small generators. For such distribution grids three issues have
been considered in this thesis: the effect of CHP-plants on distribution grid protection,
the effect of fault ride-through criteria on the dynamic behavior of the distribution
system, and the effect of grid protection and fault ride-through criteria on the stability
of the CHP-plants.

The protective system of current distribution grids is simple, inexpensive and effec-
tive and mainly consists of overcurrent relays. In chapter 4 it is demonstrated that the
synchronous generator contributes to the fault current in such a way that the total fault
current is increasing but the grid contribution decreases. Important parameters which
determine the effect of the synchronous generator on the grid contribution to the fault
current are the total feeder impedance, and the size and the location of the generator.

The protection problems which can occur due to the integration of CHP-plants can
be categorized into two categories, namely fault detection problems and selectivity
problems. An example of a fault detection problem is the so called blinding of pro-
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ii Summary

tection. Due to the contribution of the CHP-plants to the total fault current the grid
contribution decreases. When the grid contribution stays under the pickup current of
the protection the fault stays undetected which can cause delayed or no fault clearing
at all. False tripping is a protection problem which belongs to the category of selectivity
problems and occurs when a healthy feeder is switched off due to the contribution of
the CHP-plants to a fault at an adjacent feeder. Both problems can manifest themselves
for either temporary or permanent faults. For Dutch distribution grids it is shown that
false tripping is possible, especially for faults near the substation. However, for the mo-
ment all CHP-plants are switched off by the undervoltage protection before the feeder
protection clears the fault, hence in practice false tripping is not likely to occur. It was
also demonstrated that blinding of protection does not happen at all in Dutch distribu-
tion grids including CHP-plants.

An effective measure to prevent interference of CHP-plants with the traditional pro-
tective system is immediate disconnection of the CHP-plants in case of a fault or large
voltage dip. For distribution grids with a large number of CHP-plants this can lead to a
disconnection of a significant part of these units due to disturbances in the transmission,
sub-transmission and distribution grids. In chapter 5 it is shown that the traditional dis-
tribution grid protection is too slow to prevent disconnection of the CHP-plants. The
stability limits of the CHP-plants are exceeded when they are kept connected during and
after a disturbance in the distribution grid. Therefore a modification of the protective
system and a change in distribution grid operation is proposed. The protective system
is enhanced with communication channels and the principle of upstream blocking is
applied. The distribution grid operation can be changed from radial operation to loop
operation. It is demonstrated that it is possible by this to clear the fault without discon-
nection of the CHP-plants or violation of the stability margins. However, for distribution
grid faults the stability margin of the CHP-plants is small and the fault clearing has to be
sufficient fast. Therefore, to obtain correct relay settings the relay timing components
as well as the action time of the circuit breaker have to be examined carefully.

Because of the growing number of DG, grid operators have defined fault ride-
through criteria in order to prevent disconnection of a large amount of DG during
transmission grid disturbances. Chapter 6 gives an analysis of what disturbance in the
transmission grid leads to a disconnection of CHP-plants in the distribution grid. All
fault types in the transmission grid lead to a dip in the distribution grid and a possible
disconnection of CHP-plants. It can be concluded that disconnection of the CHP-plants
can be prevented without violating the stability margins with a proper setting of the
undervoltage protection. However, for sub-transmission and distribution grid faults
more elaborate settings of the undervoltage protection are needed. In this chapter the
German fault ride-through criteria are taken as a reference and it is demonstrated that
especially distribution grid faults cause deep dips for which the stability margin of the
CHP-plants is small and fast fault clearing is a necessary condition to prevent discon-
nection and instable operation of the CHP-plants. This is a challenging task even for
the modified protective system.

For Dutch distribution grids including CHP-plants it has been shown that discon-
nection of all CHP-plants due to a disturbance leads to a large change of active power
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flow although the accompanying steady-state voltage deviation is limited. This voltage
deviation can easily be corrected with the tap changer of the transformers. Keeping the
CHP-plants connected after a disturbance results in a large active power swing which is
also noticeable in the sub-transmission and distribution grid voltage.

Another consequence of keeping the CHP-plants connected to the grid is the delayed
voltage recovery due to the reactive power consumption of the generator for a small
period of time after the fault is cleared. This delayed voltage recovery leads to a viola-
tion of the fault ride-through criteria and a disconnection of the CHP-plants although,
even when the voltage dip is survived. For the improvement of the voltage recovery, in
chapter 7 it is proposed to integrate a STATCOM as a source of reactive power in the
local distribution grid. It has been shown that the STATCOM has a positive effect on the
voltage recovery and as a result of this improved voltage recovery the disconnection
of the CHP-plants is prevented. Besides that, the improved voltage recovery also limits
the maximum amplitude of the rotor angle swing which for the CHP-plants results in
reaching the steady state faster.
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Samenvatting

Hedendaagse elektriciteitsvoorzieningsystemen ondergaan grote veranderingen. Deze
veranderingen worden veroorzaakt door zowel economische ontwikkelingen als ook
milieu vraagstukken zoals de liberalisering van de energiemarkt, ontvlechting van de
energiebedrijven, uitputting van conventionele energiebronnen en klimaatverandering.
Grote inspanningen worden gedaan om de ontwikkeling van duurzame energiebron-
nen, zoals wind turbines en zonnepanelen, te stimuleren. Ook het gebruik van warmte
kracht koppeling wordt aangemoedigd. Dit heeft geleid tot een toename van het aan-
tal kleine opwekeenheden in de middenspanningsnetten. Deze kleine opwekeenheden,
ook wel decentrale opwekeenheden genaamd, kunnen een significante invloed hebben
op, onder andere, de vermogensstromen in het net, het spanningsprofiel, de power
quality en de netbeveiliging. Door de toenemende penetratiegraad is de invloed van
deze opwekeenheden niet meer te verwaarlozen.

In Nederland worden in aangewezen gebieden tuinbouwactiviteiten ontwikkeld. In
deze gebieden worden kassen gebouwd en in iedere kas wordt een gecombineerde
warmte/kracht (WK) eenheid geïnstalleerd. Deze ontwikkelingen leiden tot compacte
distributienetten met een groot aantal kleine opwekeenheden. In dit proefschrift zijn
voor dit type distributienetten drie problemen beschouwd: effect van WK-eenheden
op de beveiliging van het distributienet, effect van fault ride-through criteria op het
dynamisch gedrag van het distributienet en het effect van netbeveiliging en fault ride-
through criteria op de stabiliteit van de WK-eenheden.

Het beveiligingssysteem van bestaande distributienetten is eenvoudig, goedkoop en
effectief en bestaat hoofdzakelijk uit overstroombeveiligingen. In hoofdstuk 4 is aange-
toond dat de synchrone generator een zodanige bijdrage levert aan de kortsluitstroom
dat de totale kortsluitstroom toeneemt maar de netbijdrage afneemt. Belangrijke pa-
rameters die het effect bepalen van de synchrone generator op de netbijdrage aan de
kortsluitstroom zijn de totale netimpedantie, en de grootte en plaats van de generator.

De beveiligingsproblemen die door de integratie van WK-eenheden kunnen optre-
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den, kunnen in twee categorieën worden ingedeeld, te weten foutdetectie problemen
en selectiviteitproblemen. Een voorbeeld van een detectieprobleem is het zogenaamde
blinderen van de beveiliging. Door de bijdrage van de WK-eenheden aan de totale fout-
stroom daalt de netbijdrage. Wanneer de netbijdrage onder de aanspreekstroom van
de beveiliging blijft, wordt de fout niet gedetecteerd wat een vertraagde afschakeling
of in het geheel geen afschakeling kan veroorzaken. Het onterecht afschakelen van
een niet gestoord netdeel behoort tot de categorie selectiviteitsproblemen en treedt op
wanneer een gezond netdeel wordt afgeschakeld door de bijdrage van WK-eenheden
aan een fout in een naburige netdeel. Beide problemen kunnen zich manifesteren bij
zowel tijdelijke en permanente fouten. Voor Nederlandse distributienetten is aange-
toond dat onterechte afschakeling inderdaad kan gebeuren, speciaal bij fouten dicht bij
het onderstation. Echter, momenteel worden de WK-eenheden al afgeschakeld door de
onderspanningsbeveiliging voordat de beveiliging van het netdeel een uitschakelcom-
mando heeft gegenereerd waardoor de onterechte uitschakeling van een niet gestoord
netdeel in de praktijk niet zal voorkomen. Het is eveneens gebleken dat blinderen
van de beveiliging in het geheel niet gebeurt in Nederlandse distributienetten met WK-
eenheden.

Een effectieve maatregel om interferentie van de WK-eenheden met de traditionele
netbeveiliging te voorkomen, is ogenblikkelijke afschakeling van de WK-eenheden in
geval van een kortsluiting of een diepe spanningsdip. Voor distributienetten met een
groot aantal WK-eenheden kan dit leiden tot afschakeling van een significant deel van
deze eenheden als gevolg van een fout in het transport, subtransport en distributienet.
In hoofdstuk 5 is aangetoond dat de traditionele distributienetbeveiliging te traag is
om afschakeling van de WK-eenheden te voorkomen. De stabiliteitsgrens van de WK-
eenheden wordt overschreden wanneer deze eenheden gedurende en na de fout aan het
net gekoppeld blijven. Daarom is een modificatie van het beveiligingssysteem en een
verandering in de bedrijfsvoering van het distributienet voorgesteld. Het beveiligings-
systeem is uitgebreid met communicatieverbindingen en het principe van opwaartse
blokkering is toegepast. De bedrijfsvoering van het distributienet kan omgezet wor-
den van radiale bedrijfsvoering naar gesloten ring bedrijfsvoering. Gedemonstreerd is
dat het hiermee mogelijk is om de fout af te schakelen zonder dat de WK-eenheden
worden afgeschakeld of schending van de stabiliteitsgrenzen. Echter, voor fouten in
het distributienet is de stabiliteitsmarge klein en het afschakelen van de fout moet vol-
doende snel gaan. Daarom dienen, om tot correcte relaisinstellingen te komen, de tijd-
elementen van het relais en de activeringstijd van de vermogensschakelaar zorgvuldig
onderzocht te worden.

Vanwege het toenemende aantal decentrale opwekeenheden hebben netbeheerders
zogenaamde fault ride-through criteria gedefinieerd om afschakeling van een grote
hoeveelheid decentrale opwekeenheden te voorkomen gedurende verstoringen in het
transportnet. Hoofdstuk 6 geeft een analyse van welk type kortsluiting in het trans-
portnet leidt tot een afschakeling van de WK-eenheden in het distributienet. Alle typen
kortsluitingen in het transportnet leiden tot een spanningsdip in het distributienet en
een mogelijke afschakeling van WK-eenheden. Er kan geconcludeerd worden dat af-
schakeling van de WK-eenheden gemakkelijk te voorkomen is zonder schending van de
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stabiliteitsmarge, met een geschikte instelling van de onderspanningsbeveiliging. Ech-
ter, voor kortsluitingen in de subtransport- en distributienetten is een meer uitgebreide
instelling van de onderspanningsbeveiliging nodig. In dit hoofdstuk zijn de Duitse fault
ride-through criteria als referentie genomen en is het gedemonstreerd dat met name
kortsluitingen in distributienetten diepe spanningsdips veroorzaken waarvoor de stabi-
liteitsmarge van de WK-eenheden klein is en snelle afschakeling van de kortsluiting een
noodzakelijke voorwaarde is om afschakeling en instabiliteit van de WK-eenheden te
voorkomen. Dit is een uitdagende taak, zelfs voor het gemodificeerde beveiligingssys-
teem.

Voor Nederlandse distributienetten inclusief WK-eenheden is het aangetoond dat
ogenblikkelijk afschakelen van alle WK-eenheden door een fout kan leiden tot een gro-
te verandering van de actieve vermogenstroom hoewel de daarmee gepaard gaande
stationaire spanningsafwijking beperkt is. Deze spanningsafwijking kan gemakkelijk
worden gecorrigeerd met de trappenschakelaar van de transformatoren. Het gekop-
peld houden van de WK-eenheden na een fout, resulteert in een grote slingering van
de actieve vermogen wat ook merkbaar is in de spanning van het subtransport en dis-
tributienet.

Een andere consequentie van het aan het net houden van WK-eenheden is het ver-
traagde spanningsherstel door de blindvermogensopname van de generator voor een
korte periode nadat de fout is afgeschakeld. Deze vertraagde spanningsopbouw leidt
tot een schending van de fault ride-through criteria en toch nog afschakeling van de
WK-eenheden zelfs als de voltage dip doorstaan is. Voor een verbetering van het span-
ningsherstel is in hoofdstuk 7 voorgesteld om een STATCOM te integreren als regel-
bare bron van reactief vermogen in het lokale distributienet. Aangetoond is dat een
STATCOM een positief effect heeft op het herstel van de spanning en als resultaat van
dit verbeterde spanningsherstel wordt de afschakeling van WK-eenheden voorkomen.
Daarnaast beperkt het verbeterde spanningsherstel eveneens de maximale amplitude
van de rotorslingering waardoor de WK-eenheid sneller de stationaire toestand bereikt.
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CHAPTER 1

Introduction

The society’s dependency on electrical energy is greater than ever and will keep in-
creasing in the future. Major power system disturbances and outages have a significant
economic and social impact and the security of supply becomes a more and more im-
portant issue. Furthermore, due to the increased energy consumption there is a need to
expand the electricity generating facilities which causes increased CO2 emissions, if the
electricity is generated in conventional power plants. To cope with the environmental
impact of conventional power plants and reduce the greenhouse gas emissions the Eu-
ropean policy is to generate 20% of the total consumed energy with renewable energy
sources by the year 2020. As a result, the number of renewable energy sources, such as
wind turbines and solar panels, is growing.

Along with this development there is a trend towards high efficient, low cost Dis-
tributed Generation (DG) based on conventional fuels. Driver for this development is
the liberalization and deregulation of the electricity market. The liberalization allows
parties to install generators coupled to a specific primary process and sell the produced
electricity to the market as a by-product. One of the consequences is an increase of
small generators which are spread out or distributed over the area. Renewable energy
sources are driven by natural resources such as sunlight, wind and tides and can be
considered as DG, however, Combined Heat and Power (CHP)-plants or micro com-
bined heat and power plants are driven by small natural gas engines or turbines and
can be considered as DG as well. In some literature the broader term distributed energy
resources is used which comprises all types of distributed generation but also various
energy storage technologies [8]. In this thesis no explicit distinction between renew-
able energy sources or other type of distributed generation is made and the general
term distributed generation is used. However, in the research cases discussed in the
second part of this thesis the focus is mainly on CHP-plants.

1



2 Introduction

1.1 Impact of DG on the power system

In traditional power systems large central generation plants have been utilized to gen-
erate electrical power. The traditional or classical power system can generally split up
into three parts [107]:

1. Generation of electrical power

2. Transmission of electrical power

3. Distribution of electrical power

Large power plants are built in areas with sufficient cooling water and where fuel
supply routes are available. Hence, most central power plants are located at specific
remote sites and are connected to an extended transmission grid which transfers bulk
electrical power to the distribution grids. The distribution grids take parts of the trans-
mitted power and serves the connected loads. This way of power system operation is
often called a vertically-operated power system [99].

Most local decentralized (distributed) generation sources are small in size and
mainly connected to the distribution grid. Because of the implementation of DG in
the distribution grid the electrical power is generated closer to the load which will af-
fect the local power flow [7]. In the near future an increasing penetration level of DG
is expected and the total amount of generated electric power can exceed the total con-
nected load. As a consequence the distribution grid can start exporting electrical power
to neighboring distribution grids what converts the power system into a horizontally-
operated power system. This is shown in figure 1.1

Large scale integration of DG in distribution grids can have a significant impact on
power system operation. Therefore many research projects are defined and numerous
studies on integration issues of DG are carried out. For instance, the effect of DG on
voltage control which is, amongst others, extensively studied in [7, 32, 34, 80, 90,
96]. In general it is necessary to keep the voltage of a transmission or distribution
grid within specified limits for all possible loading conditions. The integration of DG
can significantly change the power flow in the distribution feeder and hence affect the
feeder voltage. The voltage profile is not violated when the injected power by the DG
is less or about equal to the load of the feeder. In this case the energy supplied by the
grid is decreasing as well as the current through the feeder and it results in a reduced
voltage drop. However, when the generated power exceeds the load of the feeder,
the power flow reverses and voltage rise occurs. This voltage rise is a function of the
amount of DG and the short-circuit power of the grid at the point of connection [80].
The effect of reversed power flow is getting worse when the DG injects reactive power
as well. However, in distribution grids with cables with a large diameter, the resistance
cannot be neglected and hence the voltage drop depends both on active and reactive
power[34, 96].

DG might have an intermittent character like wind turbines generate electrical
power during periods of sufficient wind and solar panels are producing electricity when
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Figure 1.1: Transition from vertically to a horizontally-operated power system [63]

sufficient sunlight is available. Because these natural resources have a stochastic behav-
ior the output of these renewable energy resources behave in a similar matter. In [91]
stochastic modeling of power systems is developed and applied on distribution grids to
determine what the effect of the stochastic behavior of DG-units is on power flows and
voltage profiles of distribution feeders.

Traditional power systems are characterized by a relative low number of high rated
generators spread out over a defined area. Integration of a large number of DG, but also
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aggregated power plants built up from small generators like for instance wind parks,
leads to an additional high number of units with a relative low rating in these power
systems. To cope with these large number of units in power system dynamic studies,
aggregated models have to be developed. In [103] an aggregated model of a wind park
is obtained by applying a method based on the detection of a group of coherent wind
turbines within the wind park. The coherent wind turbines are defined as units within
a farm that obtain a similar input wind profile and, therefore, have similar operating
points. A single equivalent wind turbine can replace such a group of units during the
simulation of the power system without significant influence on the dynamic behavior
of the farm.

To cope with a power system with many distribution grids including various types
of DG, another type of model reduction is necessary. In [64] a mathematical method of
model reduction is presented which results in an accurate dynamic model of a part of
a power system including different DG-technologies. These reduced order models can
be integrated in a larger power system model to determine the effect of distribution
grids including DG on the transient stability of the transmission system in a fast and
sufficient accurate way. This is done in [99]where the effect of DG on transient stability
of a transmission grid is analyzed. For various penetration levels stability limits of a
transmission system are explored. It was concluded that a DG penetration level of
30 % does not lead to main transient stability problems. In the power system sufficient
inertia have to be present to guarantee stability for higher penetration levels of DG
especially when DG is grid connected via power electronic interfaces [85].

Besides the studies on the effect of DG on power systems detailed studies on the
effect of DG on distribution grid operation are also performed. In a faulted distribu-
tion grid the connected DG can contribute to the fault current and directly influences
the fault detection in the distribution grid. The effect of DG on the distribution grid
protection is studied in [60, 116]. Because of the increasing number of small inverter
connected DG it might be expected that in the distribution grids the harmonic currents
increase as well. In [60] it is studied what effect harmonic currents have on the perfor-
mance of the protective system and it is concluded that modern protection relays are
insensitive for harmonic currents. The effect of DG on fault current detection in low
voltage grids is investigated in [116] and it is stated that in these grids the effect of DG
on the fault current is the largest for a single phase to neutral fault. In this thesis the
results of [116] are verified and the study is extended with an analysis of the effect of
distribution grid protection on the dynamic behavior of DG.

1.2 Problem definition

Integration of DG impacts important distribution grid features such as local power flow,
voltage control, grid losses, power quality, protection and fault level [7, 67]. Increas-
ing the number of DG-units in a local distribution grid can lead to a violation of the
allowable voltage level due to voltage rise, disturb the classical way of voltage con-
trol or deteriorate the power quality. In the literature these problems are extensively
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researched. For instance in [96] issues of distribution grid design including DG are
discussed in detail and measures to manage voltage rise and power quality issues due
to the implementation of DG are presented.

Besides these effects of DG also the performance of the protective system can be
affected. In the literature protection issues in distribution grids including DG are dis-
cussed in detail [20, 21, 70, 73], however, the mentioned problems mainly occur in
distribution grids including overhead lines while the effect of DG on the protection of
cable networks is underexposed .

Traditional distribution grid protective systems respond fast enough to clear a fault
in a passive distribution grid. But, when DG with a synchronous generator is connected
the time needed for the protective system to detect and clear the fault can exceed the
stability limit of the DG, hence, the DG has to be disconnected before the stability limits
are exceeded. According to some technical standards, for instance in [2], DG must be
automatically disconnected when faults or abnormal conditions occur. This prevents
damage to the DG and it also prevents interference with the protective system [87].
Because of the increasing importance of DG the unnecessary disconnection of DG is no
longer desirable, reduces the expected benefits of DG and should be avoided [39].

This has led to the specific problems that will be investigated in this thesis and
which are:

Impact of DG on grid protection – Distribution grid protection relies on simple protec-
tive systems which detect an abnormal grid situation by sensing a fault current which
significantly differs from the nominal current of the grid components [10, 56]. Inte-
gration of DG not only alters the power flow but will also change the fault currents in
the distribution grid. These changing fault currents can affect proper operation of the
current protective system. In case of a faulted feeder DG connected to this or adjacent
feeders can contribute to the fault current and as a result, the protective system can
unnecessary disconnect healthy feeders or the fault stay undetected and is not cleared
at all. What the exact effect of DG on the fault current is, depends on the type of DG
and the ability to contribute to the fault current.

Impact of fault ride-through requirements – Because the implementation of DG in exist-
ing distribution grids interfere with the protective system grid operators mostly oblige
to immediately disconnect the DG-units in case of a fault or short-circuit. Immediate
disconnection of DG-units restore the distribution grid to a grid with only one source
of supply and the protective system can function as it was proposed to do during the
design stage of the distribution grid [42]. A fault in a power network will be accom-
panied by a voltage dip which propagates through the grid and the disconnection of
the DG-units is initiated by the detection of these voltage dips with an undervoltage
protection. In case of a low DG penetration level the unbalance between load and
generation, caused by disconnecting the DG, is hardly noticeable. However, with an in-
creasing DG penetration level the disconnection of DG during a grid disturbance cannot
be neglected anymore.

For conventional power plants requirements were defined to survive certain voltage
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dips in the transmission system in order to maintain security of supply. In [44, 45] it
is demonstrated how a voltage dip propagates through a transmission system and how
many wind parks would probably be disconnected spread out over the power system
jeopardizing the security of supply. For large wind parks grid operators of several Euro-
pean countries have already defined fault ride-through criteria to prevent disconnection
of a large amount of wind power during a fault in the transmission grid. Because the
number of DG-units connected to the distribution grid is also increasing, some grid op-
erators have defined fault ride-through criteria for these small units as well. As a result,
also during local disturbances the DG-units have to stay connected for a certain amount
of time and interference with the protective system will occur.

Stability of DG-units – Applying fault ride-through criteria to DG-units connected to
the distribution grid means that the DG-units have to be able to survive the voltage
dip caused by a disturbance for a predefined time without loosing stability. Current
protective systems are relatively cheap and simple and designed for distribution grids
without DG-units. To obtain a selective protective system simple time grading principles
are applied. As a consequence, the fault clearing time, especially for faults close to the
substation, can exceed the stability limit of local connected DG-units. Hence, keeping
DG-units connected to the distribution grid protected by a traditional protective system
can lead to instability of the connected DG-units when fault ride-through criteria are
applied.

1.3 Objective and research questions

The problems described in the previous section mainly occur in distribution grids in-
cluding DG equipped with a synchronous machine such as CHP-plants. Based on the
problem definition given above the following research objectives and questions have
been selected:

Objective 1

Investigate what effect DG has on the protective system of distribution grids and when
protection problems are to be expected

To this objective the following research question is posed:

1. What type of protection problems are to be expected in distribution grids including

DG

Objective 2

Investigate what the fault ride-through behavior of DG-units is and how it interferes
with the current grid protection.

The research questions related to this objective are:

1. What is the impact of keeping DG connected to the distribution grid during and after

a grid disturbance
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2. Can DG stay connected to a distribution grid protected by a traditional protective

system without loosing stability during and after a grid disturbance

Objective 3

Investigate how the grid or generator protective system has to be modified to minimize
the disconnection of DG during and after disturbances and guarantee stability of the
connected DG

For the last objective the following research questions are defined:

1. What types of fault in the transmission grid result in the disconnection of DG con-

nected to the distribution grid

2. What are the minimum fault ride-through criteria needed to prevent disconnection

of DG during transmission grid faults

1.4 Research approach

The goal of the thesis is to study the effect of DG on distribution grid protection systems
and assess what the fault ride-through behavior of CHP-plants should be or can be. To
determine the effect of DG on the grid protection an analytical approach is chosen. With
the aid of a simple network model and the application of circuit theory an analytical
description of various fault current components is derived. These equations are checked
with the aid of a three-bus test network.

Furthermore an overview of possible protection problems in distribution grids in-
cluding DG is given. In this overview protection problems which mainly occur in dis-
tribution grids comprising overhead lines are mentioned as well as more generic pro-
tection problems which also can occur in cable networks. From this overview possible
protection problems in Dutch distribution networks including DG are deduced. For all
mentioned protection problems solutions based on the latest developments in distribu-
tion grid protection are evaluated.

The DG-units considered in this thesis are CHP-plants including a synchronous gen-
erator. The analysis of the protective system firstly is based on stationary calculations
and therefore a stationary model of the synchronous machine is used. For the dynamic
simulations a dynamic model of a CHP-plant, consisting of combustion engine, syn-
chronous machine, governor and voltage controller, is made. All parameters used in
the dynamic models are based on manufacturer data.

The dynamic model of the CHP-plant is integrated in various test networks. In this
thesis the following networks are used:

Medium Voltage benchmark network – In the literature a variety of test networks are
available. Most test networks are derived from typical North American transmission
and distribution grids. European distribution grids differ from North American distri-
bution grid and to bridge this gap in a Cigre brochure a European Medium voltage
benchmark network has been defined [111]. The Medium Voltage benchmark network
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is a 20 kV distribution grid which is connected via two transformers to a network equiv-
alent of a transmission grid. Various distribution grid structures can be investigated.

Dutch Medium Voltage distribution grid – In the Netherlands the distribution grid con-
sists of cables only. To incorporate in this research the effect of cable networks an
existing 10 kV distribution grid of a greenhouse area including CHP-plants in the ser-
vice area of Stedin is studied. This network is connected to a network equivalent of the
local 25 kV sub-transmission grid.

Dutch transmission network of the province of Zuid Holland – The effect of transmission
grid disturbances on the fault ride-through behavior is investigated with the aid of the
150 kV transmission grid of the province of Zuid Holland. This network is connected to
the national 380 kV transmission grid and does not have any connections to neighbor-
ing 150 kV networks of other regions. The distribution grids in the greenhouse areas
are modeled in detail including dynamic models of the CHP-plants and incorporated in
the 150 kV transmission grid.

Studied fault types – In the simulations performed in this thesis three-phase and two-
phase faults are considered only. From stability point of view the three-phase fault
is the most severe fault type while the single-phase-to-ground fault is the most com-
mon fault type. Because the CHP-plants are operated with an isolated neutral point
the CHP-plants do not significantly contribute to a single-phase-to-ground fault. Due
to the same reason the contribution of the CHP-plants to a two-phase-to-ground fault
equals the contribution to a two-phase fault hence neither single-phase-to-ground or
two-phase-to-ground faults are studied in this thesis.

All test networks are modeled and all simulations are performed in DIgSILENT’s
software package Power Factory. For the dynamic simulations the classical Root Mean
Square (RMS) simulation method is used with a positive-sequence approach for sym-
metrical faults while asymmetrical faults are studied with the a-b-c RMS representation.

1.5 Intelligent power systems research program

The research presented in this thesis has been performed within the framework of the
’Intelligent Power Systems’ program, part of the IOP-EMVT research program (Innova-
tion Oriented research Program - ElectroMagnetic Power Technology) which is finan-
cially supported by SenterNovem, an agency of the Dutch Ministry of Economical Af-
fairs. A specific project on ’Short-circuit behavior and protective systems in distribution
networks with high penetration of DG’ was initiated by the Electrical Power Systems
groups of the Delft University of Technology and Eindhoven University of Technology
in cooperation with industrial partners.

The research of the project focuses on the short-circuit behavior of various types of
DG and the consequences these units might have on distribution grid operation. The
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project is split up into three parts:

1. System behavior of distribution grids including DG

2. Short-circuit behavior of various types of DG

3. Protection philosophy of distribution grids including DG

The goal of the first part is to gain insight on how distribution grids with a large
number of DG have to be managed during and after a disturbance. Up till now DG is
disconnected immediately after a disturbance or voltage dip. With an increasing num-
ber of DG in the future this is not acceptable and research has to be done to determine
what suitable fault ride-through requirements are and what the effect is of keeping DG
connected to the grid. Besides that, proposals have to be made what the desirable grid
support is of the various types of DG after a grid disturbance.

The second part focuses on the behavior of the various types of DG during a short-
circuit in the distribution grid. Therefore detailed models of these units have to be
developed and implemented in simulation software. With the aid of these models an
accurate prediction of the behavior of the distribution grid can be given. To obtain the
desirable grid support the ability of the DG-unit to participate in the grid support is
investigated and modifications to the control system will be proposed.

The third part of the project concentrates on the protection philosophy of distribu-
tion grids including DG. With the developed models of the DG-units different protection
philosophies can be developed in order to increase the availability of these units after a
disturbance.

This thesis will be the first in a row of two more thesis within the project.

1.6 Outline of the thesis

This section presents an outline of this thesis.

Chapter 2 – Chapter 2 gives an overview of the recent developments in distribution
grids. The general features of a power system as well as common grid structures are
presented. In this chapter a definition of distributed generation is given as well as a
description of the principles and benefits of CHP-plants. A new development is the
transformation of the distribution grid into a smart grid. Smart grid technologies and
goals and drivers for a smart grid are discussed. Furthermore the effect of DG on the
distribution grid operation is analyzed.

Chapter 3 – Chapter 3 treats the basics of distribution grid protection and gives an
overview of general concepts which are used in protection system design. Types and
principles of protection devices which are implemented in distribution grids are dis-
cussed and rules for settings of the most common protection devices are given. The
chapter ends with a description of the protective system of typical European and North
American grid structures. This chapter provides the information needed to understand
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the effect of DG on the distribution grid protective system.

Chapter 4 – Chapter 4 starts with an analytical description of various fault current com-
ponents. It is determined what effect the contribution of the synchronous machine has
on the total fault current. With this analytical description critical grid parameters are
identified. After that a classification of all possible protection problems including possi-
ble solutions are discussed. The chapter ends with two case studies where test networks
are used to investigate what effect DG-units have on the detection and clearance of a
local grid disturbance.

Chapter 5 – Chapter 5 treats the relation between the protective system and the dynamic
behavior of DG-units. First the dynamical model of a CHP-plant and the behavior of a
combustion engine is discussed. Next, the so called critical clearing time of a DG-unit
is introduced to determine the effect of grid protection on the stability of DG-units. Via
case studies it is demonstrated what the effect of current protective systems is on the
stable operation of DG-units and improvements of the protective system are proposed.
These improvements are incorporated in a benchmark network and the benefits and
drawbacks of the modification of the protective system are shown.

Chapter 6 – Chapter 6 investigates the effect of FRT criteria on the dynamic behavior
of the DG-units in the distribution grid. A voltage dip classification is given and it is
discussed what voltage dips, coming from the transmission grid, propagate to the distri-
bution grid. With the aid of an existing test grid it is shown what amount of CHP-plants
disconnect during these transmission grid disturbances. After that, the German FRT
criteria are taken as a reference and the consequences of these criteria on the dynamic
behavior of the CHP-plants are investigated. The chapter ends with an analysis of the
effect of FRT criteria on the grid interaction of the synchronous machines during and
after disturbances in the sub-transmission and distribution grid.

Chapter 7 – Chapter 7 proposes a solution to prevent the disconnection of CHP-plants
after a disturbance in the sub-transmission or distribution grid. Measures to improve
the voltage recovery are investigated and implemented in the test networks. Faults in
the sub-transmission and distribution grid including the measures for the voltage re-
covery improvement are evaluated and it is studied how the dynamic behavior of the
CHP-plants is affected. The chapter ends with a discussion on the effect of the improved
voltage recovery on the critical clearing time of the CHP-plants.

Chapter 8 – This chapter presents the general conclusions and recommendations for
further research.



CHAPTER 2

Developments in distribution grids

2.1 Introduction

This chapter introduces the working principle and the structure of an electric power
system. Distribution grids are the last link in the chain of electric power supply to the
consumer and in this chapter the focus is mainly on distribution grids. A development
which has a significant impact on distribution grid operation and design is the integra-
tion of distributed generation as was touched upon in chapter 1. Distributed generation
is a very broad term and a definition as well as a classification of the various distributed
generation schemes are elaborated in this chapter. The main part of this thesis focuses
on the effect of Combined Heat and Power plants on the distribution grid, hence in this
chapter the principle and benefits of CHP-plants are discussed.

The number of distributed generators will further increase in the near future and
a transition towards an active distribution grid is needed to gain the full benefit of
distributed generation. The active distribution grid is operated in a different way than
a passive distribution grid and for this, the smart grid concept is proposed. In this
chapter the smart grid concept will be discussed and major challenges to realize such a
grid will be given.

It is expected that the transition towards a smart grid will take many years. Mean-
while the implementation of distributed generation continues and has an impact on
the passive distribution grid operation. This chapter also presents an overview of these
impacts.

11
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2.2 Electric power system structure

In the beginning of the electrification small electricity companies built small electricity
grids where often only one or two small generators were connected to, supplying the
local load of a town or a couple of villages [19]. Because at that time no standards were
available yet hence a variety of system voltages and system frequencies were realized.
In fact these type of electricity grids can be considered as the first distribution grids. The
electric power system as known today has been evolved from local networks covering
towns and regions towards a strong continental interconnected network. Due to the
developments of distributed generation the power system has to be adapted which
means that the distribution grid becomes more important and there are even trends
towards self-providing distribution grids with the possibility to operate in island mode.

~~~
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Figure 2.1: Schematic overview of the Dutch power system
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In figure 2.1 a schematic overview including common voltage levels of the Dutch
power system is given. In large parts of the country also an intermediate voltage level
(50 kV or 25 kV) is used but this is not shown. The backbone of the power system is
a 380 kV transmission grid which is part of the European interconnected power system
which interconnects the national transmission grids of the majority of the European
countries. This interconnected power system is under supervision of the ENTSO, the
association of European TSOs (Transmission System Operator), which has the objective
to contribute to ensuring and maintaining a high standard of operability, reliability
and security of the European Networks. The transmission grids transport bulk energy
generated by large central power plants which are connected to these grids. The bulk
energy is further transported to local transmission grids covering a province or state.
To the local transmission grids, sub-transmission and primary distribution grids are
connected which distribute smaller quantities of energy to the towns and villages. In
the towns and villages local distribution grids covering a neighborhood are available
and finally deliver the electric power to the consumers.

Normally the distribution grid is operated at medium and low voltage. The number
of consumers connected to the grid is large and the amount of consumed energy per
consumer is small. This leads to many extended distribution grids with numerous con-
sumers connected to it. In the past decades small generation units such as photovoltaic
systems, small wind turbines or micro CHP-plants gained in popularity and now the
customer not only consumes energy but also produces a part of their energy needed.
At this moment, in the distribution grids the penetration level of these small generation
units is relatively low but a significant growth of these small units is to be expected in
the near future. In some distribution grids however, the penetration level is already
such that the presence of DG cannot be neglected anymore and problems with voltage
control, local fault level and distribution grid protection can be expected.

In figure 2.2 different structures for the distribution grid are given [76, 96].

Grid opening

b) Loop grid structure c) Meshed grid structurea) Radial grid structure

Grid opening

Figure 2.2: Common grid structures in power systems
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Generally three grid structures can be distinguished:

1. Radial grid structure

2. Loop grid structure

3. Meshed grid structure

The simplest structure is the radial grid structure. Each substation or customer is cou-
pled via a single line or cable to a central point of supply. The service interruption time
during a cable or line failure covers the complete repair time of the line or cable which
can be considered as a drawback. This can be improved by operating the grid in a loop
structure. All substations or customers are connected via two lines or cables. During a
disturbance the faulted line section is isolated and the loop is split-up into two parts.
After the isolation of the faulted line or cable section the two parts of the loop can be
energized again. In this case the service interruption time is the time needed for fault
localization and the necessary switching actions. The last structure is the meshed grid
structure and all substations or customers are connected via more than two lines or
cables. The benefits of meshed grid structure are a reduction in the grid losses and an
improvement of the voltage profile along the feeders [88]. Besides that, looped and
meshed grid structures are very reliable but at the same time much more expensive due
to the larger amount of lines and cables needed. Further, a more complicated protective
system is needed to obtain a selective fault clearing. Because of this drawback most of
the time looped and meshed grids structures are operated radial as indicated in figure
2.2.

Transmission grid failures have a larger impact on the society than distribution grid
failures hence in transmission grids loop or meshed grid structures are applied in almost
all cases. Distribution grids with a loop or meshed grid structure have redundancy
as well, however, most loop and meshed structures are operated radial by creating
grid openings at certain locations in the grid. This is a common practice in the Dutch
distribution grids [96, 107]. Due to the large number of distribution grids in a power
system, for cost saving reasons much equipment is standardized and the design of the
distribution grid is relatively straightforward. The power flow in radial operation of the
distribution grid is uni-directional and the radial operation also offers the possibility
to apply a simple protective system which is cost-reducing. During disturbances, for
a number of substations the radial operation mode leads to an interruption of supply
which can be restored by isolating the faulted line or cable and closing one or more
grid openings.

2.3 Distributed Generation

2.3.1 Definition and classification

A development which has a significant impact on the distribution grid is the intro-
duction of small-scale generation, better known as distributed generation (DG). In the
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literature many definitions of DG exist. In [2] DG is defined as electric generation fa-
cilities connected to a local electric power system through a point of common coupling
while in [47] DG is defined as electrical generation that is not centrally planned, not
centrally dispatched, and connected to the distribution grid. An overview of defini-
tions of DG can be found in [92] where it is stated that the definition given in [6] is a
good approach without noting the specific characteristics of DG such as DG-technology,
DG-rating or mode of operation. In this thesis Distributed Generation is defined as [6]:

Distributed Generation: an electric power source connected directly to the dis-
tribution network or to the customer side of the meter.

In the given definition of DG the rating of the DG-unit is not specified. It is useful
to introduce categories of different ratings of distributed generation. The categories
suggested in [6] and also used in this thesis, are:

1. Micro DG: 20 W < 5 kW

2. Small DG: 5 kW < 5 MW

3. Medium DG: 5 MW < 50 MW

4. Large DG: 50 MW < 300 MW (connected to the transmission grid)

Examples of different DG-technologies of the suggested categories are given in table
2.1.

Table 2.1: Overview of DG-technologies and sizes [6]

Technology Average unit size
Combined cycle gas turbine 35 – 400 MW
Internal combustion engines 5 kW – 10 MW
Wind turbine 200 W – 3 MW
Photovoltaic arrays 20 W – 100 kW
Fuel cells 200 kW – 2 MW
Battery storage 500 kW – 5 MW

DG can be further classified to the principles of operation and the interface between
the distribution grid and the DG-unit. The latter classification is important to determine
the short-circuit contribution of the DG-unit to a disturbance in the distribution grid. As
shown in figure 2.3 a distinction can be made between directly coupled DG and inverter
coupled DG. Inverter coupled DG can be split-up further in DG-units based on a static
energy conversion and DG-units based on rotational energy conversion. PhotoVoltaic
(PV) systems and Fuel Cells (FC) are examples of DG with a static energy conversion
process while the direct drive Wind Turbine (WT) and the micro CHP are examples of
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DG with a rotating energy conversion process. However, these units are still connected
via a power electronic interface.

Directly coupled DG is further split- up in DG including an induction generator
and DG including a synchronous generator. Examples of DG including an induction
generator are wind turbines with a Doubly Fed Induction Generator (DFIG) or wind
turbines with a Squirrel Cage Induction Generator (SCIG). In almost all cases a CHP-
plant is equipped with a synchronous generator.

DG

Directly

Coupled

Inverter

Coupled

Static

conversion

Rotating

conversion

PV

generator

Fuel cells

Direct

drive WT

µCHP

Asynchronous

generator

Synchronous

generator

CHP
DFIG

WT

SCIG

WT

Figure 2.3: Classification of DG

This classification can be used to make a rough distinction between DG with a con-
tribution to a fault current and DG which hardly contributes to a fault current. In [86]
it is stated that inverter connected DG hardly contributes to a fault current. Hence, PV
systems, fuel cells, direct drive WT and the micro CHP do not have to be considered in
fault current calculations and the evaluation of the protective system. Directly coupled
DG does contribute to the fault current and cannot be neglected in fault current calcu-
lations and protective system studies. An extensive overview of the state-of-the-art DG
technology including the characteristics and modeling is given in [99, 113].

2.3.2 Benefits of combined heat and power

In the total energy consumption a distinction is made in the form in which the energy
is consumed. It is stated in [120] that most energy is consumed in the form of heat. For
the Dutch situation in table 2.2 the total produced electrical energy and heat energy is
given for 2006 [109]. These figures show that the total amount of electrical energy is
41,7 % of the total energy production.

Because heat is an important energy form, the generation of heat should be as
efficient as possible. A popular way to generate heat is to combine the heat production
with the generation of electricity which is known as Combined Heat and Power (CHP).
Normally in a conventional power plant the steam is cooled down in cooling towers
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Table 2.2: Energy production in the Netherlands in 2006

Form of energy Produced energy [PJ]
Electric energy 875
Heat 1224
Total 2099

and the heat is wasted. In the CHP-scheme the waste heat produced by the electricity
generation will be used via a heat exchange to heat water for district heating or other
industrial applications. The benefit of a combined generation of heat and electricity is
shown in figure 2.4.
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efficiency
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Separate generation of

heat and electricity

CHP-plant
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Thermal
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Total
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Total
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Figure 2.4: Demonstration of the benefit of combined heat and power generation (val-
ues in units)

For the example given in figure 2.4 the fuel savings can be calculated as:

Fuel savings =
143− 100

143
· 100% = 30% (2.1)

This example illustrates that it is beneficial to generate heat in combination with elec-
tricity.

2.3.3 Principle of combined heat and power

In large industries combined heat and power is widely applied. In these industries the
CHP-plant consists of a boiler in combination with a large steam turbine with the main
purpose to produce steam for several production processes. The steam turbine is driv-
ing a generator and the electricity can be seen as a by-product. A schematic overview
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of this type of installation is depicted in 2.5(a). The generated electricity is often con-
sumed by the industry itself but selling the excess of electricity to the market becomes
more and more attractive. The steam turbine can also be replaced by a gasturbine and
then the heat produced by the gasturbine can be used to heat water for, for instance,
a district heating system. Therefore, as shown in figure 2.5(b) the boiler is replaced
by a compressor which compresses fresh air. In the combustor a mixture of fresh com-
pressed air and fuel is combusted and expands in a gasturbine. The gasturbine drives a
synchronous generator and the heat of the exhaust gases are used to produce steam or
to heat water. The size of the CHP-plants used for both purposes are in the range of 50
to 300 MW and can be classified as large DG.

Boiler

~

Heat supply to industrial process

Heat supply for space heating

Distribution grid
Synchronous

generator

Heat exchange

(a) CHP scheme using a steam turbine

~

Distribution grid
Synchronous

generator

Heat exchangerCombustor

Fuel

TurbineCompressor

Process Heat/Steam Exhaust gases

(b) CHP scheme using a gasturbine

Figure 2.5: Overview of different CHP-schemes [67]

The concept of combined heat and power also appears in smaller units. Then the
steam or gasturbine is replaced by a gas fired combustion engine. Now the heat pro-
duced by the combustion engine is used to heat air or water. The unit-size of this type
of CHP-plant is mostly < 10MW and a typical application is heat supply for a local dis-
trict heating system. In the Netherlands this type of CHP-plants is widely applied in the
horticultural sector. The cultivated crops in the greenhouses need heat, light and CO2.
During the daytime light is provided by the sun while the CHP-plant is used to generate
the heat which is needed. CO2 can also be provided by the CHP-plant but therefore the
CHP-plant has to be equipped with a flue gas scrubber. The excess of electricity is sold
to the marked. Depending on the operating costs of the CHP-plant during nighttime the
CHP-plant can be used to provide electricity for the artificial lighting of the crops. When
the electricity price is lower than the operating costs of the CHP-plant, during nighttime
the CHP-plant is switched off and the needed electricity is taken from the grid.

In figure 2.6 a schematic overview of a CHP-plant typically applied in the horticul-
tural sector is depicted. During daytime the electricity prices are high and it is of inter-
est to sell the electricity to the market but the heat demand can be limited due to the
heat contribution of the sun. To make it possible to react on changing electricity prices
without wasting the generated heat, a heat storage system is added to the CHP-plant.
During daytime the excess of heat is stored in the heat storage while the electricity is
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sold and during nighttime the stored heat is used to provide the heat demand.

~
Boiler

Heat

Storage

Distribution grid Synchronous

generator

Heat exchanger

engine cooling water

Combustion Engine

Hot water out

Cold water in

Cooled exhaust

gases

Fuel in

Figure 2.6: CHP scheme including combustion engine and heat storage [113]

At the substation level the integration of a significant amount of CHP-plants leads to
typical load patterns. In figure 2.7 two load profiles of a 150/25 kV substation located
in a greenhouse area are shown. Positive active power means that the area is exporting
power towards the transmission grid and negative active power means that the area is
importing active power from the transmission grid. In the load profile of a substation
in a greenhouse area a seasonally change can be noticed. Figure 2.7(a) gives the load
profile for a typical week in July while figure 2.7(b) gives for the same substation a
load profile of a typical week in November. In both profiles the area starts to export at
seven o’clock in the morning till eleven o’clock in the evening. During nighttimes the
area starts to consume electric power however, in November the consumed power is
significantly larger than in July. In July during daytime more sunlight is available and
during nighttime extra artificial lighting is not necessary. To compensate for the lack of
sunlight, in November during day and nighttime the artificial lighting is switched on.
This also explains why the exported power is higher in July than in November. The
peaks in exported power of the load profile of November are caused by price signals
of the market. During a high market price the artificial lighting is switched off which
maximize the amount of exported power. Due to the changing market conditions the
expected substation load becomes more uncertain and grid planning and operation in
these areas is more complicated.

2.4 Effect of DG on distribution grid operation

As will be discussed in section 2.6 the distribution grid will evolve towards a smart grid.
Smart grid technology has not reached a mature state yet and this will take a significant
amount of time. Meanwhile, DG is connected to the existing distribution grid which is
still operated in a more or less passive way. Connection of DG to distribution feeders
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Figure 2.7: A seven day’s overview of the load profile of substation Tinte in the Stedin
area

has impact on the operation of the distribution grid. Problems which can appear and
which will be briefly discussed in this section, are [7, 67]:

• Impact on voltage control

• Impact on grid losses

• Impact on power quality

• Impact on fault level

• Impact on protection

2.4.1 Voltage Control

Maintaining a proper voltage level is important for the correct operation of the appara-
tus or components connected to the electric power system. Transportation of electrical
power through a transmission line will be accompanied by a voltage drop along the line
and to keep the voltage level at an appropriate value control actions have to be taken.
The absolute voltage drop along a transmission line depends both on the X/R ratio of
the transmission line and the transported power. In transmission networks the value
of X is much larger than the value of R and the voltage drop mainly depends on the
transport of reactive power. However, in distribution grids with cables, the X/R ratio
is less than 1. This means that the resistance cannot be neglected anymore and hence
the voltage drop depends both on active and reactive power [96]. Cables with a small
conductor size have a X/R ratio between 0.25 and 0.5 and for these cables the voltage
drop dominantly depends on active power [96].

In passive distribution feeders the power flow changes due to a changing demand.
Nowadays, in distribution grids DG is integrated and provides electric power close to
the load. The integration of DG can significantly change the power flow in the distri-
bution feeder and hence affect the feeder voltage [7, 32, 80, 90]. The impact of DG on
voltage control is depending on the power flow in the network. The voltage profile is
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not violated when the injected power by DG is less or near the load of the feeder and
the power factor of the DG is in line with the power factor of the load. In this case
the energy supplied by the grid is decreasing as well as the current through the feeder.
This results in a reduced voltage drop. However, when the generated power exceeds
the load of the feeder or the power factor is extreme, voltage rise occurs. This voltage
rise is due the reversed power flow and is a function of the size of DG, the power factor
and the impedance of the grid [80]. The effect of reversed power flow is getting worse
when DG injects reactive power as well. A detailed description on voltage control in
distribution grids can be found in [96].

2.4.2 Grid losses

Transporting electrical power causes losses in the transmission and distribution grid.
The power losses in a line can be calculated using Ohm’s law. If a line is carrying a
current, the power losses in a line can be calculated with equation 2.2:

Ploss =
1

T

∫ T

0

i(t)2R d t (2.2)

where Ploss is the loss in the line, I is the current through the line and R is the
resistance of the line. Changing the power flow in the line changes the current through
the line and thus the losses are affected. Connecting DG to a load at a distribution
feeder, the injected power of the DG will be consumed by the load and the power flow
in the feeder is reduced. In this case the losses are reduced as well.

The effect of DG on grid losses strongly depends on the injected power and location
in the grid. Moreover, intermittent generation sources with a weak correlation with
the load, such as wind turbines, can have a negative impact on grid losses. Especially
during night-time there is low demand and in a high wind situation the distribution
grid can start to export power which increases the grid losses. In this case local stor-
age systems can have a positive effect on the grid losses because the storage system
can locally balance the power flow and prevents the export of power. In [124] it is
demonstrated that the grid losses increase for remotely connected wind turbines. It is
also demonstrated that wind turbines connected sufficiently close to the load have a
positive effect on grid losses.

2.4.3 Power Quality

The effect of the integration of DG on power quality concerns three major aspects [7,
67]:

• Dips and steady-state voltage rise

• Voltage flicker

• Harmonics
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Dips and steady-state voltage rise

DG can impact the quality of the supply voltage in several ways. Connecting DG to a
lightly loaded feeder the power flow can reverse and the voltage at the DG connection
point starts to rise. This means that the supply voltage for customers connected nearby
the DG-units starts to rise as well. This voltage rise is a steady-state effect and strongly
depends on the X/R-ratio, feeder load and injected power by the DG-unit as discussed
before. However, DG can also have a transient effect on the voltage level. A rapid load
current variation of a DG-unit causes a sudden in- or decrease of the feeder current
and hence an effect on the feeder voltage. For instance, when the wind starts to blow
the wind turbine output rapidly increases until the rated power of the wind turbine is
reached. The rapid output change of the wind turbine changes the power flow in the
feeder and can cause a voltage transient. A sudden change in output power can also
occur when the wind exceeds a certain upper limit (25 m/s). At that point the wind
turbines have to be protected against overload and strong mechanical forces, are dis-
connected and shut down [50]. This disconnection can cause an increase in the feeder
current and hence a dip or drop in the supply voltage.

Voltage flicker

In distribution grids the most common cause of voltage flicker is a rapid and regular
variation of the load current. An example of a cause of regular load current variation is
the tower effect of a fixed speed wind turbine. This effect is due to the wind shielding
effect of each blade of a three blade turbine as it passes the tower. When the blade
passes the tower the injected electrical power of the wind turbines reduces which has
an effect on the grid voltage [50]. The tower effect causes a power oscillation with
a frequency of three times the blade turning speed and hence voltage flicker with the
same frequency. Conversely, some DG scheme’s contribute significantly to the fault
level which gives a reduction of the network impedance. As a result, the changing load
current caused by a changing load will lead to a smaller voltage variation and hence
improved power quality [67].

Harmonics and resonances

Inverter-connected DG-units might cause harmonics. The magnitude and the order
of the harmonic currents depends on the technology of the converter and the mode
of operation [7]. Although, with recent technology with fast switching components
used to compose the input waveform, this problem is not that acute anymore [28].
Although the injection of harmonic currents can distort the voltage waveform which
can propagate throughout the distribution grid. Apparently small voltage distortions
can cause large harmonic currents at a resonance condition and have to be prevented
[50]. An ability to reduce the harmonic current injection is filtering of the output
current. Modern power electronic converters are able to filter the injected current and
reduce the injected harmonics. In [61] various harmonic reduction techniques are
discussed and it is stated that harmonic reduction can be an ancillary service of grid
connected converters. An overview and classification of all power quality phenomena
and the effect of DG on power quality can be found in [28].
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2.4.4 Fault level and protection

The connection of DG to the distribution grid changes the fault level. The impact on
the fault level depends on the ability of the DG-unit to contribute to the fault current.
As discussed in figure 2.3 the contribution to the fault current strongly depends on the
interface between the grid and the DG-unit. Inverter coupled DG hardly contribute to
the fault current while directly connected DG do contribute to the fault current. The
contribution to the fault current can be such that the equipment rating is exceeded. In
that situation limitation of the fault current is necessary.

A significant contribution to the fault current of the DG-unit affects the protective
systems in the distribution grid. Because the fault currents are affected by the DG-units,
the measured currents used for protection purposes, are affected as well. This can lead
to incorrect operation of the protective system and causes fault detection problems and
selectivity problems.

2.5 Stability and fault ride-through

Power system stability has been studied intensively for more than 70 years and on this
topic many excellent textbooks and papers are available, for instance [75, 77]. The
research started when the first interconnected power systems were constructed and
mainly focused on electromechanical phenomena. Nowadays, power system stability
is analyzed using computer simulation software and detailed mathematical models. In
general three types of stability can be distinguished such as short-term, mid-term and
long-term stability. Each of these types of stability has its own time scale which as
indicated below:

• Short-term stability: 0 to 10 seconds

• Mid-term stability:10 seconds to a few minutes

• Long-term stability: a few minutes to 10’s of minutes

Short-term stability focuses on transient stability of generators while in mid-term
and long-term stability the focus is more on inter-machine power oscillations, boiler
dynamics of thermal units and automatic generator control [75]. Examples of mid-
term and long-term stability are voltage stability and frequency stability. The research
described in this thesis only focuses on transient stability issues.

The studied power systems are mainly transmission grids including large central
power plants and stability issues of these large interconnected power systems are well
known. However, the development of distributed generation will have an effect on
power system stability. Until recently distribution grids were more or less passive grids
with an uni-directional power flow from the transmission grid towards the distribution
grid. At this moment grid operators connect DG in a ’fit and forget’ fashion, however,
when the penetration level is increasing this is no longer acceptable. Then DG will
displace a significant part of the power produced by the central power plants which
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affects the overall behavior of the power system. This is studied in [99, 110, 113]
where it is demonstrated that the replacement of central power plants by DG leads
to a reduction of the available inertia in the power system which can cause stability
problems for a penetration level larger than 30%. However, this value strongly depends
on the boundary conditions of the power system.

So, having sufficient rotating inertia in the power system is important for stable
operation during a large unbalance between load and generation. However, replacing
central power plants by DG not only reduces the available inertia but it can even in-
crease the unbalance between load and generation during transmission grid faults. This
is caused because of the disconnection of DG during the transmission grid disturbance.
The reduction of the rotating inertia and the disconnection of a large amount of DG can
jeopardize the stability of the power system.

To mitigate the effect of DG on power system stability grid operators have defined
fault ride-through criteria for DG. These criteria were already set for central power
plants but now also become operational for DG connected to distribution grids. Fault
ride-through criteria define for what voltage dips with a certain duration the DG have to
stay connected to the grid. Depending on the size of the DG-unit the fault ride-through
criteria can also oblige additional grid support, such as voltage and frequency support,
during and after a disturbance. Keeping DG during a local disturbance connected to
the grid can cause interference with the local protective system. As a consequence, the
interference of DG with the protective system can lead to no or delayed fault clearing
or exceeding the stability limit of the DG-units [30]. With the increasing integration of
DG in distribution grids coordination between local protective systems and fault ride-
through criteria becomes more and more important and has to be studied thoroughly
to maintain safe and secure operation of the distribution grid with DG-units.

2.6 Towards a smart grid

2.6.1 DG in future power systems

The current power system is characterized by centralized control and passive distribu-
tion grids. An impression of the capacity of DG, distribution grids, transmission grids
and central generation in the current system is shown in figure 2.8. In [37] two possi-
ble control scenarios with respect to an increased penetration level of DG are discussed
and the consequences are also shown in figure 2.8.

In the ’traditional future’ scenario possibilities as DG control and demand side man-
agement are not taken into account and conventional generation is still necessary to
provide full system support and maintain system security. Because in this scenario cen-
tral generation is solely responsible for delivery power at all times, DG will not displace
the capacity of the conventional power plants. The alternative scenario is based on the
integration of DG control and demand side management into the system support ser-
vices which offers the possibility to displace partly the central generation. Furthermore,
in this scenario the extension of the transmission and distribution grid can be limited
also without jeopardizing the system security. This ’active future’ scenario asks for a
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Figure 2.8: Needed capacities of transmission and distribution grids as well as the
needed capacities for central generation under centralized and distributed control
strategies [37]

transition from passive distribution grids to active distribution grids and a coordinated
centralized and distributed control [37]. In this thesis an active distribution grid is a
distribution grid with DG that takes part to the centralized frequency control as well
as the local voltage control. The need for active distribution grids is also discussed in
[82] where a future scenario of a power situation is given for a power system with a
high penetration of DG. It is demonstrated that conventional balancing mechanisms,
which are presently mainly performed via generation control and to a smaller extent
with load-side management based on market mechanisms, may no longer be sufficient.
This implies a shift from the traditional central control philosophy to a new distributed
control philosophy [82]. To make this happen investments in a significant amount of
information and communication technology (ICT) is necessary.

2.6.2 Goals and drivers for a smart grid

Current grids have served well but will not be adequate in the future [3]. A significant
amount of the grids are built in the sixties and seventies and these infrastructures are
ageing. On the other hand the demands are still growing and society is more and more
dependent on a reliable electricity supply. Major investments are needed to reinforce
and improve the grid to meet the future needs at reasonable cost. Besides that, future
grids must support sustainable electricity supply, take advantage of new technologies
and comply with a new policy and business framework [3]. To achieve these goals, in
the power industry the transformation of the current grid into a so called smart grid
has started. Not only improvement of quality of supply and the environmental targets
are drivers for a smart grid but also the accommodation of new types of load, such as
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plug-in electric vehicles as well as the integration of distributed generation and storage
capabilities are drivers [62]. In [4] it is stated that the goal of a smart grid is to use
advanced information-based technologies to increase power grid efficiency, reliability
and flexibility and reduce the rate at which additional electric infrastructure needs to
be built.

An exact widely accepted definition of a smart grid is not yet available but sev-
eral attempts have been done. According the European Technology Platform for the
electricity networks of the future, a smart grid is defined as [3]:

Smart grid: Electricity networks that can intelligently integrate the behavior and
actions of all users connected to it –generators, consumers and those who do
both– in order to efficiently deliver sustainable, economic and secure electricity
supplies.

while the U.S. department of energy defines the smart grid as [117]:

Smart grid: A smart grid uses digital technology to improve reliability, security
and efficiency of the electricity system: from large generation, through the deliv-
ery system to electricity consumers and growing number of distributed generation
and storage resources.

As can be seen in both definitions, a central aspect of a smart grid is the control of a
variety of variables in the grid and in a variety of processes connected to the grid using
ICT-systems. However, the European definition focuses more on the integrated network
which is providing services to the users, which can be generators or consumers, while
the U.S. definition focuses more on the traditional delivery chain.

As stated in the section before, integration of centralized and decentralized control
is necessary to make full use of the benefits which distributed generation has to offer
to the power system, with rather limited investments in upgrading and extension of
the distribution grid. This type of integrated control will be, together with Demand
Response (DR) or Demand Side Management (DSM), an important task of a smart
grid. Figure 2.9 gives a generic conceptual model of a smart grid consisting of sev-
eral domains which represents per domain various applications and actors with similar
objectives [117]. Each domain has interfaces which can be electrical connections or
communication connections or both. The electrical interfaces are shown as yellow lines
and the communications interfaces are shown in blue. Each of these interfaces may be
bi-directional. Communications interfaces represent an information exchange between
two domains and the actors within. However, these interfaces do not represent physi-
cal connections but indicate logical connections in the smart grid information network
interconnecting various domains. An overview of the various domains of figure 2.9 are
given in table 2.3.

As indicated in figure 2.9 the smart grid concept interferes with the physical pro-
cesses in distribution grids, such as power flow and power quality handeling, as well as
various processes at utilities, such as asset management, billing and market processes.
To manage the controllable loads, storage systems and make DSM possible much more
customer and grid data is needed.
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Figure 2.9: Conceptual model of a smart grid according to [117]

Table 2.3: Overview of the various domains of the conceptual smart grid model [117]

Domain Actors
Customers The end users of electricity which may also generate, store

and manage the use of energy
Markets Operators and participants in electricity markets
Service provider The organization providing services to electrical customers

and utilities
Operations The managers of the flow of electricity
Bulk generation The generators of electricity in bulk quantities which may also

store energy for later distribution
Transmission The carriers of bulk power over long distances which may also

store and generate electricity
Distribution The distributors of electricity to and from customer which

may also store and generate electricity

2.6.3 Smart grid technologies

Controllable DG-units

This is discussed in section 2.6.1.
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Controllable loads

Traditional distribution grid design was aimed to meet customers’ demand and the grid
components were dimensioned for peak load conditions. Because in a power system
distribution grids are numerous the design and operation were guided by various as-
sumptions and not based on very detailed modeling and analysis [114]. As a result
distribution grids were typically designed with overcapacity.

Due to load growth and developments of new types of load, such as heat pumps
and electric cars, future distribution grids will be heavier loaded and load patterns be-
come less predictable. This is also caused because a part of the consumed energy will
be generated by own generation sources as solar panels and small size wind turbines.
Applying the traditional grid design methods lead to major investments to achieve the
necessary capacity in the distribution grids. Making a more careful analysis on future
expected loads, it shows that a part of the load consist of controllable loads which are
loads from what the use of electricity is not time critical [114]. Examples of these loads
are heat pumps, electric water heaters, air conditioners and plug-in electrical vehicles.
In [115] an analysis of the use of available capacity of an existing distribution grid
is carried out and it is concluded that a significant amount of capacity is still unused
especially outside peak periods. A part of this capacity can be used to supply control-
lable loads without the need for investments to expand the grid. However, to use this
available capacity the controllable loads must be controlled well for which a smart grid
concept is proposed.

Demand Side Management

Demand response and demand side management are two different terms for the same
goal. DR and DSM are systems which enable energy users to receive information on
time-varying electricity prices and/or capacity constraints [122]. Controllable loads
described before are part of DR. In case of capacity constraints source side management
is also a possibility to relief an overload situation. In [15] the possibilities to actively
control the sources are already incorporated. An important component to enable DR or
DSM is the smart meter and a real-time pricing signal. Smart meters are often confused
with smart grids, however, a smart meter can be a part of a smart grid although applying
smart meters do not create a smart grid.

The first step to DSM is to make the customer aware of his energy consumption and
this awareness creates sensibility to a more efficient energy consumption and leads not
only to customer benefits but also advantages for the complete energy chain. In [31]
a large-scale test of DSM is described. In the test thousands of customers are equipped
with a smart meter and a smart box which provides information to the customer about
the daily and weekly consumed energy, price signals and contractual data. The results
of this test are that the information regarding the energy consumption in combination
with pricing signals have impact on the customers behavior. Technically the test has
shown that it is feasible to communicate with thousands of customer and providing
them with price signals. Furthermore, it was found that the actual customers’ load pat-
tern has changed with a positive impact on the peak load of the distribution grid.
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The role of energy storage

At this moment storage of electricity close to the loads is technically possible but eco-
nomically infeasible. Therefore, as discussed earlier, distribution grids are designed to
meet peak load. However, new storage technologies become available and can be of
help to use the full potential of the distribution grid and make a further integration of
renewable energy sources possible [114].

To facilitate the integration of intermittent renewable energy sources, storage sys-
tems can store the electricity produced by these sources during a low demand period
and release the power during peak demand. This can support the integration of inter-
mittent renewable energy sources without major grid reinforcements. Generation and
transmission resources will be utilized at higher efficiency rates leading to tighter and
moment-by-moment control of spare capacities [100]. Furthermore, there will be a
financial benefit when cheap electricity is stored during off-peak periods and released
during peak periods.

Storage systems can also help to improve the reliability of supply. This especially
holds for distributed storage systems which are located close to the customer. During a
disturbance in the transmission or sub-transmission grid future smart distribution grids
could have the possibility to go into island operation. One step further, one might ex-
pect that parts of a network could be operated as a microgrid. In this operation mode
power balancing is necessary and optimal-sized storage systems are inevitable to cope
with varying loads and intermittent generation sources while maintaining the power
balance [40, 69].

Data handling and control

At this moment in control centers hardly any operational data of the distribution grid
status is available and it is expected that the amount of data will increase in the near
future. To obtain these data future distribution grids have to be equipped with sen-
sors, SCADA-systems and possibilities to transfer the measured data to ICT-systems. In
future distribution grids communication channels will also be integrated in protective
systems which make intelligent protective systems possible. With the aid of more avail-
able data the intelligent protective system can obtain a faster and more selective fault
clearing while the effect of DG on the protective system operation can be mitigated. In
[21, 94] two examples of an intelligent protective system are given. The protective sys-
tem described in [21] is based on a centralized computer in the main substation and the
necessary data is obtained via communication channels. These communication chan-
nels are also used to send the trip signal to the circuit breakers. In [94] communication
channels are also used but now the protective system consists of a number of agents
which are located at strategic locations in the distribution grid. The necessary data is
based on local current or voltage measurements and after communicating with the sur-
rounding agents the tripping decision is made by the local agents. The common goal of
both protective approaches is to limit the disconnected part of the distribution grid and
to improve the availability of DG after a disturbance. For economical reasons the exist-
ing infrastructure of communication channels has to be used. Consequently, different
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communication channels like radio, fiber optics, power line carrier and telecommuni-
cation cables will be applied within one network [22]. Although the capacity of power
line carrier is somewhat limited, it has been widely adopted because it does not require
the installation of new communication lines.

Power electronics in smart grids

When the digital control, ICT and SCADA systems are fully integrated all necessary data
is available to optimize the operation of a smart grid. An optimization of a smart grid
can be the optimization of the voltage profile along a feeder or active management of
the power flow of a feeder in order to mitigate grid losses or prevent overload situ-
ations. For these optimizations the power flow has to be actively controlled which is
possible with the integration of power electronic converters (PEC). In [35] a back-to-
back configuration of voltage source converters including a common DC-bus for active
power flow control, also known as a intelligent node, is proposed and it is demonstrated
how the voltage profile of a distribution feeder can be controlled actively. Another ben-
efit of active power flow control with the intelligent node is the control of the power
flow in such a way that overloaded feeders are prevented and further integration of DG
becomes possible.

2.6.4 Smart grid challenges

Realizing a smart grid will be accompanied with many challenges. These challenges
are much broader than developing and implementing technology and in [114] it is
stated that a step by step approach is needed. The driving forces for the smart grid
are a function of many external factors, including economy, oil prices and political and
regulatory mandates. As a result, the requirements and the timing of the end state
of smart grid projects are not established well enough to allow the development of
detailed technical and business specifications already [62].

In a smart grid many information systems and smart devices will be incorporated
which requires well defined data interfaces. Many of the smart grid applications are
new and the number of available standards which define these interfaces are limited.
Making smart grids working, asks for inter-operability of various systems and compo-
nents and defining suitable standards to achieve this goal is a significant challenge. The
transition process to this smart grid will take many years and for all involved parties a
paradigm shift is needed. It is a move that will not only affect their business processes
but also their organization and technologies [48].

2.7 Conclusions

In this chapter an overview of recent developments in distribution grids was given.
First, the general structure of a power system was discussed as well as the important
development of the integration of distributed generation in local distribution grids.
Then, a classification of distributed generation was presented which has lead to an im-
portant conclusion that inverter-coupled DG-units hardly contribute to the fault current
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but directly coupled DG does. In this thesis the focus is on directly coupled DG-units,
in especially CHP-plants, and the principles and benefits of various CHP-schemes were
discussed.

In distribution grids an important development is the introduction of the concept
of a smart grid and an overview of possible smart grid technologies and challenges
was given. It was discussed that the transition of the current distribution grid into a
smart grid will take many years which means that the current distribution grid has to
be adapted to make further integration of DG possible. Therefore it is important to
understand what impact DG has on current distribution grids and overview of these
impacts was presented.

A further increment of DG in the power system can affect the stability of the electric
grid. It is stated that under the current grid codes DG connected to distribution grids
have to disconnect immediately which can lead to a large unbalance between load and
generation. To mitigate the disconnection of DG-units during a disturbance and improv-
ing the power system stability grid operators defined fault ride-through requirements.
In this chapter it was discussed that these fault ride-through criteria can interfere with
the grid protection and the grid protection can interfere with the stability limits of the
DG-units. Hence in this thesis the emphasis is on the effect of DG on distribution grid
protection, the effect of grid protection on the stability of CHP-plants and the effect of
fault ride-through criteria on distribution grid operation. These topics will be discussed
in detail in the subsequent chapters.
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CHAPTER 3

Distribution grid protection

3.1 Introduction

Electric power systems are subjected to all kinds of events leading to disturbances of its
proper behavior. Most of these disturbances are small, e.g. anticipated imbalances in
generation and load, tolerated overload and voltage deviations, and the power system
can withstand these disturbances. Large disturbances, usually related to faults, are
accompanied by large current and voltage excursions and can, amongst others, lead to
serious equipment damage. This abnormal system condition has to be recognized and
an appropriate action has to be taken in order to limit the equipment damage. This is
done by the protective system. The understanding of the effect of DG on the protection
of distribution grids requires knowledge of the protective system of these grids.

In this chapter the basic principles of the protective system of distribution grids is
presented. The chapter starts with a generic description of the protective system and
the protection device operation. After that, the characteristics of the specific protection
devices applied in distribution grid protection are discussed. The chapter ends with a
discussion of the protection of various distribution grid structures. The content of this
chapter is based on the references [10, 56].

3.2 Protective systems

The main objective of a protective system is to detect an abnormal system condition
as quickly as possible and take an appropriate action to bring the system back in the
normal system condition. The protective system is per definition a reacting system and
is equipped with reactionary devices. These are devices which are designed to detect
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a specific system hazard on a system component and able to remove this hazard. To
describe the generic process of the protective system a set of unique system states can
be defined [10]. The system is in normal state when all components of the power
system being in service are operated within their design limits. When an event occurs
that causes a component to exceed its normal operating limits, the system enters an
abnormal state. In this state something must be done to relieve the disturbance and
prevent irreparable damage as much as possible. Some disturbances are temporary
such as lightning and tree flash-overs and it is wise to wait a short time to see if the
disturbance clears itself. When this is not the case the action state is entered where
a certain prescribed action is taken. This action brings the protective system to the
outage state in which the faulted component is taken out of service. This is not a desired
operating state and the system enters the restorative state. The faulted component is
inspected and repaired and after taking the component back in service the normal state

is entered again. This process is depicted in figure 3.1.
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Action
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Outage

State

Restorative
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x<Xm

t>0

Time

Constraint

Figure 3.1: Operative states of a protective system [10]

In figure 3.1 it is shown that two conditions have to be met in order to remove the
faulted component from the system. These two conditions are:

1. Violation of the inequality constraint, x > Xm

2. Violation of the time constraint, t > Tm

Here x is an observed system quantity, t is the time elapsed from the beginning of the
disturbance and Xm, Tm are certain thresholds.
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3.2.1 Protection device operation

The generic reactionary devices mentioned in the previous section are in an actual
protective system the protection devices. These protection devices can be split up in
several functional blocks such as metering of the system condition, decision making
process and functionality of taking action as required. These functional blocks are
shown in figure 3.2.

Metered

Quantity

Comparison

Element

Decision

Element

Action

Element

Threshold

Quantity

Figure 3.2: Protection device functional elements

The protection device always measures a certain quantity such as voltage, frequency
or current. The measured quantity is compared against a certain threshold setting
and when this comparison is violated the decision block is triggered. In the decision
block a timing element might involved and if all checks are satisfied the action element
generates an action which is normally a trip signal for a circuit breaker or blowing a
fuse in order to remove the disturbance from the system.

The time required to take the corrective action is called the clearing time and can be
defined as:

Tc = Tp + Td + Ta (3.1)

In equation (3.1) the various time components are:
Tc : Clearing time
Tp : Comparison time
Td : Decision time
Ta : Action time, including the time necessary to open the circuit breaker

The clearing time of the protection device is an important quantity because other pro-
tection devices in the protective system have to be time-coordinated with this protection
device in order to disconnect the faulted section of the network only. Most networks
parts are equipped with a number of protection devices and during a grid disturbance
all protection devices will observe the disturbance. To allow the protection device clos-
est to the fault to clear the fault, the other protection devices must have a kind of
restraint. In protective systems time is a restraint that is often used.
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3.2.2 Definitions used in grid protection

In the field of protection system engineering general concepts are used which are de-
fined in [10, 56]. Some of these definitions are applied in this thesis.

Reliability of a protective system: The ability of the protective system to oper-
ate correctly.

Security of a protective system: The ability of a system or device to refrain
from unnecessary operation.

Sensitivity of a protective system: The ability of the system to identify an ab-
normal operating condition that exceeds a certain threshold value.

Selectivity of a protective system: The ability of maintaining continuity of sup-
ply by disconnecting the minimum section of the network necessary to isolate the
fault.

3.3 Protection devices

In the protective system the protection devices are often classified in accordance with
their construction, the incoming signal and function. For a regular protection device
often the term relay is used. In distribution grids a common classification of the re-
lays is according the incoming signal such as current, voltage power and frequency or
according the function such as overcurrent, distance, overvoltage or differential.

3.3.1 Overcurrent protection

The simplest class of protection relays is the class of overcurrent relays. This class of
protection relays is widely used in distribution grid protection. To operate this relay
only the current has to be measured. When the current exceeds a certain threshold
a trip signal is generated and send to the circuit breaker. However, there are many
devices with different relay characteristics that can be developed with the variables
current and time. In most protective systems overcurrent relays have to be coordinated
with other protection devices. This has to be done in such a way that sensitivity and
selectivity is guaranteed for a wide range of faulted system conditions. To meet this
requirement various relay characteristics are applied. Roughly, the overcurrent relays
can be classified into two groups:

1. Definite-time overcurrent relays

2. Inverse-time overcurrent relays
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Definite-time overcurrent relays

The definite-time overcurrent relays clears the faulted component from the system with
a fixed time. The clearing or operating time of the relay is independent of the rate of
exceeding the pick-up current. Because of the independent current and time setting
the protection settings can be adjusted in such a way that the relay closest to the fault
trips the circuit breaker in the shortest time and the successive relays to the source use
longer time delays. This type of relay is used when the source impedance is large in
comparison with the impedance of the protected component. In that case the fault level
at the beginning of the protected element is the same as the fault level at the end of the
protected element. In figure 3.3 an overview of a definite-time characteristic is given.
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Figure 3.3: Definite-time characteristic of a definite overcurrent relay

Inverse-time overcurrent relays

An inverse-time overcurrent relay has an inverse relationship between current and time
which is a fundamental difference with the definite-time overcurrent relay. The advan-
tage of this relay type is the short tripping time for very high currents. In this way
shorter tripping times can be obtained without jeopardizing selectivity of the protective
system. Inverse-time overcurrent relays are generally classified according their charac-
teristic curve which is described with the following expression:

Tc =
(kβ)
�

I

Im

�α

− 1
(3.2)

In equation (3.2) the parameters α and β determine the slope of the characteristic, k is
the time multiplier, I is the fault current level and Im is the pick-up current. In various
standards overcurrent relay characteristics are standardized defining the parameters α
and β . In table 3.1 the parameters of the standardized IEC 60255-curves are given.
In figure 3.4 the standardized IEC-curves for inverse-time overcurrent relays are de-
picted.
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Table 3.1: IEC 60255-constants for standard overcurrent relays

Curve α β

Standard inverse 0.02 0.14
Very inverse 1.0 13.5
Extremely inverse 2.0 80
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Figure 3.4: IEC overcurrent relay curves

Generic setting rules for overcurrent protection

Determining the settings of an overcurrent relay involves selecting the parameters that
define the required time/current characteristic. These parameters have to be selected
in such a way that the protective system operates reliable and selectivity is guaranteed.
The process of selection of the relay settings can be divided into two parts:

1. Selection of the pick-up current

2. Selection of the clearing or operating time

For the selection of the pick-up current of definite overcurrent relays several generic
rules are available. All these rules strive for sensitive relay settings without a reduction
of the protective systems security. The pick-up current can be set to the following two
values:

1. 50% of the end-of-line phase-to-phase fault

2. Between six and ten times the maximum circuit rating

When selecting the first value it has to be checked that the pick-up current is 200%
of the maximum circuit rating in order to prevent unnecessary disconnection of a
healthy feeder while applying the second value it has to be checked that all possible



3.3. Protection devices 39

faults in the protective zone of the protective system will be detected. These setting
rules can be used as a starting point, however, local grid conditions can lead to small
adjustments of the pick-up current without jeopardizing the fault current detection.
The procedure to determine the settings of an inverse-time overcurrent relay is slightly
different. In equation (3.2) Im is the pick-up current which is usually set to 2 · Inom of
the protected element to allow some overload.

The second parameter to be selected is the operating time op the relay. Often over-
current relays have to be coordinated with downstream protection devices. To obtain
selective fault clearing between two successive relays a time discrimination margin,
also known as time grading, is used. This to prevent loss of selectivity due to breaker
opening time and deviations of relay characteristics caused by manufacturer tolerances.
Depending on the relay type typical values of 0.25-0.4 s are used. For digital protection
relays the margin can be chosen as low as 0.2 s. The coordination procedure starts with
the relay furthest away from the source. This relay gets the lowest possible operating
time. When the relay is set to instantaneous fault clearing the total clearing time, Tt .c.,
becomes:

Tt .c. = Tc (3.3)

For the total clearing time of the first successive relay Rn+1 holds:

Tt .c.(n+1) = Tt .c.(n)+ TD (3.4)

In equation (3.4) TD is a generic time delay component which is applied here as time
grading. For an inverse-time overcurrent relay selecting the operating time is done
by calculating a value for the time multiplier k. With the aid of equation (3.2), the
selected pick-up and fault current, the selected relay characteristic and the minimum
total clearing time of the relay furthest away from the source, the value of k can be
calculated. For the first upstream relay, Rn+1, the procedure is the exactly same, except
the total clearing time has to be determined with equation (3.4) in order to obtain a
selective protective system.

3.3.2 Directional protection

In radial distribution grids normally there is only one source of supply and application
of overcurrent relays as protection devices are prevalent. However, selective protection
with overcurrent relays of distribution grids with a ring or meshed grid structure is
almost impossible. In these grid structures disturbances can lead to fault currents which
can flow in both directions through a power system component and causes unnecessary
disconnection of circuits. To provide proper protection of these grid structures and
cope with bi-directional fault currents a directional element has to be added to the
overcurrent relay. This directional element determines the direction of the power flow
in the associated distribution feeder. The power flow direction is determined with a
reference signal which is often a voltage. In figure 3.5 the block scheme of a directional
overcurrent relay is given.
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Figure 3.5: Block scheme of a directional overcurrent relay

The relay trips the circuit breaker when both the overcurrent block and the direc-
tional block generates a trip signal. The pick-up current and the operating time settings
of the overcurrent block are determined in the same manner as the settings of the over-
current relays as discussed in the previous section. The directional block can be set to
trip in forward or reverse direction of the power flow and generates a trip signal when
the energy flow coincide with the settings of the block.

3.3.3 Reclosers

Another class of overcurrent protection devices, especially applied in distribution grids
consisting overhead lines, is the automatic recloser or simply a recloser. In these grids
80% of the faults are temporarily and permanent switching off of the distribution feeder
is not necessary. To limit the interruption time in case of a fault the recloser switches
off the faulted section of the feeder and allows the arc to deionize. After a brief time
delay the recloser energizes the line again. When the arc is extinguished and the fault is
removed the feeder can stay in service. For permanent faults this procedure is repeated
several times and finally the recloser will lock out and the permanent fault is cleared
by switching off the faulted feeder part.

The recloser operates similar to a circuit breaker although designed for a lighter
interruption duty and for use in lower voltage circuits [10]. It consists of a current
interruption device which is usually an oil or vacuum interrupter. These interrupters
must be able to switch off a short-circuit current as well as connecting a faulted feeder
part to the healthy system. To sense the fault current the recloser is equipped with
time-current characteristics and via these characteristics the recloser can be easily coor-
dinated with other protection devices. Normally the recloser is programmed to operate
for multiple times on a fast and a slow curve [20, 51]. A generic example of these
curves is shown in figure 3.6.
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Figure 3.6: Generic example of a fast and delayed time-current characteristic of a re-
closer

In figure 3.6 the fast curve is indicated with A and the delayed curve with B. Most
reclosers operate in a A-B-B sequence (where A means one fast operation and B-B indi-
cates two delayed operations). However, other operating sequences are also possible,
e.g. A-A-B-B. The time delay between the fast and slow curve is used to coordinate the
recloser with other reclosers or downstream fuses.

3.3.4 Differential protection

Differential protection is based on a comparison of, at least, two current quantities
which are measured on either side of the protected element. In normal operation of
the protected element these currents should be equal. The differential protection trips
when:

n
∑

m=1

Im 6= 0 (3.5)

In equation (3.5) Im is the mth current quantity and n is the total number of branches
incorporated in the differential protection.

Protected Element

I1 I2

K1I1 K2I2

CT2CT1

Figure 3.7: Principle of the current balance of a differential protection
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Actually, equation (3.5) describes a current balance. In figure 3.7 the principle of
the current balance is shown. The secondary side of both current transformers with
transformer ratio K1 and K2, are connected. In normal operation of the protected ele-
ment current I1 enters the element and current I2 leaves the element. Because of the
current balance the secondary currents K1 I1 and K2 I2 are forced in the outer loop of
the secondary circuit and no current is flowing through the overcurrent relay. In case
of a faulted element current I2 reverses and causes a current K1 I1 + K2 I2 through the
overcurrent relay.

In figure 3.7 n is two, however, the protected element can also be a busbar with
more than two feeders. The differential protection only trips when there is a fault
in the protected element, hence the differential protection is a zone protection. For
disturbances outside the zone the vector sum of the measured fault currents equals
zero and no trip signal is generated. This makes the differential protection extremely
selective with a very short fault clearing time.

A drawback of the protection is the need for a communication channel to compare
the current quantities. When the distances between the current transformers are large
this can lead to high costs. Common applications of differential protection are cases
where the distance between the current transformers is modest which is the case with
transformers and busbars. In radial distribution grids the differential protection is not
widely used but in meshed grid structures differential protection might sometimes be
the only option for a selective protective system.

3.3.5 Distance protection

All protection devices discussed in the previous sections have their own advantages
but also have some shortcomings. Graded overcurrent protection leads to a long fault
clearing for faults near the substation. Application of differential protection can reduce
the fault clearing time but needs costly communication channels when applied as feeder
protection. Moreover differential protection needs an additional back-up protection. A
protection device which makes use of the linear relation between U and I is the distance
protection. The relation between U and I , which is better known as Ohm’s law, is:

Z =
U

I
(3.6)

In distance protection the impedance of the protected grid section is used as a
threshold. This is an attractive quantity because the impedance is linear with the line-
length and independent of the loading situations. The distance protection measures the
fault current and the busbar voltage and determines via equation (3.6) the impedance.
This is the impedance to the fault location. The measured impedance is compared with
the threshold impedance and when Zmeas < Zm a trip signal is generated.

The principle of the distance protection is illustrated with the aid of an impedance
diagram. This is a diagram in the complex Z plane in which the relay characteristic
and the feeder impedance are represented. The simplest form of a distance protection
is the impedance protection which determines the impedance based on the voltage
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and current measurements. Because the phase angle between voltage and current is
not measured the argument of the impedance cannot be determined. Hence the relay
characteristic becomes a circle as shown in figure 3.8(a). In this diagram the complex
feeder impedance is also incorporated. When the measured impedance lies within the
circle a trip signal is generated. Because the argument of the measured impedance
cannot be determined this type of protection relays are inherently non-directional. This
means that the relay has to be modified with a directional element to prevent tripping
on faults behind the relay.
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Zm3

T1
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Figure 3.8: Impedance diagrams including relay characteristics for zoned impedance
relays

In figure 3.9 a feeder including three line sections is shown. At the location F1 a
solid three-phase fault is present.
For this fault holds:

Umeas = x · ZL · Imeas (3.7)

In this equation Umeas is the voltage measured at the relay location, ZL is the total
line impedance of the first line-section, Imeas is the current at the relay and x is the
fraction of the line-impedance. Equation (3.7) can also be expressed as:

Umeas

Imeas

= Zmeas = x · ZL (3.8)

When the fault is closer to Sub A for the measured impedance holds Zmeas ≤ x · ZL

and x · ZL could be taken as the tripping threshold Zm. As indicated in figure 3.8(a)
the value of Zm determines the radius of the circle. Due to measurement errors in the
voltage and current transformers and the small difference in impedance, discrimination
of faults near or direct behind Sub B is difficult. To guarantee sufficient security of the
protective system the first zone of the distance protection should not cover the complete
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Figure 3.9: Impedance zones of a feeder protected by a distance protection

line length of the first line section. A common practice is to set x to 80-85% of the line
length. Faults within this zone are cleared without time delay.

Normally three protection zones are defined. The second zone covers the last 20%
of the line section and 50% of the next line section. This means that for the second
zone the radius of the relay characteristic increases which also holds for the relay char-
acteristic of the third zone. The characteristics of a three-zoned impedance relay are
shown in figure 3.8(b). In this figure also an impedance line of the total impedance of
the transmission line between Sub A and Sub D is drawn. To obtain selectivity faults
within the second zone are cleared in T2. Faults detected in third zone are cleared in
T3. For the three zones generic setting rules are then:

Zm1 = 0,8 · ZL1

Zm2 = ZL1 + 0,5 · ZL2 (3.9)

Zm3 = ZL1 + ZL2 + 0,25 · ZL3

In equation (3.9) Zm1 is the threshold for the first zone and Zm2 and Zm3 for resp.
second and third zone. These values are also indicated in figure 3.8(b) and 3.9.

The principle of a distance protection is relatively simple, however, finding proper
settings is a complicated task. Details on the measured impedance during balanced and
unbalanced faults can be found in [10]. For distribution grids with a short feeder length
the distance protection is hardly used. The main application of the distance protection
is in (sub)transmission grids which usually have a ring or meshed grid structure. In
most cases selective protection of these grid structures with overcurrent relays may not
be possible.
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3.4 Protection of common distribution grid structures

The type of protective system and protection devices to protect a distribution grid
strongly depends on the grid structure. In this section a distinction is made between
distribution grid structure which among others is common in North America and a grid
structure more usual in Europe.

3.4.1 Protection of a US distribution grid structure

A typical US distribution feeder including protection devices is shown in figure 3.10.The
majority of these feeders consists of overhead lines and for these types of feeders ap-
proximately 80% of the faults are temporary (e.g. lightning, flash-over to trees). In
this situation there is no need to switch off the feeder permanently and to limit the
interruption time automatic reclosing is applied.

Automatic Recloser

Fuse

Rec 1 Rec 2

Fuse 1
F1

F2

Figure 3.10: Typical US distribution grid structure

In figure 3.10 two fault locations are shown. Fault location F1 is located at the main
feeder. In this case the recloser Rec 2 disconnects the faulted part of the feeder and
after a brief time delay the recloser energizes the disconnected part of the feeder again.
The dead period allows the arc to deionize. In case the fault is still present recloser Rec

2 disconnects the faulted feeder part again. The number of reclosing actions depends
on the type of recloser applied. Usually the recloser is set to trip instantaneously two or
three times using the fast curve of the recloser as indicated in figure 3.6 [10]. However,
as discussed in section 3.3.3 one instantaneous trip and two delayed trips can also be
found [51]. If the fault is still present after three unsuccessful reclosing actions, the
recloser disconnects the faulted part of the feeder permanently and the fault is cleared.
To obtain a selective fault clearing recloser Rec 1 and Rec 2 have to be coordinated.

Temporary faults on the laterals connected to the main feeder are also cleared by
the reclosers. In figure 3.10 the active areas of recloser Rec 1 and Rec 2 are shown.
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Permanent faults on a lateral are cleared in a slightly different way. The laterals are
protected by fuses. These fuses are coordinated with the tripping characteristic of the
recloser in such a way that after the first or second reclosing action the fuse is blown
and the faulted lateral is disconnected permanently. In figure 3.11 the coordination
between a fuse and a recloser is depicted.
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Figure 3.11: Coordination of a lateral fuse and a recloser

For fault location F2 in figure 3.11 it can be seen that for Ik,min < I f aul t < Ik,max

recloser Rec 1 clears the fault before the fuse is blown. After the first reclosing the slow
curve of the recloser is activated. When after the first reclosing attempt the fault is
still present, fuse Fuse 1 is blown before the recloser operates the second time. After
removal of the faulted lateral the healthy feeder part stays in service. When the recloser
is equipped with an instantaneous reclosing action and two delayed reclosing actions,
the fuse is blown after the first reclosing action. The delayed reclosing action provides
time for the fuse to disconnect the faulted lateral.

3.4.2 Protection of a European distribution grid structure

In figure 3.12 a typical European distribution grid structure is depicted. The distribu-
tion grid is a loop structure including a grid opening. Normally the grid opening is in
function and the two feeders are operated radially. Most feeders are protected with an
overcurrent relay located in the main substation and a disturbance leads to a discon-
nection of the complete feeder. However, to demonstrate the principle of fault clearing
and time grading in figure 3.12 all line-sections are equipped with an overcurrent relay.

In case of a fault at the indicated location relay Rel 1 and Rel 2 pick up the fault
current and, if the relay settings are selective, the relay closest to the fault clears the
fault. In figure 3.13 the time settings of the relays for the top-feeder are shown. It can
be seen that faults near the substation are cleared in a longer time than faults at the
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Figure 3.12: Typical European distribution grid structure

end of the feeder. Relay Rel 1 is set with a longer fault clearing time and act as back-up
protection. In case of malfunctioning of relay Rel 2, relay Rel 1 clears the fault and also
switches off a healthy part of the feeder.

A B C D

Distance

Time

TRel 3

TRel 4

TRel 2

TRel 1

Figure 3.13: Fault clearing time settings for the relays in the top-feeder of figure 3.12

By closing the grid opening the distribution grid operation changes to closed loop
operation. A selective protective system for these types of grid is more complicated.
To obtain a selective protective system, protection devices have to be added to the
protection devices already present in 3.12. Moreover, since the fault current can come
from two directions these protection devices have to be directional sensitive. In figure
3.14 the protective system for a loop structure is depicted.

To clarify the settings and grading of the protection devices in a loop structure, in
figure 3.15 this structure is represented as a generic radial feeder including two sources
and q sections. Because of the directional sensitivity of the protection devices source 1
and source 2 can be considered as decoupled. Hence for determining the time grading
for the subsequent relays Reln and Reln+1 source 1 has to be used and for setting the
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Directional protection
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Figure 3.14: Modified protective system for looped based distribution grids

relays Relm and Relm+1 Source 2 has to be used. Because of this decoupling the relays
of both directions are set independently and can be treated as an ordinary radial feeder
protection.

~ ~
RelnReln+1Reln+q Relm Relm+1

Relm+q

Source 1 Source 2

Figure 3.15: Loop representation by radial feeder and two sources

In figure 3.16 the time setting and time grading for either directions is given. The
fault indicated in figure 3.14 is fed from both directions and two protection devices have
to operate in order to clear the fault. It can be seen that Rel2b has a lower fault clearing
time and this relay will operate first and opens the loop after TRel2b seconds. After
opening the loop relay Rel2a clears the fault after TRel2a seconds. Because T2a > T2b the
total fault clearing time is TRel2a .

3.5 Conclusions

In this chapter the general concept of distribution grid protection is discussed. Princi-
ples and applications of common protection devices are explained and general rules for
the setting overcurrent protection devices for radial distribution networks are given. It
can be concluded that the discrimination between load and fault current is widely used
for detecting an abnormality in the distribution grid. In combination with a suitable
grading of the protection devices this lead to an effective, simple and cheap protec-
tive system. To obtain a reliable and secure protective system for other grid structures
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Figure 3.16: Time settings for the distribution grid of figure 3.15

requires a different approach. For distribution grids consisting of overhead lines re-
closer/fuse combinations offers an attractive protective system while for radial distri-
bution grids equipped with cables a simple overcurrent relay is sufficient.
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CHAPTER 4

Effect of DG on distribution grid protection

4.1 Introduction

In chapter 3 an overview of protection devices, some general definitions and principles
of distribution grid protective schemes were given. Most distribution grid protective
systems detect an abnormal grid situation by discerning a fault current from the normal
load current. Selectivity is obtained by applying a proper time grading. Connection of
DG not only alters the load flow in the distribution grid but can also alter the fault
current during a grid disturbance. This is reported in [36, 38, 70], however, in these
papers the protection problems are discussed in general terms.

In this chapter a detailed analysis of possible protection problems is given. It starts
with an analytical description of fault currents in distribution grids including DG. With
the aid of the analytical equations the effect of DG on the fault current is studied and
key parameters are identified. This chapter also contributes in providing an equation
to calculate the location where the DG-unit has the most effect on the grid contribution
to the fault current. During the design stage of the protective system for a distribution
feeder including DG this equation can be applied to determine if protection problems
are to be expected due to the connection of the DG-unit. The application of the derived
equations are demonstrated on a generic test feeder.

An overview of all possible protection problems is presented and a classification of
the protection problems is given. Furthermore, these protection problems are linked to
the theoretical background which is discussed in the beginning of the chapter. In this
part of the chapter solutions for the possible protection problems are presented as well
as new developments in protective systems which enables a further integration of DG in
distribution grids. The chapter ends with two case studies on a benchmark network and

51
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an existing distribution grid which demonstrate the fault detection problem. Dynamic
simulations show how the fault detection problems arises and what remedies can be
taken to prevent these.

4.2 Fault currents in faulted distribution feeders includ-

ing DG

The connection of DG to distribution feeders changes the fault currents in faulted feed-
ers. The rate of change of the fault currents strongly depends on the ability of the DG
to contribute to the fault current. DG based on an induction generator does not pro-
vide a sustainable fault current during a grid disturbance. The same holds mostly for
inverter-connected DG such as micro-turbines, fuel-cells and PV-systems, from which
the fault current contribution can be neglected [67, 86]. However, in [13] it is demon-
strated that in weak systems, during a high resistive fault, inverter-connected DG, al-
though, changes the grid contribution to the fault current. This is also reported in [74].
The reference [14] proposes for weak systems an extension of the conventional fault
analysis method to include the effect of inverter-connected DG. A generator type that
contributes a sustainable fault current is the synchronous generator [67]. These type
of generators can be found in small combined heat and power plants. In this section
the effect of synchronous generators on the grid contribution to the fault current is
considered.

4.2.1 Theoretical background

To analyse the effect of DG on the fault current in a feeder, a generic feeder is taken
as a reference as shown in figure 4.1. At distance d a DG-unit is connected and at the
end of the feeder a three-phase fault is present. For the analysis it is convenient to use
a distance parameter to indicate the location of the DG connection which is relative to
the total feeder length. This parameter is defined as:

l =
d

dtot

(4.1)

In equation (4.1) d is the distance to the DG-unit and dtot is the total feeder length.
An electric equivalent of the feeder shown in figure 4.1 is given in figure 4.2. In this
figure ZL is the total line-impedance, Zg the generator-impedance and Zs the source-
impedance. The voltages of the grid and generator are denoted as Us and Ug .
Defining the mesh-currents I1 and I2 and applying the Kirchhoff Voltage Law (KVL) for
Us and Ug can be found:

�

Us

Ug

�

=

�

Zs + ZL (1− l) · ZL

(1− l) · ZL Zg + (1− l) · ZL

�

·
�

I1

I2

�

(4.2)

In figure 4.2 and equation (4.2) I1 is the grid contribution, Ik,grid , and I2 is the DG-
contribution, Ik,gen, to the total fault current. An analytical expression for I1 and I2 can
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Figure 4.1: Short-circuit current contribution of both grid and DG-unit

Zs l·ZL Zg

(1-l)·ZLUs Ug
I1 I2

Figure 4.2: Network equivalent of figure 4.1

be found by solving equation (4.2). Because of the strong relation with the IEC 60909
fault-analysis method, in this thesis Thevenin’s Theorem is applied on the network of
figure 4.2 to find a analytical expression for Ik,grid and Ik,gen. In figure 4.3 the Thevenin
equivalent of the network of figure 4.2 is shown.

Zs l·ZL

Zg

(1-l)·ZL

Uth
Ik,grid

Ik,gen

Ik,3ph

Figure 4.3: Thevenin equivalent of figure 4.1

For this figure the Thevenin impedance is:

Zth =
(Zs + l · ZL) · Zg

Zs + l · ZL + Zg

+ (1− l) · ZL (4.3)
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In equation (4.3) Zs = jXs is the grid impedance, Zg = jX g is the generator impedance
and ZL = RL + jX L is the total line or cable impedance. l is the relative generator
location as defined in equation (4.1). The total three-phase short-circuit current can be
calculated by:

Ik,3ph =
Uthp
3 · Zth

(4.4)

Combining equation (4.3) and equation (4.4) yields:

Ik,3ph =
Uth · (Zg + l · ZL + Zs)p

3
�

(ZL · Zg + Zs · Zg + Zs · ZL) + l · ZL(ZL − Zs)− l2ZL
2
� (4.5)

For the grid contribution holds:

Ik,grid =
Zg

�

Zg + l · ZL + Zs

� · Ik,3ph (4.6)

Substituting equation (4.5) in equation (4.6) gives for the grid contribution:

Ik,grid =
Uth · Zgp

3
�

(ZL · Zg + Zs · Zg + Zs · ZL) + l · ZL(ZL − Zs)− l2ZL
2
� (4.7)

The total short-circuit current, Ik,3ph, is determined by equation (4.5) which is a non-
lineair equation, so Ik,grid is non-lineair as well. In case of a weak grid, Zs can be as
large as Zg and due to the contribution of the generator, the grid contribution to the
short-circuit current decreases.

4.2.2 Simulation of a 3-bus test network

In the previous section equation (4.7) describes the grid contribution to the fault cur-
rent in a distribution feeder including a synchronous generator. This equation shows
that the grid contribution will be determined by the total feeder impedance, the local
short-circuit power at the substation, the generator size and location. To determine the
impact of the synchronous generator on the short-circuit current a 3-bus test network is
defined and modeled in simulation software. The test grid consists of an external grid,
three MV-nodes which are connected by two connections. At busbar 2 a synchronous
generator is connected. The test network is depicted in figure 4.4 and is used to illus-
trate the theoretical background.

To demonstrate the effect of the generator size and its location in the test net-
work these two parameters are modified. For that repetitive calculations have to be
performed. The calculations are executed for a regular underground cable and an over-
head line type for which the parameters are shown in table 4.1. For the external grid
the short-circuit power is set to 200 MVA at the 10 kV busbar and the subtransient
reactance of the generator is set to Xd′′= 0.15 p.u. The length of both connections is
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Distance to substation Distance to end of feeder

1 2 3

Connection 1 Connection 2

G

Figure 4.4: 3-bus network

adjusted by 10% of the total feeder length and to keep an equal total feeder length,
connection 1 is increasing and connection 2 is decreasing with the same step size. In
this way node 2 is shifting from node 1 to node 3 and the effect of the location of
the generator can be observed. After the modification of the length of the connections
a three-phase fault calculation at busbar 3 is performed which is based on the well
known IEC 60909 method. The generator size is increased with steps of 2 MW with a
maximum of 10 MW.

Table 4.1: Cable and overhead line parameters of the 3-bus test network

Type R [Ω/km] X [Ω/km] Inom[A]

Cable: XLPE 630 mm2 Al 0.063 0.109 575
OH-line: DINGO 19/.132 0.218 0.311 525

The result is shown in figure 4.5 and it can be seen clearly that the generator has an
effect on the grid contribution to the fault current. As expected, larger size generators
influence the grid contribution more than small size generators.

Due to the difference in design the impedance of a cable system differs from the
impedance of overhead lines. In table 4.1 it can be seen that the impedance of the
overhead line is larger than the impedance of the cable. Hence the results in figure 4.5
show that the grid contribution to the fault current is affected most when the generator
is connected to an overhead line feeder.

4.2.3 Maximum generator impact

The maximum DG impact on the grid contribution to the short-circuit current occurs
when the grid contribution is the minimum. Hence the minimum of equation (4.7) has
to be determined. This is done by taken the derivative of equation (4.7). This leads to:

d Ik,grid

dl
= (4.8)
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Figure 4.5: Simulation results for the 3-bus test network
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R2
L − X L (X L − Xs)− 2l(R2
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�
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The extreme value of Ik,grid , which is according to figure 4.5 a minimum, can be found
with:

d Ik,grid

dl
= 0 (4.9)

Which yields for l:

l =
1

2
·

R2
L
− X L(X L − Xs) + jRL(2X L − Xs)

(R2
L − X 2

L)− 2 jX LRL

(4.10)

With this equation the location of maximum generator impact can be calculated which
can be helpful at the planning stage.
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4.3 Protection problems

Connection of small generators to distribution networks is not a new problem at all.
But, in the recent past the number of small generators has been increased rapidly and
the effect on distribution grid operation has become noticeable. Concerns have arisen
if the distribution system including distributed generation is still protected properly.
In [79] it is stated that protection issues might become one of the biggest technical
barriers for wide-scale integration of distributed generation in the Nordic distribution
grids. Extensive research has been done to address possible protection problems in
distribution grids including distributed generation. For instance, in [36, 38, 39, 41, 59,
70] the following protection problems are discussed:

• Blinding of protection

• False tripping

• Lost of fuse-recloser coordination

• Unsynchronized reclosing

• Prohibition of automatic reclosing

These problems strongly depend on the applied protective system and consequently on
the type of distribution grid. Blinding of protection and false tripping are protection
problems which can occur in distribution grids which use underground cables as well
as overhead lines while fuse-recloser coordination problems and recloser problems only
appear in distribution grids with overhead lines. In general the mentioned protection
problems can be divided into two categories:

1. Fault detection problems

2. Selectivity problems

In the next subsections all mentioned protection problems will be categorized into these
two categories and will be discussed in detail. In the description the protection prob-
lems are also linked to the theoretical background.

4.3.1 Blinding of protection

As discussed and demonstrated in section 4.2 the grid contribution to the total fault cur-
rent will be reduced because of the contribution of distributed generation. Due to this
reduction it is possible that the short-circuit stays undetected because the grid contri-
bution to the short-circuit current never reaches the pickup current of the feeder relay.
Overcurrent relays as well as directional relays and reclosers rely their operation on
detecting an abnormal current. Hence, all protective systems based on these protection
devices can suffer malfunctioning because of the reduced grid contribution. This mech-
anism is called blinding of protection and belongs to the first category of protection
problems.
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In [25, 26] distance protection is applied to increase the amount of distributed
generation connected to the distribution grid. This protection type acts more or less
independent of the size of the fault current. However, due to the reduced grid contri-
bution the impedance calculated to the fault location will increase and causes protec-
tion underreach. Faults normally cleared in zone 1 can then be cleared in zone 2 with
subsequently a longer fault clearing time. The seriousness of this problem depends on
local short-circuit power, X/R ratio of the distribution feeder and size of the generator
which are the key parameters mentioned in section 4.2.

It can be concluded that distributed generation with a relevant contribution to the
fault current directly affects the sensitivity of a protective system and therefore the
reliability of the protective system.

4.3.2 False tripping

False tripping, also known as sympathetic tripping, is possible when a generator which
is installed on a feeder, contributes to the fault in an adjacent feeder connected to the
same substation. The generator contribution to the fault current can exceed the pick-up
level of the overcurrent protection which can lead to a trip of the healthy feeder before
the actual fault is cleared. This mechanism can be categorized to the second category.
In figure 4.6 the principle of false tripping is shown schematically.

G

Ik,gen

Ik,grid Ik,grid+Ik,gen

Relay

Relay

Figure 4.6: Principle of false tripping

The generator has a major contribution to the fault current when the generator
and/or the fault are located near the substation. Especially in weak grids with long
feeders which are protected by definite overcurrent relays false tripping can occur. In
this case the settings of the protection relays have to ensure that faults at the end of
the feeder are also detected which lead to a relatively small pick-up current. Here DG
affects the security of the protective system.

In [70] it is discussed that in some cases false tripping can be prevented by finding
another suitable relay setting. Practically it means that the fault clearing time has to
be increased rather than the pick-up current. Increase of the pick-up current results in
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a less sensitive feeder protection and probably not all faults will be cleared anymore.
Hence, the security of the protective system increases, but, the reliability of the protec-
tive system decreases. Changing the fault clearing time lead to the disconnection of the
faulted feeder first and prevent the healthy feeder from false tripping. When selectivity
cannot be reached by changing the protection settings the application of directional
overcurrent protection can solve the problem [73]. However, directional protection is
slower, more expensive and usually not the standard solution of grid operators.

4.3.3 Recloser problems

Protection of overhead distribution feeders with automatic reclosers is a very efficient
way to protect against temporary disturbances and minimize the number of supply
interruptions. Because of the coordination between the reclosers and the lateral fuses
permanent faults are cleared in a selective way. Connection of DG to these type of
feeders causes several protection problems at the same time. First of all the fault current
detection by the recloser is affected by the generator contribution and can lead to a
detection problem. Secondly the coordination between reclosers or fuses and recloser
can be lost which directly causes selectivity problems. This is explained in more detail
with the feeders shown in figure 4.7.
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Ik,grid

Ik,genRec 1 Rec 2

Fault 1 Fault 2

(a) Effect of DG on recloser operation

G

Ik,grid

Ik,genRec 1 Rec 2

(b) Effect of DG on fuse-recloser coordination

Figure 4.7: Radial distribution feeder including protection devices

In figure 4.7(a) for the fault location Fault 1 holds:

Ik,tot = Ik,grid + Ik,gen (4.11)

For the indicated fault location Fault 1 the short-circuit current sensed by Rec 1 is Ik,grid .
As demonstrated in section 4.2 the grid contribution reduces and leads to a delayed
fault detection or in the worst case to no detection at all. This is an example of a fault
detection problem. For fault location Fault 2 the short-circuit current seen by Rec 2 is
Ik,tot which is larger than the current sensed by Rec 1. Most reclosers are equipped
with a dependent time-current characteristic and the coordination between Rec 1 and
Rec 2 still holds. Because of the connection of the generator to the feeder the total
short-circuit current is increasing and for end-of-line faults the maximum interrupting
rating of Rec 2 has to be checked.
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In section 3.4 the coordination between a fuse and a recloser is explained. As
shown in figure 3.11 the fuse and recloser are coordinated such that there is selective
fault clearing for the fault currents Ik,min < I f aul t < Ik,max . For the situation in figure
4.7(b) the coordination between the fuse and recloser is lost when Ik,tot > Ik,max . In
that case the curve of the fuse is under the curve of the recloser and the fuse clears the
fault before the recloser operates. Hence, temporary faults will be cleared permanently
and lead to unnecessary interruptions.

Besides detection problems and lost of coordination DG also causes unsynchronized
reclosing. During the recloser’s dead time a part of the feeder is disconnected from the
main system to allow the arc to deionize. The connected generator tends to keep the
disconnected feeder part energized and maintains the arc at the fault location. Hence
the temporary fault becomes permanent. Moreover, due to unbalance between load and
generation the generators will drift away from synchronism with respect to the main
grid which results in a unsynchronized reclosing action. This can seriously damage the
generator and causes high currents and voltages in neighboring networks [70].

4.4 Solutions and alternative protective systems

Installing small generation in the distribution grid has become popular since the mid
eighties and the protection problems caused by DG has been studied accordingly [43,
101]. In the literature for the problems mentioned in the previous section a wide pallet
of solutions is offered. These solutions vary between a simple change in relay-settings
to a complete new adaptive protective system. In this section an overview of possible
solutions is given.

Protection problems which might occur in Dutch distribution networks including DG
are discussed in section 4.6 where it is also shown that these problems can be solved
with the solutions proposed in section 4.4.1.

4.4.1 Prevention of detection and selectivity problems

Fault detection problems do have a relation with the amount of generation connected
to the distribution grid and the local short-circuit power. To prevent fault detection
problems a first attempt is to modify the settings of the relays and reclosers [13, 59,
74, 79]. The generator contribution leads to a reduction of the grid contribution to the
fault current hence the pick-up current of the relays has to be reduced. However, fault
detection problems might solved by reducing the pick-up current, the sensitivity and
security of the protective system is decreased and might lead to false tripping in case
of a fault in an adjacent feeder. In [79] an example of an weak network is given where
blinding of protection occurs due to the connection of a small wind farm. By reducing
the pick-up current blinding of protection is solved but at the same time it introduces
for faults in a certain area false tripping. A proposed solution is to install protection
devices with an additional time delay and to give the feeder including the wind farm a
longer fault clearing time. These type of solutions also discussed in [36].
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Another example of changed protection settings is discussed in [13]. Here an adap-
tive overcurrent relay is proposed which decreases the pick-up current as the output
of the local generation increases. This is also studied in [116] where it is stated that a
continuous adaptation of the pick-up current as function of the generator output results
in less superfluous disconnection of the feeder.

4.4.2 Mitigation of recloser problems

Fault detection problems also occur in distribution feeders with overhead lines includ-
ing DG which are protected by reclosers. As a result fuse-recloser coordination can be
lost. In [20] modern microprocessor-based reclosers are applied to restore the coordi-
nation between the fuse and recloser. In the microprocessor several trip curves can be
programmed and the microprocessor keeps track which curve is in use. As explained in
section 3.4 the recloser is equipped with a fast and a slow curve. In the microprocessor
the fast curve should be programmed in such a way that this curve is selective with the
lateral fuses, especially in presence of DG. To prevent unsynchronized reclosing, DG
has to be disconnected as soon as possible which brings the grid back in the situation
without DG. Hence, the fast curve has to be active only during the first reclosing action.
In the second reclosing cycle, the slow curve is active which is selective with the lateral
fuses and the fault can be cleared in a selective way.

A different approach to solve the fuse-recloser problem is to limit the infeed of
the DG. Therefore for laterals where DG is connected onto, the protective scheme is
modified by replacing the lateral fuse for a high speed recloser [51]. The reclosers
are coordinated in such a way that the lateral recloser operates before the recloser in
the main feeder. Furthermore at the coupling point the DG-unit is equipped with an
overcurrent relay. The modifications are shown in figure 4.8.
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Ik,grid

Ik,gen

Rec 1 Rec 2Rec 3

Rel 1

Fault 2

Fault 1

Figure 4.8: Modified protective scheme for a radial feeder protected by a recloser

For fault location Fault 1 the recloser Rec 1 operates on the fast curve and clears the
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fault. The lateral recloser Rec 3 also operates at his fast curve and limits the infeed of
the DG-unit. Both reclosers are high-speed reclosers and the main feeder as well as the
lateral are reconnected after a short time period. When it concerns a temporary fault
the feeder can stay in operation. For a permanent fault, after the reclosing action of
both reclosers, the overcurrent relay Rel 1 of the DG-unit disconnects the DG-unit. This
occurs before the delayed operation of recloser Rec 1. Since the DG-unit is removed
from the system, the fault clearing can proceed as it normally does for distribution
grids without DG. For fault location Fault 2 a lateral recloser Rec 3 and the main feeder
recloser Rec 1 clear the fault. In case of a permanent fault the reclosing action of both
reclosers will again lead to a fault current which will blow the fuse. Now the fault is
removed and the feeder can stay in operation. When the fuse fails to clear the fault the
overcurrent relay Rel 1 will disconnect the DG-units and the recloser at the main feeder
will lock-out after one or two delayed reclosing attempts.

The idea of the previous solution is to limit the DG infeed and restore the radial
nature of the distribution network. The most effective way of solving all protection
problems is a fast disconnection of all involved DG during a disturbance. In some
connection standards, e.g. [2], this is even obliged. As discussed in [112] the discon-
nection of DG-units has to take place before the fuses or reclosers can operate. For this
purpose a regular circuit breaker is relatively slow and it is proposed to replace the me-
chanical circuit breaker by a semiconductor switch. The semiconductor switch contains
two anti parallel connected Gate Turn Off (GTO) thyristors and a current sensing unit
with a microprocessor. The current sensing unit is set with a preset value and monitors
continuously the DG phase currents. If the threshold is exceeded it indicates that a
fault has occurred and the current sensing unit is sending blocking signals to the GTOs.
Within a few milliseconds the DG-units are removed from the distribution network and
the radial nature is restored before a fuse or recloser has operated.

4.4.3 Strategies for solving unsynchronized reclosing and islanding

The most challenging protection problem is unsynchronized reclosing and islanding.
Unsynchronized reclosing only occurs in distribution networks protected by reclosers
while islanding can occur in networks with a conventional overcurrent protection as
well. Unsynchronized reclosing is already discussed in section 4.3.3. The islanding
problem has a strong relation with unsynchronized reclosing. During the reclosers
dead-time, a DG-unit can be still connected to the isolated part of the feeder. The DG-
unit tends to feed the local connected loads and the isolated part can be considered
in island operation. In case of a large unbalance between load and generation the
speed of the generator will in- or decrease and the voltage and frequency will exceed
the allowable tolerances mentioned in the standards. Because of the violation of these
tolerances the DG-unit will be disconnected by its own voltage or frequency protection.
This action should take place before the reclosing action to prevent unsynchronized
reclosing.

The most effective solution to prevent islanding and subsequently unsynchronized
reclosing is the disconnection of the DG-unit before the reclosing action takes place.
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The challenge in here is to detect the formed island fast enough. Island detection
methods can be divided into three categories [5, 78]:

1. Passive methods

2. Active methods

3. Traditional methods or remote techniques

The passive methods make use that when an island occurs some important parame-
ters, such as voltage, current, frequency and harmonic distortion, changes. Monitoring
the change of these parameters can lead to a detection of an island. The difficulty
of these methods is defining suitable threshold values to differentiate islanding from
other disturbances. An example of a popular passive islanding protection is the rate
of change of frequency (ROCOF). For systems with a load or generation surplus the
ROCOF protection works well. However, in a perfect match of generation and load the
rate of change of frequency is small and island detection will be quite cumbersome.

Active islanding detection methods intentional create a small disturbance in the
system which results in a significant change in system parameters in case of islanding.
In case the feeder is connected to the main grid the effect of these small disturbances
are hardly noticeable. An example of a intentional disturbance is an introduction of
a voltage fluctuation applied through a small change of the AVR of the DG-unit. For
an islanded feeder the effect of the AVR is much larger than for feeders which are
connected to the main system. The active methods are able to detect an island even
when the load matches still the generation, setting up a intentional disturbance needs
some time and therefore these methods are slower than the passive methods.

Traditional methods or remote techniques are based on communication between
the utility and the DG-unit. In the substation the position of the circuit breakers which
can cause the island are monitored and when one or more of these circuit breakers
opens a transfer trip signal is sent to the DG-unit. For the monitoring system a Super-
visory Control and Data Acquisition (SCADA) system can be used. For the transmission
of the trip signal a dedicated communication channel has to be present which is often
expensive to implement and hence uneconomical. The investment in communication
channels can be prevented by using power-line carrier (PLC) communication [16, 102].
This islanding detection system uses a ripple control signal which is superimposed on
the medium voltage. The signal is detected via a sensor which is located at the DG-site.
Opening the circuit breaker not only interrupts the load current but also the ripple con-
trol signal. The loss of the signal is sensed by the sensor and subsequently the DG-unit is
disconnected. In [74] the PLC transfer trip method is considered reliable and selective.
However, further studies as well as field tests are needed to verify the feasibility of the
method. Efficient and reliable islanding protection methods are necessary to remove
barriers which nowadays limits the integration of DG in distribution grids.
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4.4.4 Developments in protective systems

As discussed in the previous sections integrating DG in distribution networks can lead
to serious protection problems. Now the tendency is, in case of a grid disturbance,
to disconnect the DG as soon as possible in order to restore the original nature of the
distribution network. Restoring the original nature of distribution networks results in
a unidirectional fault current and the traditional protective system has proven its ca-
pability to clear the fault in a selective way. For remote faults disconnection of DG
is, however, not always necessary and a prejudicial for the DG-owners. Recent devel-
opments in protective systems are focused on adaptive protection schemes which can
distinguish grid disturbances in distribution networks including DG. The papers written
on these developments are numerous and some interesting and promising results are
reported in [21, 93, 94]. Traditional protective systems make use of locally measured
quantities and react if one of these quantities is violating a certain threshold while new
adaptive protective systems rely on information obtained by specific measurement sys-
tems. The protective strategy divides the distribution network of a certain area into
zones rather than protecting a single component or feeder. An example of this strategy
is given in [21] where the distribution network is split into zones which are able to run
in island operation. The protective system is based on a centralized computer wherein
the grid topology is programmed. Via communication channels all actual breaker po-
sitions are known. The computer executes off-line load flow and short-circuit current
calculations and stores the results in a database. Topology changes due to switching
actions will update the tables in the database. The central computer uses synchronized
current vector measurements at the main source, distributed generators and breakers.
In case of a fault these measurements are compared with the values in the database to
identify the faulted section. A trip signal is sent to the breakers which interconnect the
various zones and the faulted zone is isolated. The remaining zones return to normal
operation and in the faulted zone the fault is cleared. A drawback of this system is
its heavy dependence on a centralized processing system and the communication links
between the zones.

In [93, 94] an agent-based protective system is discussed which overcomes the
drawback of the previous system. This protective system also splits up the distribution
network into zones and exchanges data for these zones via communication links. The
agents are located at strategic locations and make use of local current measurements.
Via a wavelet transformation the current signal is processed and the fault direction is
determined. All agents are equipped with a fault locating algorithm and with the aid of
the data exchange between the agents and the fault locating algorithm the faulted zone
is cleared. It is demonstrated that this protective system also works for high impedance
faults and for distribution networks including DG.

Adding communication links to existing distribution networks is costly and hardly
justified in comparison with the benefits of improving the availability of DG. However,
the need for more data for accurate grid operation, smart metering and introduction
of micro grids and virtual power plants, also asks for communication links. The instal-
lation of communication channels can become attractive when these links are shared
by these processes. In this way new developments become possible which are hardly
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feasible when each individual development is justified by its own.

4.5 Case study on a benchmark network

In this section the fault detection and selectivity problems are evaluated with the aid of
a generic benchmark network and an existing Dutch distribution grid. First, the fault
detection problem is studied with static calculations while the effect of the generator
dynamics on the performance of the protective system is illustrated with dynamic sim-
ulations. In the case study of the benchmark network it will be demonstrated how the
protective system can be modified to mitigate and prevent fault detection problems.
The Dutch distribution grid is evaluated on blinding of protection and false tripping.

4.5.1 Test system topology

In this section fault detection and selectivity problems are studied with the aid of a test
system. In [111] benchmark systems for network integration of distributed generation
including all grid parameters and a reference load flow are provided. A distinction is
made between benchmark networks which are common in North America and bench-
mark networks which are typical for Europe. In this thesis the European medium volt-
age benchmark network is used for which the single line diagram is depicted in figure
4.9. All network data is given in appendix A. The topology of the benchmark network
consists of the feeder systems Feeder 1 and Feeder 2 which are indicated in the dashed
boxes. Both feeders are operated at 10 kV and are fed via separate transformers from
the 110 kV transmission system. The configuration of the network can be modified
by means of the switches S1, S2 and S3. Via these coupling switches radial, ring and
meshed operation of the benchmark network is possible.

4.5.2 Fault detection problems

The theory of fault currents in faulted distribution feeders including DG is discussed in
section 4.2. In this case study the effect of DG on the fault currents of Feeder 2 of the
benchmark network is examined to determine if fault detection problems appear. On
Feeder 2 the same approach as in section 4.2.2 is applied to illustrate what effect the
connection of a synchronous generator has on the grid contribution to the short-circuit
current. This is done for different generator sizes in the range of 2-10 MVA. Via the
repetitive calculations the size and location of the generator is varied. For Feeder 2 the
grid contribution as function of the generator size and location is given in figure 4.10.

The shape of the curves in figure 4.10 shows a great similarity with the curves in
figure 4.5. The minima of these curves indicate the location of the largest generator
impact. With the aid of the parameters of Feeder 2 and knowing the grid impedance
this location can be calculated with equation (4.10). The local fault level of Node
12 is 180 MVA which corresponds with a grid impedance of j0,551 Ω. The electric
parameters of Feeder 2 are given in table 4.2.
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Figure 4.9: Medium voltage benchmark network

According to table 4.2 the total feeder impedance ZL , is 5,03+ j3,57 Ω. With the aid
of the grid and feeder impedance and equation (4.10) the relative worst case generator
location can be obtained. The worst case generator location l is calculated as 0,43. The
total feeder length dtot is 9,88 km and with equation (4.1) the worst case generator
location is 4,42 km which corresponds with the minima shown in figure 4.10.

Normally for benchmark networks the data of the protective system is not provided.
Feeder 2 is supposed here to be protected with a definite overcurrent protection which
is located in Node 12. In chapter 3 general setting rules for overcurrent protection have
been given. Applying these rules on Feeder 2 do not lead to satisfactory relay settings.
Due to the relatively high feeder impedance the fault currents are such that 2 · Inom will
not be reached. Therefore the pick-up current of the protection is set to 1,3 · Inom with
a reaction time of 0,3 s. The pick-up current of the protection and the nominal feeder
current is projected in figure 4.10. This figure indicates that for generators larger than
4 MVA the grid contribution declines under the pick-up current and causes blinding
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Figure 4.10: Grid contribution as function of generator size and location

Table 4.2: Line parameters of Feeder 2 of the benchmark network

Line R [Ω/km] X [Ω/km] dLine [km] Ztot [Ω] Inom [A]
Line 12-13 0,51 0,361 4,89 2,49+ j1,77 500
Line 13-14 0,51 0,361 2,99 1,52+ j1,08 500
Line 14-8 0,51 0,361 2 1,02+ j0,72 500

of protection. Strictly speaking generators larger than 4 MVA cannot be connected to
Feeder 2 for locations that the grid contribution is smaller than the pick-up current.
Connection of this size of generators is only possible when the protective system is
modified and it is guaranteed that all possible faults can be detected. In [36, 79]
reduction of the pick-up current is proposed which makes the protective system more
sensitive. For Feeder 2 reduction of the pick-up current reduces the reliability of the
protection because the pick-up current approximates the nominal feeder current. In
that case small switching transients can cause unwanted disconnection of the feeder.

For a more detailed analysis of the effect of DG on the protective system of Feeder
2, the DG-location is set at the worst case generator location. This is indicated in figure
4.9 with the parameter d. For a fixed DG-location the zone wherein fault detection
problems occur, can be determined by calculating the grid contribution for all fault
locations along Feeder 2. Per line segment for various fault locations a three-phase
short-circuit calculation is performed. The fault location is adjusted with 1% of the
length of the line segment. The results of these calculations are, including the pick-up
current of the protection, depicted in figures 4.11(a) and 4.11(b). For a generator of
6 MVA the non-detection zone starts for faults at a distance dFaul t > 9 km while for a
10 MVA generator this zone already starts at dFaul t > 8 km. In figure 4.11(b) it can be
seen that for the mentioned zones the fault current will not be detected.
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Figure 4.11: Grid contribution as function of the fault location in Feeder 2

4.5.3 Dynamic simulations of fault detection problems

The calculations carried out so far do not incorporate the dynamics of the synchronous
generator. As discussed in many textbooks [57, 75, 77] the synchronous generator
injects a time-varying short-circuit current which results in a time-varying grid contri-
bution as well. Via dynamic simulations Feeder 2 is further examined to determine
how the protective system copes with the time-varying grid contribution. Therefore a
three-phase fault at the end of Feeder 2 is simulated for generator sizes in the range of
2-10 MVA. The resulting grid contributions are given in figure 4.12.

The first conclusion that can be drawn from the simulations is that the fault stays un-
detected when the generator size is larger than 8 MVA. During the complete simulation-
period the grid contribution stays below the pick-up current of the overcurrent protec-
tion. The dynamic effect of the generator manifests itself in the increasing grid contri-
bution to the fault current. This is mainly caused by the decaying DC-component in the
generator contribution to the fault current. Initially the overcurrent protection is not
triggered but after the DC-component is sufficiently damped for generator sizes smaller
than 6 MVA the pick-up current is exceeded and the fault is cleared. However, for the
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Figure 4.12: Dynamic simulation of a three-phase fault for various generator sizes

case a 6 MVA generator is connected, the fault clearing is delayed with approximately
250 ms. This can cause serious coordination problems with upstream protective sys-
tems. A detailed look at the results in figure 4.12 shows that even connecting a 4 MVA
generator leads to a delayed fault clearing.

Because of selectivity reasons and possible extra equipment damage, delayed fault
clearing is unacceptable. Making in such situations the integration of DG possible then
the protection settings or protective system has to be modified. The relatively weak
feeder does not allow a reduction of the pick-up current of the overcurrent protection
without the risk of unnecessary tripping of a healthy feeder.

The protection which has not been taken into account so far is the interconnect
protection of the DG-unit itself. This type of protective system can affect the operation
of the grid protection. Examples of interconnect protection relays are under- and over-
voltage and under- and overfrequency protection. Interconnect protection differs from
generator protection. The goal of the generator protection is to protect the genera-
tor against internal short-circuits and abnormal operating conditions. These protection
devices are connected at the terminals of the generator while the interconnect protec-
tion is connected at the point of common coupling (PCC). The major functions of an
interconnect protection are [87]:

1. Disconnection of DG when it is no longer operating in parallel with the distribu-
tion network

2. Protection of the grid system from damage caused by the connection of DG

3. Protection of the generator from damage from the grid system (e.g. auto reclos-
ing)

The simulation model used in this section is extended with an interconnect pro-
tection of the DG-unit. The generator is equipped with a voltage transformer which
measures the voltage of the PCC and an undervoltage protection. The settings of the
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undervoltage protection are a pick-up value of 0.8 p.u. and a clearing time of 200 ms.
The pick-up time of the undervoltage protection is set at 20 ms. With the interconnect
protection model the dynamic simulations are repeated to determine if the interconnect
protection has a positive contribution to the fault detection problems. The results of the
simulations are depicted in figure 4.13(a) and 4.13(b).
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Figure 4.13: Dynamic simulation of a three-phase fault for various generator sizes in-
cluding undervoltage protection

In figure 4.13(a) for generator sizes up to 6 MVA it can be seen that after 200 ms the
generator is switched off by the undervoltage protection. After disconnecting the gen-
erator the grid contribution increases directly. For the generator sizes of 2 and 4 MVA
the overcurrent protection was already triggered hence the fault clearing time does not
differ with the previous results. The disconnection of the 6 MVA generator results in an
increase of the grid contribution in such a way that the pick-up current of the overcur-
rent relay is exceeded and the fault is cleared. However, the total fault clearing time is
still approximately 550 ms. For these cases the undervoltage protection of the genera-
tor does not speed up the fault clearing time of the protective system. For the generator
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sizes of 8 and 10 MVA the results significantly differ. In the previous simulations, for
these cases blinding of protection occurred and the overcurrent protection did not clear
the fault. The addition of the undervoltage protection leads to the disconnection of
the generator with the result that the overcurrent protection is triggered and the fault
is cleared. However, the fault clearing time is respectively 570 and 650 ms. These
results can be explained in more detail with the aid of figure 4.13(b) where for all
simulated generator sizes the voltage at the PCC is given. At the moment the fault oc-
curs the voltage along the feeder drops. In all simulations the generator tends to keep
up the voltage at the PCC. For large generators this effect is stronger than for small
generators. As discussed earlier the contribution of the generator consist of a decaying
DC-component. Because of this declining DC-component the voltage at the PCC starts
to drop as well, as can be seen in figure 4.13(b). For the cases till 6 MVA the voltage
at the PCC drops below the pick-up value of the undervoltage protection immediately
after the fault is applied. The 8 and 10 MVA generator keep up the voltage above the
pick-up level of the undervoltage protection hence the undervoltage protection is not
triggered. At a certain moment the voltage at the PCC exceeds the pick-up value of
the undervoltage protection and the generator is disconnected from the feeder. This
results directly in an increase of the grid contribution which triggers the overcurrent
protection and removes the fault from the feeder. It can be concluded that the addition
of the interconnect protection leads to fault clearing for all simulated cases. However,
for larger generator sizes the fault clearing time is unacceptable.

To reduce the fault clearing time the protective system has to be modified. The main
goal of this modification is a guaranteed fault detection and a reduction of fault clearing
time. Generally, integration of a generator in a distribution network increases the total
fault current which can be used to improve the performance of the protective system.
For faults after the PCC of the generator an overcurrent protection would sense the sum
of the grid and generator contribution while the first upstream protection device before
the PCC only senses the grid contribution. The difference in sensed fault currents can
be used for coordinating the protection devices and reducing the fault clearing time
[65, 71]. Therefore in Node 13 an overcurrent protection is modeled and coordinated
with the overcurrent protection of Node 12. In figure 4.14 an overview of the location
of all protection devices of Feeder 2 of the benchmark network is given.
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Figure 4.14: Overview of all protection devices of Feeder 2
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The protection devices Rel 1 and Rel 3 are coordinated such that faults between
Node 13 and Node 8 are cleared by Rel 3 and faults between Node 12 and Node 13
by Rel 1. Protection device Rel 1 also serves as a back-up protection for faults be-
tween Node 13 and Node 8 which are, for whatever reasons, not cleared by Rel 3. The
relay settings are determined without the generator contribution. Hence the feeder
protection operation is independent of the presence of the generator. In figure 4.15 the
coordination of Rel 1 and Rel 3 is shown. In this case study a time grading of 200 ms is
used.
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Figure 4.15: Protection coordination graph of Feeder 2

The modified protection scheme is tested for three fault locations as indicated in
figure 4.14. Fault location Fault 1 is located at the end of Feeder 2 to check if Rel 3 can
detect the fault current. Fault location Fault 2 is near to Node 13 to determine selective
fault clearing between Rel 1 and Rel 3. The third fault location Fault 3 is chosen just
before Node 13 to study if the grid contribution to the fault current is large enough to
trigger Rel 1. For these fault locations similar dynamic simulations as in the previous
situations are preformed. The results of the first fault location are depicted in figure
4.16. In this figure the sensed fault current by Rel 1 and 3 are given. It can be seen that
for all generator sizes relay Rel 3 clears the fault in 100 ms. Relay Rel 1 does not react
on the grid contribution to the fault current and the generator stays connected to the
network. After fault clearing the current swing sensed by Rel 1, as shown in 4.16(a) is
caused by the dynamics of the generator.

For fault location Fault 2 the simulations indicate that this fault is also cleared in
100 ms by Rel 3. This is given in figure 4.17. The grid contribution is such that Rel 1 is
triggered as well but the fault is cleared in a selective way. Because the fault is cleared
in 100 ms the generator stays connected to the grid.

The results for the third fault location differ from the previous results. The clearing
time of relay Rel 1 is set to 300 ms hence during the fault the generator is disconnected
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Figure 4.16: Fault currents at relay location Rel 1 and Rel 3 for fault location 1

by the undervoltage protection. This can be seen in figure 4.18 which shows the re-
sults of the simulation of this fault location. In the first 200 ms of the fault the grid
contribution is sufficient to trigger the overcurrent protection. For all generator sizes
the generator is disconnected after 200 ms which causes a sudden increase in the grid
contribution to the fault current. However, the overcurrent protection was triggered
already and the fault is cleared after 300 ms.

It can be concluded that the addition of relay Rel 3 has resulted in a faster fault
clearing for faults between Node 13 and Node 8 without disconnection of the generator.
It is demonstrated that Feeder 2 is protected in a selective way. Faults between Node
12 and Node 13 are switched-off in 300 ms for all generator sizes. In comparison with
the previous results the modification of the protective system has lead to a reduction in
fault clearing time of 350 ms. Simulations have shown that all faults are cleared within
300 ms.
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Figure 4.17: Fault currents at relay location Rel 1 and Rel 3 for fault location 2
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Figure 4.18: Fault current at location Rel 1 for fault location 3
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4.6 Case study of a Dutch distribution network

In the previous section fault detection and selectivity problems are studied with the
aid of a benchmark network. In this section an existing Dutch distribution network
with DG is studied. Dutch medium voltage networks use underground cables only
hence detection and selectivity problems are limited to false tripping and blinding of
protection. In these type of networks reclosers are not applied and can be omitted in
the analysis. The network is located in a greenhouse area and the DG-units connected
to this network are CHP-plants having a synchronous generator. An overview of the
distribution network is given in figure 4.19. The network data can be found in appendix
B.
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Figure 4.19: Overview of the Dutch distribution network used

The distribution network is connected via 10/25 kV transformers to the 25 kV sub-
transmission grid. The 10 kV substation consists of three sections which can be coupled
via the coupling breakers C.B. 1 and C.B. 2. To this substation the distribution feeders
are connected. All distribution feeders are equipped with a definite-time overcurrent
protection with a pick-up current of 1650 A and a fault clearing time of 400 ms.

4.6.1 Analysis on false tripping

To determine if false tripping occurs the contribution of the CHP-plants per feeder have
to be known. Therefore feeder Fd 3 is taken as a reference feeder. For various fault
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locations along feeder Fd 3 a three-phase short-circuit calculation is performed. This
feeder consists of three line segments and per line segment the fault location is adjusted
with 1% of the length of the line segment. During the short-circuit calculations for each
fault location the contribution of all connected feeders is assessed. This analysis results
in the feeder contribution as function of the fault location and is shown in figure 4.20.
In this figure the pick-up current of the feeder protection is indicated as well. When the
feeder contributions stay below the pick-up current of the protection false tripping will
not occur.
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Figure 4.20: Feeder contribution to a three-phase fault in an adjacent feeder

It can be concluded that the feeder contribution can exceed the pick-up current of
the overcurrent protection of the feeders and some faults false tripping might occur.
It can also be seen that false tripping occurs for faults within a distance of 800 m
from the substation. For faults outside this region the contributions of all feeders stay
under the pick-up current hence for these fault locations false tripping does not occur.
Besides that, the clearing time of the overcurrent protection is 400 ms and all CHP-
plants are equipped with an undervoltage protection which disconnects the CHP-plants
within 100-200 ms. After disconnecting the CHP-plants the feeder contribution drops
below the pick-up current and all relays, except the relay of the faulted feeder, reset. In
this way false tripping is prevented but it is dependent of the undervoltage protection
of the CHP-plants. To be independent of the CHP-plants the pick-up current of the
overcurrent protection has to be increased in such a way that the worst-case fault can
be still detected. Due to the high fault level it is possible to find a suitable setting
which fulfils both requirements. In weaker systems the overcurrent protection has to
be equipped with directional protection.

4.6.2 Analysis on blinding of protection

Blinding of protection is studied with respect to of feeder Fd 1 and feeder Fd 8 of the
distribution grid. These two feeders are used to illustrate the effect of the connected
CHP-plants on the grid contribution to the fault current. Therefore along the feeders a
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short-circuit sweep is simulated which means that the location of the fault is equidistant
taken along the feeders. During the fault calculations the grid contribution is assessed.
In figure 4.21 for feeder Fd 1 and Fd 8 the grid contribution to the fault current for a
varying fault location is given. It can be seen that the CHP-plants do not have effect
on the grid contribution when the location of the fault in the feeders is between the
substation and the first CHP-plant. The impact of the contribution of the CHP-plants
becomes noticeable when the fault location is behind one or more CHP-plants. However,
this impact is modest in this case and does not lead to blinding of protection.
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Figure 4.21: Grid contribution to the fault current as function of the fault location

4.7 Conclusions

In this chapter the impact of distributed generation on the protection of distribution
grids was studied. It was demonstrated that DG-units with a synchronous generator
can have a strong influence on the grid contribution to the fault current. Analytical ex-
pressions were derived to determine the key parameters which influence the grid con-
tribution to the fault current. Important parameters which determine the effect of the
generator on the grid contribution to the fault current are the total feeder impedance,
the size and the location of the generator, and the local short-circuit power. In a simu-
lation of a 3-bus network it was shown that the generator has more effect on the grid
contribution to the fault current for feeders consisting of overhead lines than for the
same type of feeder built up of cables. This effect is caused by the fact that overhead
lines have a significant larger impedance than an equivalent cable. Based on the re-
sults of the 3-bus network and the analytical description of the grid contribution to the
fault current an equation was derived which can be used to calculate the worst-case
generator location.

Then, an overview of all possible protection problems was given and categorized
into fault detection and selectivity problems. This categorization shows that apparent
different protection problems, such as blinding of protection and lost of fuse-recloser
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coordination, are related to each other. It was pointed out that solving the fault de-
tection problem directly influences the reliability of a protective system while solving
selectivity problems affect the security of a protective system. For both types of protec-
tion failure various solutions were discussed and an overview of new developments in
protective systems to prevent these protection problems has been given.

The fault detection problem was demonstrated with a generic test feeder. The de-
rived equations were applied on the test feeder to calculate the worst-case generator
location. Stationary simulations were carried out for generator sizes of 2-10 MVA and
showed that fault detection problems are expected for generator sizes larger than 4
MVA. Dynamic simulations gave more accurate results and it could be concluded that
for generator sizes of 8-10 MVA serious fault detection problems may occur while for
generator sizes of 2-6 MVA a delayed fault clearing takes place. The different result can
be explained by noticing that in the dynamic simulation the DC-component in the fault
current of the generator is damped. Because of the declining generator contribution
the grid contribution increases and triggers the overcurrent protection.

Normally the DG-units are equipped with an undervoltage protection and with that
the same series of simulations were performed again, it resulted in guaranteed fault
clearing for all generator sizes, however, for some sizes the fault clearing was still
delayed. Hence, to improve the performance of the protection this system has to be
modified. A simple modification is the addition of a protection device after the PCC of
the generator which has to be coordinated with the upstream protection device. This
modified protective system was also simulated and resulted for all generator sizes in a
guaranteed and selective fault clearing.

The simulation of an existing Dutch distribution grid showed that false tripping is
quite possible, especially for faults near the substation. However, all CHP-plants are
cleared by the undervoltage protection before the feeder protection clears the fault
hence in practice false tripping is not likely to occur. It was also demonstrated that
blinding of protection does not happen at all. This is due to the short feeder length,
low impedance of the MV-cable and the high fault level in these type of grids. In general
it can be stated that blinding of protection is not expected in Dutch distribution grids
including CHP-plants.



CHAPTER 5

Dynamic behavior of distribution grids with DG

5.1 Introduction

In the previous chapter the effect of DG on the protective system was studied and it was
demonstrated that disconnection of DG during a grid disturbance can prevent delayed
or no fault clearing of the protective system. In this chapter the effect of the protective
system on the transient stability of the DG units is investigated. First, transient stability
is discussed in general and the concept of Critical Clearing Time (CCT) is introduced.
To determine the transient stability of a CHP-plant a dynamic model of a combustion
engine has to be defined. First the principle of the combustion engine is explained after
which the model of the combustion engine is discussed.

The dynamic model of the CHP-plant is integrated in the benchmark network which
is introduced in chapter 4. For this network a conventional protective system is used
and the effect of this protective system on the transient stability is studied. The CCT of
the CHP-plants is determined for various fault locations in the network. As explained
in chapter 3 one of the characteristics of the conventional protective system is that the
subsequent protection relays are graded with each other. As a consequence, for some
fault locations the fault clearing time can exceed the CCT of the CHP-plants and cause
unstable operation of one or more CHP-plants. This is illustrated with simulation results
and it is shown when the CHP-plants become unstable.

In the last part of the chapter a possibility to speed up de fault clearing time is ex-
plored. An existing protective system principle is extended with communication chan-
nels and this is incorporated in the benchmark network. Via dynamic simulations the
protective system performance is checked and the effect on the transient stability is
investigated. For distribution grids like the benchmark network or typical Dutch dis-
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tribution networks the CCT of the integrated CHP-plants is low and the fault clearing
process of the proposed protective system becomes time-critical. Therefore a detailed
analysis of the relay timing and communication delay is made and the consequences
for the relay settings are determined. For various relay settings dynamical simulations
are carried out and the results are presented in this chapter.

5.2 Transient stability

During normal operation power systems are exposed to small and large disturbances.
An example of a small disturbance is a certain load change while examples of large
disturbances are a tripping of a large generator or the occurrence of a fault. To enable
security of supply power systems have to withstand these kind of disturbances and stay
in stable operation. In the literature a distinction is made between small signal stability
and transient stability. Small signal stability is the stability of a power system when it
is subjected to small disturbances and this thesis will not focus on this type of stability.
Transient stability is the ability of the power system to maintain synchronism when
subjected to a severe transient disturbance[75]. In [98] a formal definition of transient
stability is given:

Transient stability: A power system is transiently stable for a particular steady-
state operating condition and for a particular large disturbance if, following that
disturbance, it reaches an acceptable steady-state condition again.

During a severe disturbance the power system quantities deviate from their steady-
state values. How large the deviation of the steady-state values is, dependents on the
type and duration of the disturbance. Normally large disturbances related to faults
are detected by the protective system which removes the faulted component of the
power system. After the removal of the faulted component the power system starts the
transition to a new stable steady-state. This state is reached when important quantities,
such as nodal voltages and rotor angles, are within an acceptable value close to the
value before the disturbance.

To determine the stability of a power system performance indicators have to be de-
fined. An often used stability indicator is the rotor angle of the generators. During a
fault the nodal voltages in the power system go down and the injected power of the
generators electrically near the disturbance drops as well. The mechanical power of
the prime mover cannot change that fast hence there is an unbalance between me-
chanical and electrical power and the rotor of the generators start to accelerate. This
phenomenon can be described with the well known swing equation as given in equation
(5.1) which is based on simplified models and neglecting of all resistances [57, 75, 77].

2H

ω0

d2δ

d t2 = Pm − Pe (5.1)
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Where:

Pm : mechanical power in [p.u.]
Pe : electrical power output in [p.u.]
H : the rotor inertia constant in [MW · s/MVA]
δ : rotor angle in [elect. rad]
ω0 : angular frequency in [rad/s]
t : time in [s]

Neglecting the generator resistance for the generator’s electric power output holds:

Pe =
Eq · Us

XT

sin δ = Pmax sin δ (5.2)

Where:

Eq : internal generator voltage in [p.u.]
Us : terminal generator voltage in [p.u.]
XT : generator reactance including step up transformer in [p.u.]
δ : rotor angle in [elect. rad]

Combining equation (5.1) and (5.2) leads to:

2H

ω0

d2δ

d t2 = Pm − Pmax sin δ (5.3)

Equation (5.3) is a non-linear differential equation which cannot be solved analytically.
With a graphical approach, known as the equal area criterion, the maximum rotor
angle excursion and stability limit can be obtained although this method only holds for
a single machine system based on a classic generator model. The equal area criterion
will not be derived here but can be found in appendix C. In this section the results of
this approach will be discussed and the factors influencing the transient stability will
be addressed.

As stated earlier a fault in the power system leads to a nodal voltage drop and
subsequently at the generator side to an unbalance between mechanical and electrical
power. This difference in power results in a change of stored kinetic energy in the rotor
masses. Because the mechanical power cannot change instantaneously the only way to
keep the power balance is acceleration of the rotor. The acceleration causes an increase
in rotor angle and after fault clearing the rotor angle is larger than the initial rotor
angle. This results in an increase of injected electrical power as can be seen in equation
5.2. Now the injected electrical power is larger than the mechanical power hence the
rotor starts to decelerate. During the deceleration the gained kinetic energy by the
rotor is released. When all the gained kinetic energy can be released the rotor returns
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to a new steady state and the generator stays in stable operation. In appendix C the
gain and release of kinetic energy is discussed in detail and it is shown mathematically
that when the gained and released kinetic energy are equal the generator stays in stable
operation.

The gained kinetic energy and thus the transient stability depends on, amongst oth-
ers, how heavily the generator is loaded and what the generator output is during the
fault. The latter depends on the fault location and type. The loading of the generator
determines the initial rotor angle while the output of the generator during the fault
directly influences the extent of unbalance between mechanical and electrical power.
According to Newton’s second law for rotating masses the rotor inertia is also of im-
portance. The higher the inertia the slower the rate of change in rotor angle. Other
important factors are:

• Post-fault network reactance

• Generator reactance

• Generator internal voltage

• Fault clearing time

The fault clearing time determines what the available time is to gain kinetic energy.
If this time is too long the stability limit of the generator is exceeded and the generator
becomes unstable. With respect to transient stability of generators the fault clearing
time is an important quantity and the stability limit can be expressed in a critical clear-
ing time (CCT). In [98] a definition of critical clearing time is given:

Critical clearing time: The maximum time between fault initiation and its clear-
ing such that the power system is transiently stable

In appendix C with the aid of the equal area criterion an expression for the critical fault
clearing time is derived and shown in equation (5.4):

tcr =

È

4H(δcr −δ0)

ωsPm

(5.4)

In this equation δ0 expresses the initial loading, H the rotor inertia, δcr the critical
rotor angle and Pm the mechanical loading. In this chapter the rotor angle and critical
clearing time are used as stability indicators.

5.3 CHP-plant modeling

The bulk generation of electrical energy takes place in large central power plants. The
prime source of this energy can be stored water (hydroelectric power), fossil fuels such
as gas, oil and coal (traditional thermal power) or uranium (nuclear thermal power)
[107]. Common to all these energy conversion systems is the use of a turbine to convert
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the prime energy into mechanical energy. For hydroelectric power plants the kinetic
energy of a water flow is converted in mechanical energy while in traditional or nuclear
power plants the prime source is converted into thermal energy which is subsequently
converted into mechanical energy. In all cases the mechanical energy is used to drive a
generator in order to generate electrical energy.

Distributed generation often makes use of renewable energy sources as wind and
solar while coal, oil and uranium hardly never is used as a prime source of energy. For
the conversion of the renewable energy sources into electrical energy wind turbines
and PV-systems are used. Furthermore natural gas is used as a prime source of energy
in distributed generation schemes, where gas turbines and gas engines are applied to
convert the fuel into electrical energy.

Models of large central power plants are well known and can be found in [75]
while models for wind turbines and small distributed generation schemes are described
in [63, 85, 110]. This thesis focuses on integration of gas engine driven CHP-plants and
models of combustion engines, applicable for power system dynamic studies, are not
widely known. In this section the modeling of combustion engine and the model used
in this thesis is described.

5.3.1 Principle of a combustion engine

The Otto cycle

Depending on the applied fuel, today’s automotive and industrial combustion engines
are all based on the four-stroke Otto or Diesel cycle [123]. The considered CHP-plants
are driven by a natural gas combustion engine and the cycle in these engines is also
based on the four-stroke Otto cycle. For the modeling of the internal combustion engine
it is, therefore, necessary to have some knowledge of the principle of the Otto cycle.
In figure 5.1 the four-stroke cycle is shown and divided into six concatenated steps. In
this figure the red valve is the intake valve and the blue valve the exhaust valve.

The cycle starts with the piston in the cylinder in the upward position as shown in
the first picture of figure 5.1(a). In the first step the piston is moving downwards and
reduces the pressure in the cylinder. During this step the intake valve is open and the
cylinder is filled with an air/fuel mixture. This is the first stroke of the four strokes of
the Otto cycle and is depicted in the second picture of figure 5.1(a). After the piston
reaches the downward position the intake valve is closed and the compression stroke
starts by moving the piston upwards again. When the piston is in the upward position
the second stroke is completed and the air/fuel mixture is compressed as shown in
the third picture of figure 5.1(a). Now the compressed air/fuel mixture is ignited by a
sparkle of a spark plug which is given in the first picture of figure 5.1(b). The result-
ing pressure of the burning gases pushes the piston through the power stroke which is
depicted in the second picture of figure 5.1(b). After the third stroke of the Otto cy-
cle is completed the cylinder is filled with products of the combustion which has to be
removed. Therefore the exhaust valve is opened and the piston moves to the upward
position and pushes the combustion products to the exhaust. This stroke is shown in
the third picture of 5.1(b) and with this stroke the four-stroke Otto cycle is completed
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(a) Starting position, intake stroke and compression stroke

(b) Ignition of fuel, power stroke and exhaust stroke

Figure 5.1: Principle of a four-stroke combustion engine

and the piston is in the position to start the process all over again. In the engine the
pistons are connected by connection rods to a crankshaft and the linear motion of the
pistons is converted to a rotational motion of the crankshaft.

Turbocharger principles

The maximum amount of power generated by a combustion engine is determined by the
cylinder volume, losses, air-to-fuel ratio, the calorific value of the fuel, oxygen content
of the air and speed. The speed is limited by the material strength and the lubrication
of the pistons. At high engine speed the valves, pistons and connection rods suffer
high mechanical forces. A way to increase the power limit of the combustion engine is
increasing the amount of air injected into the cylinder. This is done by a turbocharger
consisting of a turbine and a compressor which are connected to the same shaft. An
overview of the turbocharger including the intake/exhaust system is depicted in figure
5.2.

The turbine of the turbocharger is driven by the exhaust gas flow and drives the
compressor which injects more air to the cylinder. In the engine’s idle mode the exhaust
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Figure 5.2: Overview of the turbocharger including the intake and exhaust [123]

gas flow is not sufficient to drive the turbine of the turbocharger. When more power is
required, the engine speed is increased until the exhaust gas flow is sufficient to drive
the turbocharger’s turbine to start compressing more air into the cylinder. As a result
of the air compression the air temperature is increasing which partly counteracts the
compression. With the aid of an intercooler the temperature of the compressed air can
be cooled down which compresses the air even more. Hence, the cylinder can be loaded
with more air and more fuel can be burned. This results in a higher engine torque and
a higher engine power.

Adding a turbocharger to the engine increases the engine efficiency, however, the
increased engine power is not directly available. An sharp increase in engine speed is
needed to drive the turbocharger before the injected air can increase. This is known as
the turbo lag.

In figure 5.2 it is shown that the intake gas flow and hence the engine power can
be controlled with a throttle valve. The turbocharger bypass-valve controls the amount
of compressed air which also affects the engine power. With the waste-gate valve the
exhaust gasses can be diverted from the turbine of the turbocharger which regulates
the maximum pressure in the turbocharger.

5.3.2 Combustion engine model

Due to the difficulties in describing the engine internal processes combustion engine
modeling is a challenging task. Models found in literature are designed for other pur-
poses and are mostly too specific or detailed. For instance in [52, 53, 58] detailed
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models can be found which can be used to design engine controllers or to study the
dynamics in the transmission. These detailed models are based on two approaches
[119]:

1. Thermodynamic based models

2. Fluid dynamic based models

Both modeling approaches assume knowledge on mass transfer into and out of the
cylinders, energy released from the fuel and the heat transfer between the gases inside
the cylinders. These processes can be described using the principle of conservation of
energy and mass and the ideal gas law, however, the processes are non-linear and some
experimentally derived diagrams or curve fits are needed as well [66]. This approach
is applied in [27] where a combustion engine model, suitable for power system dy-
namic studies, is derived. In the model the complex process of the turbocharger is also
incorporated which is based on the thermodynamical description of the compressor
and turbine completed with a number of experimentally derived polynomial functions.
Mostly, the polynomial functions itself are not provided which can be considered as a
drawback of this approach.

As illustrated in the previous section it takes some time before the effect of the
turbocharger is noticeable. This is also confirmed by the simulation results of the model
derived in [27], where it is shown that the dynamic behavior of the turbocharger is slow
in comparison with the electromechanical dynamics of the generator. Besides that, it is
stated that the governor and throttle dynamics mainly determine the dynamic behavior
of the combustion engine [33]. Hence, in power system dynamic studies the effect of
the turbocharger can be neglected and this approach is also adopted here.

The general model used in the dynamic studies is shown in figure 5.3 [1]. It consists
of a governor block, throttle block and an engine model. In the feedback loop droop
control is applied.

Governor Throttle Engine

Droop

TMax

TMin

ωref
-

-

Pm

ωmeas

εerr G1 W1 E1

D1

Figure 5.3: Model of the combustion engine
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The transfer function of the governor block is given in equation (5.5):

G1(s) =
(1+ sτ3)

1+ sτ1 + s2τ1τ2
(5.5)

The throttle is modeled with a third-order transfer function as given in equation (5.6).
The throttle block is limited at TMin and TMax which corresponds with the minimum and
maximum throttle position.

W1(s) =
K1(1+ sτ4)

(1+ sτ5)(1+ sτ6)s
(5.6)

In the previous section the principle of the combustion engine is discussed and it was
explained that loading the cylinder with air/fuel and emptying the cylinder with com-
bustion products takes some time. Hence, it takes some time before the output power
of the engine can change [72]. Therefore the engine is modeled as a time delay to
represent the delayed effect on a change in output power and is given in the Laplace
domain by equation (5.7):

E1(s) = e−sτD (5.7)

In the feedback loop a proportional controller is added which is used as a droop con-
troller. The transfer function of the droop controller is given in equation (5.8):

D1(s) = K2 (5.8)

The model of the CHP-plant is completed with a 5th order model of the synchronous
generator and a voltage controller. Further details and simulation parameters of all the
models of the CHP-plant are given in appendix D.

5.3.3 Critical Clearing Time of CHP-plants

As pointed out in section 5.2 the rotor dynamics of a synchronous generator are initi-
ated and governed by a difference in mechanical and electrical power. For generators
running in parallel a sudden drop in electrical power is mainly caused by voltage dips
in the grid as a result of short-circuits in the power system. The duration of the voltage
dip and thus the fault clearing time of the protective system has a strong relation with
the stability of the synchronous generator. This also holds for the depth of the volt-
age dip. The maximum fault clearing time without causing unstable operation of the
synchronous generator is the critical clearing time as explained in section 5.2.

The depth and duration of a three-phase voltage dip on the generator terminals
is used to determine the CCT of a CHP-plant. In figure 5.4 a two-bus test network
consisting of the CHP-plant model and a voltage source is shown.
The variable voltage source creates a three-phase voltage dip with a predefined depth
and duration. Dynamical simulations are carried out to find the CCT of various CHP-
plants for a certain depth and duration of the voltage dip. In these simulations the rotor
angle is used to determine if the CHP-plant stays in stable operation after a voltage dip
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Figure 5.4: Two-bus test network including variable voltage source

of a certain depth and duration. Instable operation of the CHP-plant occurs when the
rotor angle swing exceeds the value of 180◦ with respect to a common reference source.
The results of the simulation are plotted in so-called CCT-curves and are shown in figure
5.5. In figure 5.5 Udip is the remaining voltage of the voltage dip.
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Figure 5.5: CCT-curve of various CHP-plants

It can be seen that for deep voltage dips the CCT is relatively low while for shallow
voltage dips the CCT significantly increases.

5.4 Impact of grid protection on transient stability of

CHP-plants

In chapter 4 the effect of DG on distribution grid protection is discussed in detail. There
it was demonstrated that the interconnect protection plays an important role in mitigat-
ing the protection problems. During a grid disturbance a drop in voltage occurs and af-
ter exceeding a certain threshold and a predefined time the DG-units are disconnected
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by the undervoltage protection. The drop in voltage is most probably also sensed in
other feeders connected to the same substation and hence not only the DG-units con-
nected to the faulty feeder will disconnect but also DG-units connected to a healthy
feeder might be disconnected. This can lead to a disconnection of a large amount of
DG-units which directly reduces the benefits expected from renewable energy sources
and co-generation units [55].

The interaction of the grid and interconnect protection of the DG-units is examined
on the benchmark network described in section 4.5. The benchmark network is modi-
fied with the connection of CHP-plants of 2,475 MVA to the nodes 4-11 of Feeder 1 as
shown in figure 5.6. For the CHP-plants the dynamic model as discussed in this chapter
is used and all dynamical data of the CHP-plants can be found in appendix D.
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5.4.1 Protective system of the benchmark network

Feeder 1 represents an urban distribution network with a moderate feeder length. Due
to this short feeder length it is suitable to protect the feeder with definite-time over-
current protection. To obtain a selective protective system the clearing time of the
subsequent relays are graded with each other. The pick-up current is determined with
the setting rules presented in chapter 3. An overview of the protective system is given
in figure 5.7 and the relay settings are given in table 5.1. All CHP-plants are equipped
with an undervoltage protection which measures the line voltage at the 20 kV side of
the step-up transformer and are set at 0.8 pu-150 ms.

I> I> I> I>

I>I>

I>
Node 1

Node 3

Node 4 Node 8

Rel 4 Rel 5 Rel 6 Rel 7

Rel 3Rel 2

Rel 1

Figure 5.7: Overview of the protective system of Feeder 1

Table 5.1: Overview of relay settings of Feeder 1

Rel 1 Rel 2 Rel 3 Rel 4 Rel 5 Rel 6 Rel 7
Im [A] 1000 950 950 800 800 800 800
T [ms] 900 600 600 300 300 300 300

5.4.2 Protective system response

In figure 5.6 four fault locations are indicated for which three-phase, two-phase-to-
ground and single-phase-to-ground faults are simulated. The response of the protective
system is such that all faults are cleared properly without selectivity problems. Besides
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that, for all fault locations for three-phase and two-phase-to-ground faults all CHP-
plants are disconnected by the undervoltage protection. These results are summarized
in table 5.2.

Table 5.2: Disconnected CHP-plants for the indicated fault locations and type

Location three-phase two-phase-to-ground single-phase-to-ground
F1 All All None
F2 All All None
F3 All All None
F4 All All None

In [55] it is stated that disconnection of DG-units during a grid disturbance would
not be necessary, but this only valid for DG-units which are connected to a non-faulty
line as will be shown later. The test network used in [55] is relatively weak and consists
of distribution feeders in an urban area and distribution feeders in a remote industrial
area. These findings are checked here for the benchmark network. Therefore the un-
dervoltage protections are disabled to study what the effect is of keeping the CHP-plants
connected to the grid during and after a disturbance. For the four defined fault loca-
tions dynamic simulations for the various fault types are performed. The simulations
are focused on the transient stability of the connected CHP-plants. The results of these
simulations are given in table 5.3.

Table 5.3: Fault clearing time and transient stability of the remaining CHP-plants

Location Tc [ms] Three-phase Two-phase-to-ground Single-phase-to-ground
F1 300 Unstable Stable Stable
F2 300 Unstable Stable Stable
F3 600 Unstable Unstable Stable
F4 900 Unstable Unstable Stable

In the benchmark network again no selectivity problems occur and all faults are
cleared in the predefined clearing time. But for all fault locations a three-phase fault
lead to instability of one or more CHP-plants. For fault location F1 and F2 the fault clear-
ing time is sufficiently fast to keep the remaining CHP-plants for two-phase-to-ground
and single-phase-to-ground faults in stable operation. This does not hold for fault loca-
tion F3 and F4. In these cases the fault clearing time exceeds the critical clearing time
of the CHP-plants and for two-phase-to-ground faults the CHP-plants become unstable
as well. For the benchmark network protected by a traditional protective system it can
be concluded that the undervoltage protection of the CHP-plants prevents equipment
damage and instability by disconnecting the CHP-plants within its CCT. These simula-
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tions show that the findings in [55] do not hold for strong urban networks with short
feeder length which will be clarified in the next section.

5.4.3 Assessment of the CCT of the benchmark network

The concept of critical clearing time can be applied to determine what the fault clearing
time of the protection relays should be to prevent instability of the CHP-plants. This
concept is also used in [63] to determine the transient stability of distribution grids
including DG. Figure 5.5 already showed that for deep voltage dips the CCT of the
CHP-plants is fairly small. However, for different fault locations the voltage drop at the
generator terminals differs and hence it is expected that the CCT of the various CHP-
plants differs as well depending on the location of the CHP-plant and the fault location.
The dependence of the CCT on the fault location is also mentioned in [104, 105].
The benchmark network is used to assess the CCT of the CHP-plants for the defined
fault locations. For feeder 1 this is done for radial as well as meshed operation. To
convert Feeder 1 in meshed operation switches S2 and S3 have been closed. Because
a three-phase fault is the most severe disturbance with respect to transient stability of
synchronous generators [75, 77], in the simulations the three-phase fault is considered
only. The results of the simulations are given in table 5.4.

Table 5.4: Critical Clearing Time for the defined fault locations

Radial operation Loop operation
Location tCC T [ms] Critical generator tCC T [ms] Critical generator
F1 145 DG 7 140 DG 7
F2 141 DG 2 & DG 3 134 DG 3
F3 136 DG 1 135 DG 1
F4 146 DG 1 145 DG 1

It can be concluded from table 5.4 for the various fault locations that the CCT is
significantly smaller than the actual fault clearing time. Moreover, it can be observed
that the CCT reduces for the upstream fault locations in case of radial operation but this
ends at fault location F3. This is discussed in more detail by comparing the simulation
results for fault location F3 and F4. For these locations a three-phase fault with a
duration of 135 ms is simulated. As indicated in table 5.4, DG 1 is a critical generator
hence for fault location F3 and F4 the transient behavior of DG 1 is compared. The
results of the simulations are given in the figures 5.8 and 5.9.

From figure 5.8(a) it can be seen that for fault location F4 the terminal voltage
drop of DG 1 is slightly less than for fault location F3. This is determined by the local
available short-circuit power and the distribution of all fault current contributions in
Feeder 1. Therefore, as shown in figure 5.8(b), during the disturbance at fault location
F4 the reduction of active power injected by DG 1 is less than the active power injected
during the disturbance at fault location F3. As a consequence, for fault location F4 the
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(a) Terminal voltage of DG 1 for fault location F3 and F4
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(b) Active power of DG 1 for fault location F3 and F4

Figure 5.8: Transient behavior of DG 1 for fault location F3 and F4

deviation between mechanical and electrical power is smaller than for fault location F3

which directly results in a smaller increase of the rotor speed and rotor angle of DG 1
(figure 5.9(a) & figure 5.9(b)). After fault clearing the voltage starts to recover. Due
to the grid interaction of the synchronous generators this voltage recovery is heavily
delayed for both fault location F3 and F4. However, as can be seen in figure 5.8(a)
the voltage for fault location F4 does recover slightly faster than for fault location F3.
During the voltage recovery the CHP-plants start to inject active power again. Because
the rotor angle has increased the injected active power is larger than the mechanical
power which slows down the rotor of the generator. In figure 5.9(a) the rotor speed
is depicted and it can be seen that directly after fault clearing for fault location F3 the
deceleration of the rotor is slower than for fault location F4. This is a result of the
delayed voltage recovery which limits the injection of active power. After the voltage
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(b) Rotor angle of DG 1 for fault location F3 and F4

Figure 5.9: Transient behavior of DG 1 for fault location F3 and F4

is sufficiently recovered the rotor starts to swing to the steady-state value. It can be
concluded that deeper voltage dips and a slower voltage recovery lead to a smaller
CCT. For radial distribution grids holds that upstream faults cause deeper voltage dips
and hence a smaller CCT as demonstrated in [63]. However this is depending on the
local short-circuit power and the division of the various fault-current contributions. For
some upstream faults this results in an increasing CCT.

5.4.4 Modified protective system

To prevent switching off of a large amount of CHP-plants and at the same time guaran-
tee stable operation of the remaining CHP-plants, faults have to be cleared within the
CCT. The simulations in the previous section have shown that the current protective
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system is too slow to guarantee stability of the CHP-plants after fault clearing. In [71] a
new tripping characteristic and an advanced coordination method is discussed and it is
demonstrated that the average fault clearing time can be reduced. However, it is stated
that this method works well for passive distribution feeders and for distribution feeders
including inverter-connected DG but the method has to be re-examined for DG-units
with a non-neglectable fault current contribution.

Improvement of the fault clearing time can be achieved by adding communication
to the protective system or more drastically by changing the distribution grid operation
from radial to closed loop operation [24, 88]. A drawback of closed loop feeders is
the increase of the short-circuit current and the frequency and severity of voltage dips
increases in comparison with radial operation.

As discussed in section 3.4 for closed loop distribution feeders the protective sys-
tem has to be modified. Figure 5.10 shows an example of two closed loop operated
distribution feeders including the protective system.

Directional protection

A

Rel 3a

Rel 1b

Rel 1a Rel 4a

Rel 4b

B C D

Rel 3b

Rel 2a

Rel 2b

G G G

Communication Channel

Figure 5.10: Example closed loop operated grid including upstream blocking direc-
tional protective scheme

Each line (feeder section) is protected by two directional relays at either side of
the line. To obtain a selective protective system the relays have to be graded with
each other which does not result in a reduction of fault clearing time. The addition
of communication channels can help in reducing the fault clearing time. Here, the
communication channels are applied to convert the protective scheme into an upstream
blocking directional protective scheme. This scheme is also proposed in [60] where it
is applied on a distribution grid including inverter-interfaced DG-units. In figure 5.10
the dotted line shows the communication channel between the relays and the arrow is
pointed to the relay which is blocked by the next downstream directional relay. The
principle of the protective scheme will be explained by assuming a three-phase fault at
line 2 as indicated in figure 5.10. The relay settings are such that during a fault all the
involved relays senses the fault current. In this case the relays Rel1a and Rel2a as well
as Rel2b, Rel3b and Rel4b will sense the fault current. Relay Rel2a will send a blocking
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signal to relay Rel1a and by this blocking signal relay Rel1a is prevented to clear the
fault. At the other side of line 2 relay Rel2b also senses the fault current which results
in a blocking signal and prevention of fault clearing by relay Rel3b. The same principle
holds for relay Rel3b and Rel4b. Due to all the blocking signals only relay Rel2a and Rel2b

are activated and clear the fault. As a back-up protection there are two over-current
relays added in the main substation. Applying this protection scheme to closed loop
operated distribution feeders can lead to fast fault clearing and can guarantee stable
operation of DG-units.

5.4.5 Application of the modified protective system

The modified protective system will be demonstrated with the aid of the benchmark
network. The operation of Feeder 1 is changed and two closed loop operated distri-
bution feeders are created by closing the breakers S2 and S3. Because the feeders are
connected between node 4 and node 8 the upstream blocking scheme is more com-
plicated. In figure 5.11 the direction of the communication channels to the relays is
shown. Because the CHP-plants in adjacent feeders do also contribute to the fault the
relay of the first line section of the healthy feeder has to be blocked by the first relay of
the disturbed feeder in order to prevent unnecessary tripping of a healthy feeder. This
inter-feeder blocking is also indicated in figure 5.11.

84

5

10

11 9 7

6

Directional protection

Communication channel

Figure 5.11: Part of the benchmark network including upstream blocking directional
protective scheme
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To simulate the discussed protection schemes, it is necessary to model the protec-
tion relays. The directional relay is based on a generic directional relay scheme as
discussed in section 3.3.2 which comprises a measurement block, a directional block
and an instantaneous overcurrent block. The complete block diagram is depicted in
figure 5.12.
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Figure 5.12: Block scheme of the directional overcurrent relay model

The measurement block provides the overcurrent block and the directional block
with the correct values of the voltages and the currents obtained from the current and
voltage transformers. The overcurrent block detects an overcurrent and trips when for
a certain time a threshold value is exceeded. The time and threshold value are given by
the relay settings. The overcurrent block also consists of a blocking input which is used
for the upstream blocking protection scheme. When a blocking signal is present a trip
signal of the overcurrent block is suppressed. To study the delay of the communication
system a delay block is added to the blocking input of the overcurrent block.

The directional block detects whether the direction of the power flow belonging to
the fault current is in forward or reverse direction. If the direction is forward an active
forward signal is generated and if the direction is reverse an active reverse signal is
generated. The forward signal of the directional block is used to generate the blocking
signal for the first upstream relay. The blocking signal is active when the directional
block detects the fault in a forward direction.

The directional block also contains a trip signal which is dependent on the relay
settings. If the relay is set in forward direction the trip signal is generated when the fault
is in forward direction. If the fault is in reverse direction the directional block will not
generate a trip signal. Both the trip signals of the directional block and the overcurrent
block are combined in a logical AND-function. This AND-function generates the trip
signal which trips the circuit breaker.
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5.4.6 Relay timing

As can be seen in table 5.4 for both radial and loop operation of distribution feeders the
CCT is relatively low. To ensure proper operation of the modified protective system and
stable operation of the CHP-plants all timing components in the fault clearing process
have to be considered. Relay timing components were defined in chapter 3 and in
this section the timing component of the communication channel is added. Important
timing components of the upstream blocking directional protective scheme are:

• Pickup time of the overcurrent block (Tp,ioc)

• Pickup time of the directional block (Tp,dir )

• Time needed to open the circuit breaker (TC .B.)

• Time needed to transfer the blocking signal (Tblock)

As a consequence, the considered timing components limits the allowable time de-
lay of the overcurrent block. For the maximum allowable time delay, TD, of the over-
current block holds:

TD < CCT − Tp,ioc − TC .B. (5.9)

When TD in equation 5.9 is violated stable operation of the critical CHP-plants cannot
be guaranteed.

The time needed to generate and transfer the blocking signal can be calculated with
equation 5.10 where Tcom,max the maximum time delay of an optical fibre or wired
communication channel is:

Tblock,max = Tcom,max + Tp,dir (5.10)

The blocking signal has to be present before the overcurrent block generates a trip
signal and therefore to obtain selective fault clearing the relay settings have to be in
compliance with equation 5.11.

Tblock,max < TD + Tp,ioc (5.11)

In figure 5.13 equations 5.9 and 5.10 are graphically illustrated in a timing diagram.
A distinction is made between the timing components of the fault clearing process (in
red) and the timing components of the blocking signal transfer (in blue).

With the aid of equations 5.9 and 5.10 the limits of the relay settings of the modified
protective system for the benchmark network can be determined. Relay timing data and
opening time of circuit breakers are usually provided by the manufacturers’ data sheets
and the data used in this thesis is given in table 5.5.

For the assessment of the limits of the protection settings the lowest CCT of the
CHP-plants, given in table 5.4, is applied. Combining the lowest CCT with the data of
table 5.5 leads for TD to a value of 64 ms and for Tblock,max to as value of 45 ms. To be
in compliance with equation 5.11 the delay time TD, is chosen at 50 ms. Because the
modified protective system is applied all the relays can have the same settings which
are chosen at 800A ∼ 50 ms.
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Figure 5.13: Timing diagram of the fault clearing process of the modified protective
system

Table 5.5: Timing data of various timing components

Tp,dir [ms] Tp,ioc [ms] Ta [ms] Tcom,min [ms] Tcom,max [ms]
20 20 50 10 25

5.4.7 Simulation of the modified protective system

The protective system is simulated for faults at all feeder sections shown in figure 5.11.
Per line the faults are simulated at 10%, 50% and 90% of the line length. During the
simulations it can be observed whether the fault is cleared properly and the stability
of the CHP-plants is maintained. For all fault locations it can be concluded that with
the proposed settings the faults are cleared properly within the CCT of the CHP-plants
which stay in stable operation. However, a remark has to be made for faults close to
Node 4 and 8. For faults at Line 4-5, Line 4-11, Line 8-9 or Line 7-8 with the current
protection settings the faults are not cleared in a selective way. This is due to the
tripping order of the relays of each of these lines and for Line 4-5 this will be explained
in more detail. In figure 5.14 a part of the benchmark network is depicted and for a
fault at the middle of Line 4-5 the current distribution of the various sources in the
network is given. The arrows in the relays indicate the direction of operation.

According the upstream blocking scheme of figure 5.11 for the situation in figure
5.14(a) holds that relay Rel11−4 is blocked by relay Rel4−5 and relay Rel4−11 is not
triggered due to the wrong direction of the fault current. When relay Rel4−5 is the
first tripping relay the network is transformed to the situation shown in figure 5.14(b).
Because of the open circuit breaker the direction of some current contributions change
which results in a blocking signal of relay Rel4−11. Now relay Rel5−4 is blocked and a
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Figure 5.14: Effect of tripping order on the fault clearing proces

circuit breaker trip is suppressed. Hence the fault is cleared by the first upstream relay
and selective fault clearing has failed.

This situation can be prevented by delaying the fault clearing time of relay Rel4−5

and relay Rel4−11. In that case, relay Rel5−4 is the first tripping relay and the fault
current distribution will be as indicated in figure 5.15. The delay of the fault clearing
time has to be such that the fault is still cleared within the CCT of the CHP-plants. In
this example for the relays Rel4−5 and Rel4−11 a fault clearing time of 60 ms is proposed.
Relay Rel4−5 is still blocking relay Rel11−4 but because of the delayed trip of relay Rel4−5

the direction of the current contribution does not change and no extra blocking signals
are generated. Shortly after the fault clearing of relay Rel5−4, relay Rel4−5 will generate
a trip signal and trips the circuit breaker which results in a selective fault clearing.

In the previous section the effect of various timing components on the fault clearing
process was discussed. The maximum value of TD was calculated at 64 ms. Exceeding
this value will lead to unstable operation of certain CHP-plants. This is illustrated with
simulation of fault location F2 as shown in figure 5.6 for two different values of TD. The
cases which are simulated, are:

• Case 1: Simulation of fault location F2 with TD set to 50 ms

• Case 2: Simulation of fault location F2 with TD set to 65 ms

For fault location F2 CHP-plant DG 3 is the critical generator as given in table 5.4.
The result of the simulations are depicted in figure 5.16.

In figure 5.16 it can be seen that in case 1 the rotor angle stays within the stability
margin of DG 3 while for case 2 DG 3 becomes unstable. The instability exhibited by
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Figure 5.15: Current distribution after tripping of relay Rel5−4

DG 3 is also known as pole-slip. As expected, further increment of TD leads to serious
unstable behavior of DG 3. The effect of the increment of TD is also noticeable in the
recovery of the terminal voltage of DG 3. For case 2 the voltage recovery is heavily
delayed due to the strong interaction of the generator and the grid during the voltage
recovery. In practice these effects can lead to damage of the CHP-plant and the delayed
voltage recovery can lead to hinder for other customers connected to the distribution
grid. As shown in case 1 these effects can be prevented by choosing a correct value for
TD.

For the modified protective system it is demonstrated that the allowable settings
strongly depends on the CCT of the connected CHP-plants. The results of the simula-
tions on the benchmark network have shown that the protective system is able to clear
the faults within the CCT of the CHP plants. However, for distribution grids with short
feeder length the CCT of the connected CHP-plants is low which makes the proposed
protective system time critical and selectivity problems might occur. In [29] the modi-
fied protective system is applied to a distribution grid with a longer feeder length and a
higher feeder impedance. There it is shown that the CCT of the connected CHP-plants
is significantly longer which results in less dependency on relay timing and communi-
cation delays.

The action of the protective system leads to a disconnection of the faulted feeder
section. Because the distribution grid is operated with closed loop operated feeders
there is no substation outage. The fault clearing is within the CCT of the CHP-plants
hence the CHP-plants stay in stable operation and can be kept connected to the grid.
The application of communication channels in this protective system is an example of
the possibilities to reduce the fault clearing time. Of course the same result can be
reached by applying differential protection however in [60] it is mentioned that this is
more expensive.
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(b) Rotor angle of CHP-plant DG 3

Figure 5.16: Results of the simulation of fault location F2 for two different protection
settings

5.5 Conclusions

In this chapter, the effect of the protective system on the transient stability of CHP-
plants is investigated. This was done by integrating the chosen dynamic model of a
CHP-plant in a benchmark network and the modeling of a protective system. In the
simulations the rotor angle of the CHP-plants was used as a stability indicator by with
the CCT of the CHP-plants were determined.

It is demonstrated that for severe voltage dips the CCT of small CHP-plants is
low. Disturbances in distribution grids with a short feeder length and/or a low feeder
impedance lead to deep voltage dips at almost all busbars. It can be concluded that
protecting these type of distribution grids with overcurrent protection devices with con-
ventional grading, the fault clearing time for all fault locations exceed the CCT of the
small CHP-plants and they become unstable.
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The CHP-plants are equipped with an undervoltage protection and simulations on
a benchmark network have shown that for compact distribution grids, protected with
overcurrent protection, this undervoltage protection is inevitable and prevents instabil-
ity and damage of the CHP-plants by a timely disconnection of them. The disconnection
of the CHP-plants can be prevented by speeding up the fault clearing time of the pro-
tective system.

For the reduction of fault clearing time a modified protective system is proposed.
The protective system is extended with communication channels and the principle of
upstream blocking was applied which has resulted in the desired reduction in fault
clearing time. Therefore, however, it is also necessary to change the distribution grid
from radial operation to loop operation. It has been proven that for loop operated
distribution grids fault clearing within the CCT of the CHP-plants is possible and so
maintaining the stability of the CHP-plants. Because of the small CCT of the CHP-plants
the fault clearing process is time-critical which can be considered as a drawback.

To obtain correct relay settings relay timing components as well as the action time of
the circuit breaker have to be taken into account. Due to the small CCT and the various
timing components the allowable time delay for the overcurrent block is limited. It can
be concluded that violation of the allowable time delay leads to unstable operation of
the CHP-plants. For weaker distribution grids the CCT of integrated CHP-plants is larger
and more room for the time delay of the overcurrent block is available which makes
the fault clearing process less time-critical.

Finally the simulations have shown that when keeping the CHP-plants connected
during and after fault clearing there is a strong dynamical interaction of the CHP-plants
with the distribution grid which causes a delayed voltage recovery. This especially holds
for upstream faults in the distribution grid and has a negative effect on the dynamical
response of the CHP-plants.
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CHAPTER 6

Effect of Fault Ride-Through criteria on distribution grid

dynamics

6.1 Introduction

One of the prerequisites for stable power system operation is the balance between load
and generation. Because large scale storage of electrical power is not available yet all
the consumed power has to be generated almost at the same moment all the time. To
guarantee security of supply the power system is designed such that control schemes
on power plants, to a certain extent, continuously restore the balance or otherwise load
is switched off gradually. The unbalance created by, for instance, the loss of a power
plant needs to be covered by other power plants connected to the power system.

Due to the increasing amount of DG the generated power by these units becomes
more and more important in the total power generation. As discussed in previous
chapters, on the distribution level DG has an effect on the protective system hence in
case of a disturbance immediate disconnection of these units is desirable. However,
to prevent a large unbalance between load and generation DG has to stay connected
during and after a grid disturbance. To achieve this goal grid operators have defined so
called Fault Ride-Through (FRT) criteria.

In this chapter the effect of these FRT criteria on the dynamic behavior of the distri-
bution grid including DG-units is studied. The chapter starts with a general discussion
on the necessity of FRT criteria and an example of such criteria is given. The discon-
nection of DG during transmission grid disturbances is initiated by the undervoltage
protection hence to determine what voltage dips are to be expected at the terminals
of the DG-units a classification of voltage dips is given. Furthermore it is shown how
voltage dips propagate from the transmission grid to the distribution grid which is illus-
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trated with simulations of an existing transmission grid including a significant amount
of CHP-plants. With the aid of this test network it is determined for what transmission
grid disturbance the CHP-plants disconnect.

In the last part of the chapter it is studied what would be the influence of FRT criteria
on the dynamic behavior of the distribution grid. It will be investigated if FRT crite-
ria can prevent the disconnection of CHP-plants during transmission grid disturbances
and what the effect of FRT criteria is during disturbances in the sub-transmission and
distribution grid.

6.2 Fault Ride-Through criteria for DG

The integration of DG into the distribution grid at a low penetration level has been
treated by grid operators as a negative load. Due to the promotion of sustainable energy
systems the number of DG-units, mainly wind turbines, is increasing fast. Therefore the
consideration as negative load does not longer hold. Wind turbines not only increase in
number but also in size which leads to an aggregation of wind turbines into large wind
parks. These wind parks can have the size of a conventional power plant and have to
be treated like that [23, 44, 45].

In the past, grid requirements for wind turbines were focused primarily on the pro-
tection of the turbines themselves and the impact on the power system was not taken
into account and the development of large wind parks led to the notion that this treat-
ment could jeopardize the power system during a major grid disturbance. In [44, 68]
examples are given of the propagation of a voltage dip due to a disturbance in a trans-
mission grid and for both examples it can be concluded that a large number of wind
parks are affected and possibly leads to disconnection of a large number of wind tur-
bines. Currently the European system is designed to withstand a sudden generation loss
of 3000 MW [46]. Disconnection of a large number of wind parks can endanger the
system stability and measures have to be taken to maintain secure system operation.

Prevention of disconnection of a large amount of wind parks can be achieved by
defining Fault Ride-Through (FRT) criteria which define the response of the wind park
at the Point of Common Coupling (PCC) during and after a disturbance in the transmis-
sion grid. This has resulted in numerous FRT criteria by different grid operators.

In general FRT criteria comprise a prescribed response of the generation source for:

1. Frequency support

2. Voltage support

Frequency support consists of injection of an adequate quantity of active power and
voltage support consists of injection of an adequate quantity of reactive power. Both
quantities have to be projected on the capabilities of the generation source. Defining a
set of generic FRT criteria is not likely due to the significant differences between power
systems [54]. For example the UK power system is smaller than the European power
system hence the UK system is more sensitive to major disturbances and requirements
for full power restoration directly after the fault is more onerous than for the European
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case. An overview of the FRT criteria for respectively Great Britain and Germany are
given in [68] and [44, 45] while a comparison between different FRT strategies is
presented in [108].

Up till now the FRT criteria mainly focuses on wind parks connected to the trans-
mission grid however, the number of small DG-units integrated in the distribution grid
is also increasing and utilities start to define FRT criteria for these as well. Most grid
codes prescribe a similar behavior for the DG-units with a synchronous generator and
wind turbines with an induction generator or DC-coupled. In [49] a comparison is
made between the grid support capability of wind parks and conventional power plants
with a synchronous generator. It turns out that there are significant differences in their
dynamical behavior during grid faults. The contribution of the synchronous generator
is completely determined by the generator parameters while the contribution of mod-
ern wind turbines is determined by the fast control of the converters. Because of these
differences the FRT criteria have to be different as well.

An example of different FRT criteria for different types of DG is given in [15]. There,
a distinction is made between type I and type II generators. A type I generator exists if
a synchronous generator is directly (only through the step-up transformer) connected
to the network. All other generating plants are type II generating units. In figure 6.1
for both generator types the borderline of the voltage profile at the PCC are depicted.

The borderlines given in figure 6.1 can be interpreted as the maximum voltage dip
which has to be withstand by the DG-unit without loosing stability. In fact the CCT of
the DG-unit has to be larger than the voltage dip prescribed by figure 6.1. Comparing
figure 6.1(a) and 6.1(b) shows that type II generating plants have to withstand deep
voltage dips for a significantly longer period of time than type I generating plants.

In figure 6.1(b) four zones are indicated and for each zone the allowable reaction
of the DG is defined. In zone 1 and 2 no tripping is allowed, however in zone 2 a
short interruption time of a few hundred milliseconds is possible. In zone 3 a longer
interruption time is allowed but resynchronization of the DG is required within 2 s
[46]. In zone 4 stepwise tripping of the DG is allowed. To support the power system,
during and after the fault the DG has to be able to inject a certain amount of active and
reactive power. In [15] for each zone of figure 6.1(b) the amount of active and reactive
power which has to be injected by the DG is given.

The fast converter control of, for instance, DC-coupled wind turbines makes it pos-
sible to meet the FRT criteria of figure 6.1(b). In figure 5.5 of the previous chapter
the CCT for various sizes of CHP-plants is assessed and projecting the FRT criteria of
figure 6.1(b) on these CCT curves shows that the CHP-plants cannot meet these criteria.
This is however not needed because the CHP-plants are equipped with a synchronous
generator and the FRT criteria of figure 6.1(b) are specially defined for wind turbines
but underlines that due to the different FRT capabilities of the DG-units it is suitable to
define distinct FRT criteria.
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(a) Borderline of the voltage profile at the network connection point
of a type I generating plant
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Figure 6.1: FRT criteria of a type I and type II generating plant [15, 46]

6.3 Classification and propagation of voltage dips

A power system disturbance because of a fault will be accompanied by a voltage dip.
The effect of the voltage dip experienced by the MV-connected DG-unit strongly de-
pends on the location of the fault in the network and the type of fault. Voltage dips
caused by disturbances in the transmission grid will cover a large area while distur-
bances in the low voltage network are hardly noticeable in the local MV-grid [17].
In this section a classification of voltage dips which lead to a disconnection of MV-
connected DG-units will be given. This will be completed with a discussion on dip
propagation of various types of voltage dips. In the next sections the dip propagation
will be studied in an existing transmission grid including distribution grids with CHP-
plants. With the aid of dynamic simulations it will be investigated for what disturbance
in the transmission grid the CHP-plants will be disconnected.
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6.3.1 Voltage dip classification

Voltage dips are characterized by the depth, duration and frequency of occurrence. The
depth of the dip is determined by the fault location, feeder impedance and fault level
while the dip duration is mainly determined by the fault clearing time of the protection
scheme. A more precise definition of a dip and its characteristics can be found in [28].
Severe voltage dips are caused by balanced three-phase faults however, most faults are
unbalanced. These unbalanced faults lead to unbalanced voltage dips.

For the classification of the voltage dips in the literature several approaches are
discussed. In [28] a classification method is presented which classifies the voltage
dips in six categories based on the depth and duration of the dip. This classification
method is especially useful for power quality purposes in medium and low voltage
grids. The classification method used in this thesis is based on the ABC-classification
[18]. Balanced voltage dips can conveniently be described with a simple voltage divider
model as shown in figure 6.2. But, the voltage divider model can also be applied for the
analysis of unbalanced voltage dips if it is split into a normal, inverse and zero-sequence
network [17, 18].

~

Zs ZF

Load

PCC

Source

Figure 6.2: Voltage divider model

Assuming a three-phase fault at the indicated location and a source voltage of 1 pu, for
the voltage at the PCC holds:

Udip =
ZF

Zs + ZF

(6.1)

where Zs the source impedance, ZF the impedance from PCC to the fault location and
Udip the voltage dip at the PCC is. In the ABC-classification a distinction is made be-
tween seven types of three-phase and unbalanced voltage dips. An overview of these
seven dip types including the equations is given in table 6.1. The equations are a result
from the analysis of voltage divider model for unbalanced faults by applying the the-
ory of symmetrical components. A detailed derivation of the equations can be found
in [17]. In table 6.1 a distinction is made between voltage dips experienced by star-
connected loads and voltage dips experienced by delta-connected loads. For a delta-
connected load the zero-sequence component of the voltage dip can be considered as a
common mode signal and this component does not affect the load.
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6.3.2 Voltage dip propagation

The small CHP-plants considered in this thesis are equipped with an undervoltage pro-
tection which disconnects the plant when there is a dip of a certain value and duration
in the line voltage. The dip classification given in the previous section is applied to
find the fault types which lead to a disconnection of the CHP-plants connected to the
distribution grid. In [12, 17] it is demonstrated that the winding configuration of a
transformer has an effect on the propagation of dips. It is sufficient to classify the
transformer winding configuration into three categories to explain the transfer of an
unbalanced voltage dip from one voltage level to another:

1. Transformers that do not change anything to the voltage dip. This holds for a
transformer with a star-star (Ynyn) winding configuration and both star points
grounded

2. Transformers that remove the zero-sequence voltage. Examples of transformers
belonging to this category are transformers with a star-star (Yy), delta-delta (Dd)
or delta-zigzag (Dz) winding configuration. For the transformer with a star-star
winding configuration holds that one or more star points are not grounded

3. Transformers that swap line and phase voltages. This are transformers with a
star-delta (Yd), delta-star (Dy) or a star-zigzag (Yz) winding configuration.

In general the transfer of a voltage dip from the primary to the secondary side of a
transformer can be described with:

Uabc = Λ ·UABC (6.2)

In equation 6.2 UABC is the phase voltage vector [UA UB UC]
T of the primary side of the

transformer while Uabc is the phase voltage vector [Ua Ub Uc]
T at the secondary side of

the transformer. For the transformers in the three categories the following transforma-
tion matrices can be defined [17]:

Λ1 =







1 0 0
0 1 0
0 0 1






(6.3)

Λ2 =
1

3







2 −1 −1
−1 2 −1
−1 −1 2





 (6.4)

Λ3 =
j
p

3







1 −1 0
0 1 −1
−1 0 1





 (6.5)

Matrix Λ1 is the unitary matrix and has to be applied for transformers of the first
category. Matrix Λ2 removes the zero-sequence component and can be used for trans-
formers of the second category while matrix Λ3 transforms the phase voltages into
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line voltages for transformers of the third category. The expected voltage dip at the
secondary side of the transformer for a given voltage dip at the primary side can be
calculated with equation 6.2.

To determine what voltage dip in the transmission grid leads to a dip in the line
voltage in the distribution grid all transformers from the transmission grid to the local
distribution grid have to be taken into account. In figure 6.3 an overview of a generic
connection of a distribution grid to the transmission grid is given. The distribution grid
is connected via a sub-transmission grid to the transmission grid.

Location I

Location II

Location III

Ynyn0d11

Dy5

Distribution grid

Transmission grid

Sub-transmission grid

Figure 6.3: Generic connection principle of the distribution grid to the transmission
grid

For the network of figure 6.3 at the indicated location in the transmission grid vari-
ous fault types are considered and the dip type at different voltage levels are calculated
with equation 6.2 and classified according to table 6.1. The considered fault types are:

1. Three-phase fault

2. Double-phase-to-ground fault

3. Double-phase fault

4. Single-phase-to-ground fault

As shown in table 6.1 for a dip in the phase voltages the dip types of star-connected
loads is applied while for a dip in the line voltages the corresponding dip types for
delta-connected loads is used. The results for the dips in the phase voltages are shown
in table 6.2 and for the line voltages in table 6.3.
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Table 6.1: Classification of dip types [17]

Dip Type Phasors Voltages

Type A
Three-phase

Star/delta-connected load

Ua = U

Ub = −
1

2
U −

1

2
U j
p

3

Uc = −
1

2
U +

1

2
U j
p

3

Type B
Single-phase

Star-connected load

Ua = U

Ub = −
1

2
−

1

2
j
p

3

Uc = −
1

2
+

1

2
j
p

3

Type C
Phase-to-phase

Star-connected load

Ua = 1

Ub = −
1

2
−

1

2
U j
p

3

Uc = −
1

2
+

1

2
U j
p

3

Type D
Phase-to-phase

Delta-connected load

Ua = U

Ub = −
1

2
U −

1

2
j
p

3

Uc = −
1

2
U +

1

2
j
p

3

Type E
Two-phase-to-ground
Star-connected load

Ua = 1

Ub = −
1

2
U −

1

2
U j
p

3

Uc = −
1

2
U +

1

2
U j
p

3

Type F
Two-phase-to-ground
Delta-connected load

Ua = U

Ub = −
1

3
j
p

3−
1

2
U −

1

6
U j
p

3

Uc =
1

3
j
p

3−
1

2
U −

1

6
U j
p

3

Type G
Two-phase-to-ground

Ua =
2

3
+

1

3
U

Ub = −
1

3
−

1

6
U −

1

2
U j
p

3

Uc = −
1

3
−

1

6
U +

1

2
U j
p

3
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Table 6.2: Dip propagation for phase voltages

Fault type Measurement location
I II III

Three-phase A A A
Two-phase-to-ground E G F
Two-phase C C D
Single-phase-to-ground B D C

Table 6.3: Dip propagation for line voltages

Fault type Measurement location
I II III

Three-phase A A A
Two-phase-to-ground F F G
Two-phase D D C
Single-phase-to-ground C C D

Comparing the results of table 6.2 and 6.3 it can be seen that a certain dip type
in the phase voltage leads to another dip type in the line voltage. Furthermore it can
be concluded that three-phase voltage dips propagate unaltered through the different
transformer winding configuration. Unbalanced multi-phase faults cause dips in the
line voltage which also propagates to the local distribution grid. The dip type of the
phase voltages caused by a single-phase-to-ground fault in the transmission grid is con-
verted to type D due to the tertiary delta-winding of the transformer (blocking of the
zero-sequence component [17]) and converted to type C due to the Dy-winding con-
figuration. For a single-phase-to-ground fault in the transmission grid the dip type of
the line voltages is C and due to the transformer winding configuration converted to
D (see table 6.3). Hence in general for the configuration shown in figure 6.3 it can be
concluded that all examined fault types in the transmission grid lead to a dip in the
line voltage in the local distribution grid. The impact of the dip in the distribution grid
depends on the feeder impedance and the neutral treatment of the transformers.

6.4 Test network

6.4.1 Transmission grid

For this part of the research a part of the existing transmission grid of the province of
Zuid Holland in the Netherlands is used. An overview of the transmission grid is given
in figure 6.4.
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Figure 6.4: Transmission grid of the province of Zuid Holland in the Netherlands

The transmission grid consists of a 150 kV HV-grid and is connected to the national
380 kV transmission EHV-grid at three locations. Large power plants are connected to
the transmission grid. From the 150 kV nodes the sub-transmission grids are connected
via three winding transformers. In each substation the neutral points of at least one
transformer is solidly grounded at the HV-side.

6.4.2 Sub-transmission and distribution grid

As discussed earlier voltage dips which cause disconnection of CHP-plants originate
from grid disturbances at different voltage levels. Therefore, the sub-transmission grid
and the distribution grid of the area of interest are modeled as well. In this thesis an
existing distribution grid structure is considered built in a horticultural area where a lot
of CHP-plants are connected. An overview of the distribution grid is depicted in figure
6.5.

The considered distribution grid consists of a 10 kV MV-grid which is connected to
a 25 kV (IV) sub-transmission grid. The sub-transmission grid is via 150/25 kV trans-
formers connected to substation Sub 23 of the 150 kV transmission grid shown in figure
6.4. At the 25 kV side all 150/25 kV transformers are grounded via a resistor of 10 Ω.
The 10 kV distribution grid is operated with radial feeders where the CHP-plants are
connected to and the neutral point are left isolated. The details of the complete dis-
tribution grid connected to substation 28 are given in appendix B. The distribution
grids connected to substations 27, 30 and 31 have a similar layout as the distribution
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Figure 6.5: Overview of the sub-transmission and distribution grid in a horticultural
area

grid connected to substation 28 however, the number of CHP-plants and the total load-
ing of these grids differ. The data of the load and generation of the distribution grids
connected to substation 27, 28, 30 and 31 is given in table 6.4.

Table 6.4: Load and generation data of the distribution grid of figure 6.5

Number of units S [MVA]
Load 1 – 93.5
Load 2 – 26.8
Load 3 – 16
Load 4 – 38.6
Load 5 – 29.6
CHP 1 21 42.7
CHP 2 4 4.95
CHP 3 18 34.7

6.5 Effect of transmission grid faults on the disconnec-

tion of CHP-plants

The voltage dip propagation study of section 6.3 has shown that balanced as well as
unbalanced faults in the transmission grid lead to a voltage dip in the line voltage of the
distribution grid. What the impact of the voltage dip is on the stability of the CHP-plants
or if the dip will cause disconnection of the CHP-plants is determined by the depth and
duration of the voltage dip. The test networks will be used to determine what voltage
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dips are to be expected at the terminals of the CHP-plants and how many CHP-plants
are disconnected due to transmission grid disturbances.

6.5.1 Voltage dip profiles

A voltage dip analysis gives an overview of what voltage dip is to be expected, from
what origin the dip is coming and with what frequency the dip will occur. The voltage
dip frequency is related to the failure rate of the components in the system [17]. Based
on statistics of the Netherlands for the failure rate of HV-lines and MV-cables respec-
tively a value of 0.54 [times per annum/100 km] and 1.02 [times per annum/100 km]
is used and incorporated in the data set.

The voltage dip analysis begins with a simulation of various faults at all relevant
busbars. It starts with the selected busbar and proceeds to neighboring busbars until
the voltage at the selected busbar does not drop below a certain threshold which is
be set at 0.95 p.u. The voltage dip assessment continues with fault calculation at the
middle of all relevant lines and cables. During the simulation all values of the remaining
voltages are stored and the frequency of the voltage dips is determined with the aid of
the failure frequency of the various components. With the aid of the results of the
voltage dip analysis, the failure frequency and fault type distribution, various voltage
dip profiles can be constructed. In the voltage dip profile the depth of dip, frequency of
occurrence and its origin is shown.

This procedure is illustrated with the calculation of the voltage dip profile of busbar
28 in the distribution grid of figure 6.5, excluding the CHP-plants. For the fault type
distribution the figures shown in table 6.5 are used. The obtained voltage dip profile is
shown in figure 6.6.

Table 6.5: Overview of the distribution of fault types of HV OH-lines and MV-cables
Component 3-phase 2-phase 2-phase-to-ground 1-phase-to-ground
HV OH-line 15% 5% 10% 70%
MV-cable 20% – – 80%

In figures 6.6(a) it can be seen that most voltage dips are caused by disturbances
in the HV transmission system. This is because of the meshed grid structure of the
transmission system as well as the longer length of the HV-lines and cables. The MV-
grid is operated radial and the feeder length is relatively short in comparison with the
length of the HV-lines and cables. However, the most severe voltage drops are caused
by disturbances in the local MV-grid.

6.5.2 Effect of CHP-plants on the voltage dip profile

In [17] it is stated that the dip magnitude is mitigated by local connected generators.
This holds for faults in the local MV-grids as well as for dips due to faults in the rest of
the system. During such faults the CHP-plants keep up the voltage at its local bus by
feeding into the fault. This is illustrated with the calculation of the voltage dip profile
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Figure 6.6: Voltage dip profile of busbar 28 excluding the CHP-plants

of busbar 28 in the distribution grid of figure 6.5, now including the CHP-plants. The
voltage dip profile for the case including the CHP-plants is depicted in figure 6.7. In this
figure the expected voltage dips including the origin of the voltage dip is given. When
comparing figure 6.6(a) and 6.7(a) it can be concluded that due to the contribution
of the CHP-plants the number of deep dips has decreased and transformed to more
shallow dips.

Besides the origin of the voltage dip the type of fault causing the voltage dip is also
of importance. The voltage dip profile of figures 6.6(a) and 6.7(a) are transformed to a
dip profile with the distribution of fault types. These profiles are shown in figure 6.6(b)
and 6.7(b). When comparing these figures it can be seen that the dips with magni-
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Figure 6.7: Voltage dip profile of busbar 28 including CHP-plants

tude < 0.8 p.u. are mainly caused by three-phase and single-phase-to-ground faults.
Comparing the share of dips originating from the transmission system and the num-
ber of single-phase-to-ground faults, it can be concluded that single-phase-to-ground
faults in the transmission system also causes dips in the line voltage at medium voltage
level. This is due to the transformer connections and the solid grounding of the HV/IV
transformers at the HV-side as mentioned in section 6.3.

6.5.3 Voltage dip duration

In general the duration of the voltage dip is determined by the fault clearing time of the
protection scheme. The fault clearing time is strongly related with the type of applied
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protection. The transmission system considered in this paper is protected by distance
and differential protection. The differential protection scheme has a clearing time of
90-120 ms. That also stands for the distance protection when the fault is cleared in
zone 1. In this thesis only faults cleared in zone 1 are considered.

To check the assumptions of the fault clearing time of voltage dips originating from
the 380 and 150 kV grids, in figure 6.8 a scatter plot of measured voltage dips is shown.
This plot is based on ten year historical data of a fault recording database where all
voltage dips at substation Sub 3 are registered. The voltage dips are measured at a
voltage level of 25 kV. In the plot it can be seen that transmission grid faults are cleared
in a time period of 90-120 ms. Voltage dips of the sub-transmission grid are also shown,
however the duration of the dips strongly depend on the fault clearing time of the local
protection scheme. Because of the meshed structure of the transmission grid the same
kind of voltage dip measurements can be expected at substation Sub 23.
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Figure 6.8: Measurements of the depth and duration of voltage dips at 25 kV side of
substation Sub 3

6.5.4 Simulation of the test network

The voltage dip profiles shown above indicate that most severe dips are caused by
transmission grid disturbances. As discussed in [44] transmission grid faults can create
voltage dips which are noticeable in a wide area. To determine what voltage dip and
what fault location leads to a disconnection of CHP-plants, a categorization of dips
related to the fault location is made.

The amount of CHP-plants which will be disconnected during a fault in the transmis-
sion system is assessed with a short-circuit current analysis of the test network discussed
in section 6.4. This analysis starts with the determination of areas in the transmission
grid where faults can lead to a disconnection of the CHP-plants of substation Sub 23.
Therefore for all lines and busses in the transmission system, symmetrical as well as
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asymmetrical short-circuits are simulated. For the lines the location of the short-circuit
is set to 50% of the total line-length. During the simulation busbar voltages of all
substations are stored. To present the results the fault cases are grouped in three cate-
gories:

1. 0 < USub 23 < 0.6 p.u.

2. 0.6 p.u. < USub 23 < 0.7 p.u.

3. 0.7 p.u. < USub 23 < 0.8 p.u.

Each category contains the fault cases for which the busbar voltages of substation
Sub 23 fall between the limits of the appropriate category. In figure 6.9 and 6.10 the
defined categories are indicated as areas wherein disturbances lead to a voltage dip of
substation Sub 23 as given in the category. Figure 6.9 holds for three-phase, double-
phase and double-phase-to-ground faults while figure 6.10 holds for single-phase-to-
ground faults.

Sub 1Sub 2

Sub 3 Sub 4 Sub 5

Sub 6

Sub 7 Sub 8 Sub 9

Sub 10

Sub 11

Sub 12

Sub 13

Sub 14

Sub 15

Sub 16

Sub 17

Sub 18

Sub 20

Sub 22 Sub 23 Sub 24

Sub 25
Sub 21

G

G

G

G

G

150 kV

380 kV

Sub 26

Sub 19

0<Usub23<0,6 p.u. 0,6<Usub23<0,7 p.u. 0,7<Usub23<0,8 p.u.

Figure 6.9: Overview of areas wherein multi-phase faults lead to a certain voltage dip
at substation Sub 23

Comparing figure 6.9 and 6.10 it can be seen that there is only a limited area where
a single-phase-to-ground fault leads to a significant voltage drop at substation Sub 23.
The effect of a single-phase-to-ground fault is determined by the neutral grounding and
the values of the zero-sequence impedance. The effect of the zero-sequence impedance
results in a common-mode component in the phase voltages hence a single-phase-to-
ground fault has only a small effect on the line voltages [17].
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Figure 6.10: Overview of areas wherein single-phase-to ground faults lead to a certain
voltage dip at substation Sub 23

For the fault cases of the defined categories dynamic simulations are carried out. In
the model all CHP-plants are equipped with an undervoltage protection which is set at a
pick-up voltage of 0,8 p.u. and a clearing time of 100 ms. The simulated fault types are
three-phase, double-phase-to-ground and single-phase-to-ground faults in the middle
of the lines and have a duration of 100 ms. In figure 6.11 per fault case the percentage
disconnected CHP-plants is given.

In figure 6.11(a) it can be concluded that for three-phase faults in the transmission
system leading to a voltage dip below 0,6 p.u., at Sub 23 all CHP-plants disconnect.
For all fault cases the accompanying voltage dip is sufficient to trigger the undervoltage
protection. For a double-phase-to-ground fault the voltage dip in the distribution grid is
less severe as in the case of the three-phase fault hence less CHP-plants are switched off.
In figure 6.11(b) and 6.11(c) it can be seen that the number of disconnected CHP-plants
reduces. In figure 6.11(b) a double-phase-to-ground fault leads to a disconnection of
CHP-plants for only a limited number of cases. Shallow voltage dips between 0,7 and
0,8 p.u. caused by a double-phase-to-ground fault do not lead to a disconnection of
CHP-plants at all.

In figure 6.12 the results for a single-phase-to-ground fault are given. As can also
be seen in figure 6.10 there are only a limited number of fault cases which lead to
disconnection of CHP-plants hence for all defined categories in figure 6.12 the results
for single-phase-to-ground faults are combined. In comparison with the multi-phase
faults the number of disconnection in case of single-phase-to-ground faults is restricted.
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Figure 6.11: Overview of the percentage of disconnected CHP-plants for the three de-
fined categories of voltage dips at Sub 23

6.5.5 Consequences for the distribution grid

In the previous section the total number of disconnected CHP-plants due to transmission
grid faults is determined and it is shown that for a specific area in the transmission
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Figure 6.12: Overview of the percentage of disconnected CHP-plants for single phase-
to-ground faults in the transmission grid

system faults can lead to a disconnection of all CHP-plants connected to the distribution
grid. Because the CHP-plants are embedded into the distribution network the CHP-
plants supply the local connected load. In case of the test network the generated power
is exceeding the total load of the distribution grid and the surplus is exported towards
the sub-transmission grid. For the test network in particular the disconnection of all
CHP-plants result in a total loss of 82 MW of locally generated power which has now to
be supplied from the transmission grid.

To study the effect of large power swings on the voltages and currents in the local
distribution grids a three-phase fault on transmission line (18) is simulated. The results
of the simulation are shown in figure 6.13. In the steady-state situation the distribution
grid is exporting 26 MW towards the sub-transmission grid. At t=0 s the fault is applied
and removed after 100 ms. In figure 6.13(a) it can be seen that after 100 ms the
CHP-plants are disconnected by the undervoltage protection and the direction of the
active power flow reverses. After reaching the new steady-state the distribution grid is
importing 48 MW.

In figure 6.13(b) the voltage of busbar 28 and 30 is shown. In the steady-state
case the voltage starts with a value of 1 p.u. During the fault it can be noticed that
the CHP-plants try to keep the voltage at the nominal value and due to the declining
short-circuit current contribution during the fault the busbar voltages start to drop.
After fault clearing the voltage recovers to a new steady-state value, however because
of the disconnection of CHP-plants the busbar voltages are lower than before the fault.
The voltage drop due to the disconnection of CHP-plants is approximately 2% which is
acceptable and will be corrected by tap-changing the transformers.

With respect to transmission grid faults the disconnection of CHP-plants can be pre-
vented by changing the settings of the undervoltage protection. As shown in figure 6.8
the average clearing time of transmission grid faults is approximately 90–120 ms, hence
changing the settings of the undervoltage protection from 0.8 p.u.–100 ms to 0.8 p.u.–
200 ms can prevent disconnection during transmission grid disturbances. Figure 6.7(a)
indicated that transmission grid faults cause voltage dips which are normally lower
than 0.6 p.u. and according to figure 5.5 for a voltage dip of 0.6 p.u. the CCT of the
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(a) Active power swing of a 150/25 kV transformer of substation Sub 23
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Figure 6.13: Simulation results of a three-phase fault of transmission line (18) includ-
ing disconnection of CHP-plants

CHP-plants is larger than 200 ms. Hence it is to be expected that during transmission
grid disturbances the CHP-plants stay connected and stay in stable operation.

To confirm this expectation the previous simulation is repeated but now with the
modified settings of the undervoltage protection. The simulation results are depicted
in figure 6.14 and it can be concluded that the CHP-plants stay connected during and
after the disturbance. However, the dynamic interaction of the distribution grid and the
CHP-plants completely differs from the previous case. As can be seen in figure 6.14(a)
this simulation shows a large power swing on the transformer in substation Sub 23.
This power swing is caused by the rotor swing of all CHP-plants.

As explained earlier, during the voltage dip the rotor of all CHP-plants starts to
accelerate. After fault clearing, due to the acceleration of the rotor the CHP-plants
inject more active power than in the steady-state situation which results in a significant
amount of active power exported towards the sub-transmission grid. The rotor swing of
all CHP-plants damps to the steady-state value and hence also the active power swing
on the transformer of substation Sub 23 as shown in figure 6.14(a).
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(a) Active power swing on a 150/25 kV transformer of substation Sub 23
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Figure 6.14: Simulation results of a three-phase fault of transmission line (18) exclud-
ing disconnection of CHP-plants

The busbar voltage of busbar 28 and busbar 30 is depicted in figure 6.14(b) where
it can be seen that this active power swing also has an effect on the voltage restoration.
Due to the dynamical interaction of the synchronous generator with the distribution
grid the voltage recovery is delayed. Besides that, the active power swing results in
a ripple of the busbar voltage with approximately the same frequency. Together with
the effect of the voltage controllers after 500 ms the active power swing causes an
overvoltage of 4% which is acceptable. When the active power swing damps the ripple
in the voltage damps as well and the overvoltage returns to the steady-state value.

For the test network, it can be concluded that a sudden disconnection of CHP-plants
does not cause significant problems in the distribution grid where they are connected
to. Due to the short feeder length of the distribution networks and the high fault level,
the voltage drop caused by the disconnection of CHP-plants is limited and stays within
acceptable limits. This voltage deviation can be solved with a tap-changing of the
transformers.
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Keeping the CHP-plants connected during and after a transmission line fault gives
a complete different response. But also in this case the voltages stay within acceptable
limits and the rotor swings as well as the active power swing return to the steady-state
value again. However, small overvoltages do occur and the active power swing can
cause voltage flicker. Because these phenomena manifest themselves for a short period
of time the nuisance for connected customers stays limited.

Whether the CHP-plants have to stay connected or not depends on the fault ride-
through criteria and the total inertia of the central power plants and large wind farms
connected to the transmission grid. The necessity of keeping the CHP-plants connected
during and after transmission grid disturbances has to be determined in a study consid-
ering the whole power system including all large power plants and wind parks.

6.6 Impact of fault ride-through on distribution grid op-

eration

As demonstrated in the previous section, disconnection of CHP-plants during transmis-
sion grid faults can be prevented with a proper setting of the undervoltage protec-
tion. It is shown that setting the undervoltage protection of the CHP-plants at 0.8 p.u.–
200 ms prevents disconnection of CHP-plants for most transmission grid faults cleared
in 100 ms. Grid operators have defined FRT criteria with the intention to keep DG-units
connected to the grid during disturbances in the transmission grid. An example of FRT
criteria is given in [15] and shown graphically in figure 6.1. The criteria for a type I
generating plant are repeated here for convenience and depicted in figure 6.15. In this
figure it can be seen that the settings found in section 6.5 are covered by the borderline
and it is not expected that transmission grid faults lead to disconnection of CHP-plants
when this borderline is applied in the undervoltage protection.

0 150 700 1500 3000

100%

70%

45%

15%

Time in ms

U/Uc

0%

Figure 6.15: Borderline of the voltage profile at the network connection point of a type
I generating plant

Incorporating the borderline of figure 6.15 has also an effect in the response of the
CHP-plants during sub-transmission and distribution grid disturbances. In this section
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the impact of FRT criteria on the distribution grid dynamics will be studied. Therefore
the FRT criteria of [15] are taken as an example and incorporated in the test network
defined in this chapter.

6.6.1 Evaluation of sub-transmission and distribution grid faults

The sub-transmission and distribution grid considered in this section is part of the test
network discussed in section 6.4. This part of the network is, including the considered
fault locations, shown in figure 6.16. According to figures 6.6 and 6.7 deep voltage
dips in the distribution grid are caused by three-phase faults in the sub-transmission
and distribution grid. For the indicated fault locations three-phase faults are simulated
here.

G

G
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Sub 28

Sub 29

Sub 30
Sub 31

Load 1

Load 2

Load 3 Load 4

CHP 1

CHP 2 CHP 3

Load 5

1
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Figure 6.16: Overview of the sub-transmission and distribution grid including consid-
ered fault locations

Figure 6.15 shows that voltage dips with a remaining voltage smaller than 0.7 p.u.
allow disconnection of type I generating units after 150 ms. As discussed in chapter
5 for deep voltage dips the CCT of the CHP-plants is fairly low and to check if the
CHP-plants stay in stable operation for the indicated fault locations, the CCT of the
CHP-plants is determined. For the considered fault locations the CCT is more or less
the same and approximately 120 ms. This can be explained by considering the CCT
of the CHP-plants shown in figure 5.5. For deep voltage dips the CCT-curves are very
steep which means that for ∆Udip of 0.1 p.u. the ∆tCCT is smaller than 0.1 s. The
considered sub-transmission and distribution grid consist of feeders with a short feeder
length which results for all fault locations in deep voltage dips at the terminals of the
CHP-plants. Therefore the CCT for the considered fault locations does not differ much.

As indicated in figure 6.15 for voltage dips smaller than 0.7 p.u. the CHP-plants may
be disconnected after 150 ms. However, the average CCT for the indicated fault loca-
tions is approximately 120 ms which means that instable operation of the CHP-plants
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can be expected when the borderline of the voltage profile is incorporated in the un-
dervoltage protection. This presumption is checked with dynamic simulations and it is
found that the CHP-plants become unstable for a fault duration 120 ms < tc < 150 ms.

For the fault locations indicated in figure 6.16 three-phase faults with a duration
of 100 ms are simulated. This fault duration is within the CCT of the CHP-plants and
within the settings of the undervoltage protection. However, the simulation results
show that the CHP-plants disconnect due delayed voltage recovery caused by the grid
interaction of the synchronous machines. A summary of the results are given in table
6.6.

Table 6.6: Overview of disconnected CHP-plants for several fault locations
Fault location 1 Fault location 2 Fault location 3

Grid of Sub 28 All None All
Grid of Sub 30 All All None

The simulation results show that severe faults in the sub-transmission grid, such as
three-phase and two-phase-to-ground faults, lead to disconnection of all CHP-plants
connected to the distribution grid of Sub 28 and Sub 30. Severe faults in the distri-
bution grid of Sub 28 or Sub 30 only cause disconnection of CHP-plants which are
connected to the disturbed distribution grid. In this example the fault duration was
100 ms which is within the settings of the undervoltage protection although the CHP-
plants disconnect due to the delayed voltage recovery by which the settings of the
undervoltage protection are exceeded and a trip command is generated. This delayed
voltage recovery is explained in more detail in the next sections.

The test network considered is an existing network and the sub-transmission grid
is protected with overcurrent protection devices which are set at an operation time of
300 ms hence for these faults disconnection of CHP-plants is expected anyhow. The
distribution grids are also protected with overcurrent protection devices and due to
selectivity reasons the operation time must be larger than 300 ms which results in a
disconnection of CHP-plants as well.

6.6.2 Conditions to prevent disconnection of CHP-plants

The simulation results of the previous paragraph show that the CHP-plants are discon-
nected even when the fault duration is smaller than 150 ms. To investigate what the
effect is of keeping the CHP-plants connected during sub-transmission and distribution
grid faults, the undervoltage protection is disabled and dynamic simulations of a three-
phase fault at fault location 1 and 2 are performed. During the simulations the fault
duration is set at 120 ms which is for both locations within the CCT of the CHP-plants.
In figure 6.17 the active power swing on the transformers in substation Sub 23 is shown.

For fault location 1 during the fault the active power flow on the transformers be-
comes zero. Because of the propagated voltage dip to the distribution grids of substa-
tion Sub 28 and Sub 30 the rotor of the CHP-plants connected to these grids starts to
accelerate. After fault clearing a rotor oscillation starts which results in a large active



6.6. Impact of fault ride-through on distribution grid operation 129

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−60

−40

−20

0

20

40

60

80

100

120

Time [s]

A
ct

iv
e

p
ow

er
[M

W
]

 

 

Fault location 1 without undervoltage protection

Fault location 2 without undervoltage protection 

Fault location 2 with undervoltage protection

Figure 6.17: Overview of active power swing on the transformer in Sub 23

power swing on the transformers of substation Sub 23. The rotor swings are damped
and so the active power swing on the transformers.

The same simulation is repeated for fault location 2. Now the disturbance is in
a local distribution grid hence the experienced voltage dip in other distribution grids
which are connected to the same sub-transmission grid is limited [17]. As a result
the acceleration of the rotor of the CHP-plants of the non-disturbed distribution grid is
limited as well which reduces the active power swing through the transformer as can
be seen in figure 6.17. Also for this case the active power swing on the transformers is
damped.

The simulation of fault location 2 is also done with the undervoltage protection
enabled. The fault is cleared after 120 ms and in figure 6.17 it can be seen that initially
the active power swing is the same as in the previous case, however after 150 ms the
CHP-plants of substation Sub 30 are disconnected which causes a sudden decrease of
the active power swing. The remaining power oscillation is caused by the rotor swing
of the CHP-plants connected to the non-disturbed distribution grid. Finally the active
power swing damps to a new value which differs from the initial value due to the partly
disconnection of CHP-plants.

In figure 6.18 the voltage restoration of substations Sub 26 and Sub 30 for the fault
locations 1 and 2 are depicted. For the voltage of substation Sub 26, which is shown
in figure 6.18(a) it can be seen that for fault location 1 the voltage drops to zero and
after fault clearing the voltage starts to recover and a significant delay in the voltage
recovery can be noticed. The voltage of substation Sub 30 shows the same delay in
voltage recovery as can be seen in figure 6.18(b). Because of the delayed voltage
recovery the settings of the undervoltage protection are violated and the CHP-plants
are disconnected.
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(a) Voltage restoration of Sub 26
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Figure 6.18: Voltage restoration of Sub 26 and Sub 30 for various fault locations

For fault location 2 the voltage recovery shows the same behavior but is less severe
because the experienced dip in the non-disturbed distribution grid is limited and hence
the dynamic reaction of the CHP-plants connected to this grid is limited. This can be
seen in figure 6.18 where the voltage recovery is faster than for fault location 1. How-
ever, when the undervoltage protections are enabled the CHP-plants are disconnected
which directly affects the voltage recovery as shown in figure 6.18. After the discon-
nection of the CHP-plants it can be seen that the voltage directly starts to rise and the
voltage transient is limited.

As discussed in this section the CHP-plants are disconnected because of the delayed
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voltage recovery. When the fault is cleared faster and the limits of the undervoltage
protection are not exceeded and disconnection of the CHP-plants is prevented. With
the test network for the defined fault locations it is determined in what time the faults
have to be cleared to prevent disconnection of the CHP-plants because of the slow
voltage recovery. The results are, together with the CCT for the defined fault locations,
shown in table 6.7.

Table 6.7: CCT and minimum clearing time to prevent disconnection of CHP-plants
CCT [ms] Tc,max [ms]

Fault location 1 122 87
Fault location 2 123 88
Fault location 3 125 90

The time available to clear the fault without disconnection of CHP-plants is ex-
tremely low. As demonstrated in chapter 5, for fast fault clearing the traditional over-
current protective system has to be modified with communication channels. Even then
there is a minimum time needed to sense the fault and trip the circuit breaker. With re-
spect to the minimum clearing time given in table 6.7 this fault clearing time can hardly
be achieved. Hence for sub-transmission and distribution grid faults the CHP-plants will
be disconnected unless the recovery of the voltage can be improved.

6.7 CHP-plant dynamics during fault ride-through

As discussed in the previous section, keeping the CHP-plants connected during a fault
leads to a delayed voltage recovery. In this section the interaction of the CHP-plant
with the distribution grid will be investigated in more detail and the delayed voltage
recovery will be explained.

6.7.1 Effect of the synchronous machine on voltage recovery

The basic principle of a synchronous machine is well known and discussed in many
textbooks [57, 75, 77]. For convenience the general principle of the synchronous ma-
chine is repeated here in order to discuss the effect on voltage recovery. In figure 6.19
a schematic diagram of a three-phase synchronous machine is shown.

The machine consists of a three-phase armature winding and a rotor including a
rotor winding which is excited by a DC-source. The rotor is also equipped with two
damper windings which are incorporated in d and q-axis of the model of the syn-
chronous machine. The excitation of the rotor causes a rotor flux which couples with
the armature windings. The rotation of the rotor causes a changing flux in the three-
phase armature winding and a three-phase voltage is generated. When the machine
is loaded currents will flow in the three-phases of the armature winding. These cur-
rents will generate a rotating flux which is coupled with the rotor and in steady-state
operation at the same speed as the rotor.
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Figure 6.19: Schematic diagram of a three-phase synchronous machine

To do dynamic simulations a mathematical model of the synchronous machine has
to be defined. A convenient way to describe the synchronous machine mathematically
is using the d-q reference frame which is based on Park’s transformation [75]. The
definition of the d and q-axis used in the model is shown in figure 6.19.

The result of the Park transformation is a decomposition of the stator and rotor
fluxes into a d and q-axis component which leads to flux linkages of the stator and
rotor via constant inductances. In the d-q reference frame this leads to the following
stator voltage equations:

ud =
dΨd

d t
−ωr ·Ψq − Ra · id (6.6)

uq =
dΨq

d t
+ωr ·Ψd − Ra · iq (6.7)

u0 =
dΨ0

d t
− Ra · i0 (6.8)

These equations have a form similar to those of a static coil, except for theωrΨq and
the ωrΨd terms. These terms appear because of the transformation from a stationary
reference frame to the rotating d-q reference frame. TheωrΨq and theωrΨd terms are
referred to as speed voltages which are caused due to flux changes in space while the
dΨd

dt
and

dΨq

dt
terms are referred as transformer voltages which are caused due to flux

changes in time. The speed voltages are the dominant components of the stator voltage
[75].

For a synchronous machine at no-load id and iq are zero as well as the dΨd

dt
and

dΨq

dt
terms and the internal flux is the rotor flux only which is completely aligned with

the d-axis. Hence, as can be seen in the equations (6.6) and (6.7) the internal voltage
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generated by this flux lags the d-axis with 90◦ and is generated in the q-axis direction.
When the synchronous machine is loaded the angle δ is increasing and the internal flux
has to be decomposed on the d and q-axis and these fluxes generate a voltage in the q
and d-axis.

For a full description of the electrical dynamic performance of a synchronous ma-
chine the rotor circuit has to be modeled as well. The voltage equations of the rotor
circuit including two damper windings are:

e f d =
dΨ f d

d t
+ R f d · i f d (6.9)

0 =
dΨkd

d t
+ Rkd · ikd (6.10)

0 =
dΨkq

d t
+ Rkq · ikq (6.11)

The description of the synchronous machine is completed with the equations of
motion which are based on the swing equation as given in equation (5.1). In the model
of the synchronous machine this equation is written as:

dωr

d t
=

1

2H
(Tm − Te) (6.12)

dδ

d t
= ωr (6.13)

The stator voltage equations (6.6) and (6.7), the rotor equations (6.9)–(6.11) and the
equations of motion (6.12) and (6.13) give an accurate description of the dynamic
behavior of the synchronous machine and is known as the 7th order model.

For the representation of the synchronous machine in stability studies a simplifi-
cation of the model is required to reduce the computation effort. The simplification
can be done by neglecting the stator transients which are represented in equation (6.6)

and (6.7) by the dΨd

dt
and

dΨq

dt
terms. As a result the stator voltage equations appear as

algebraic equations:

ud = −ωr ·Ψq − R · id (6.14)

uq = ωr ·Ψd − R · iq (6.15)

Neglecting the stator transients is acceptable when the effect of speed variation on
the stator voltages can be ignored. This means that it is assumed that speed changes of
the rotor are small and do not have a significant effect on the voltage. These simplifi-
cations reduce the 7th order model to a 5th order model. The model available in the
PowerFactory software is also based on these simplifications as described in appendix
D.
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6.7.2 Synchronous machine voltages and fluxes during and after a

disturbance

To explain the behavior of the synchronous machine during a short-circuit a simulation
of fault location 1 in the test network of figure 6.16 is performed. At t=0s the fault starts
and lasts for 100 ms. In figure 6.20 the reactive power exchange of the synchronous
generator during and after the fault is given.
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Figure 6.20: Reactive power exchange of a CHP-plant during a fault at location 1 with
a duration of 100 ms

During the fault the synchronous machine contributes to the short-circuit current
and this current contribution is lagging the voltage with 90◦. Hence the contribution of
the synchronous machine is represented by the large peak in reactive power production.
After clearing the fault for a short period of time the synchronous machine starts to
consume reactive power which causes the delayed voltage recovery.

In figure 6.21 the coupling between the rotor winding and the d-axis armature coil
is represented [77].

Mfd

LdLfEf

Rfif id

Figure 6.21: Coupling between the rotor winding and the d-axis armature coil

The rotor flux linkage can be written as:

Ψ f d = L f d i f d +Md f d id (6.16)
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where L f d is the self-inductance of the rotor winding and Md f d the mutual inductance
between the two windings. This circuit can be further analyzed with the theorem of
constant flux linkage which is based on the principle of energy conservation. This
theorem states that the magnetic flux linking a couple of windings cannot change in-
stantaneously since the stored energy in the magnetic field, which is proportional to the
flux linkage, cannot change instantaneously. Hence Ψ f d will remain constant immedi-
ately following any change in i f d or id and the internal transient generator voltage in
the q-axis E′

q
will also remain constant at the first instant [77]. However, as the rotor

winding has a resistance greater than zero this will allow some of the stored magnetic
energy to be dissipated and the winding flux to change. In [77] and [11] the following
equation in the Laplace domain is derived for the change in E′

q
:

∆E′
q
=

1

1+τ′
d0s
∆E f d(s)−

K

1+ τ′
d0s
∆I(s) (6.17)

where K is a constant, E f d the excitation voltage, I the armature current and τ′
d0 the

transient open circuit time constant. As can be seen, a change in the rotor winding flux
linkage, and hence a change in E′

q
, can be produced by either a change in excitation

voltage or a change in the armature current. The rate at which the changes occur is
determined by the transient time constant. This effect is known as armature reaction.

During a fault in the grid a voltage dip occurs. For the simulation performed the ter-
minal voltage as well as the voltage components ud and uq of the synchronous machine
are depicted in figure 6.22. In this figure it can be seen that the terminal voltage drops
during the disturbance which also holds for the voltages ud and uq. For the value of
the terminal voltage of the synchronous machine model used in this research equation
(6.14) and (6.15) hold. These equations show that a drop in terminal voltage forces a
change in the internal fluxes Ψd and Ψq as well. The internal fluxes Ψd and Ψq and the
currents id and iq are shown in figure 6.23.

According to equation (6.14) the flux in the d-axis generates a voltage in the q-axis
and vice versa. This can also be seen in figure 6.22 and 6.23 where it is shown that the
voltage in the d-axis reacts on the flux changes in the q-axis and the voltage in the q-
axis reacts on the flux changes in the d-axis. Because of the short-circuit contribution of
the generator the flux in the d-axis almost completely damps which causes a significant
drop of the voltage in the q-axis. This means that the internal machine voltages, which
are related to the fluxes Ψd and Ψq, drop as well. After fault clearing the terminal
voltage starts to recover and the voltage difference between the terminal voltage and
the internal machine voltages cause the consumption of reactive power which is used
to restore the fluxes Ψd and Ψq to the initial value.

6.7.3 Rotor fluxes and the effect of the AVR

The CHP-plants are equipped with an Automatic Voltage Regulator (AVR) which con-
trols the terminal voltage by controlling the excitation voltage. Due to the voltage drop
during the fault the AVR starts to increase the excitation voltage in order to bring the
terminal voltage back to the reference value. According to equation (6.17) increasing
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(a) Terminal voltage of a synchronous machine in the d-q reference frame
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(b) Terminal voltage of a synchronous machine

Figure 6.22: Internal and terminal voltages of a synchronous machine during a distur-
bance at fault location 1

E f d will increase E′
q

however, the large armature current, I, will counteract this effect
which also affects E′

q
. In figure 6.24 the excitation flux and the excitation voltage are

depicted.

Directly after the appearance of the fault the excitation voltage starts to rise how-
ever, the excitation flux decreases. Because of the time constant of the rotor winding
the AVR is not fast enough to keep the excitation flux constant. At the moment the
synchronous machine stops to consume reactive power the steady-state voltages and
fluxes are reached, however then the change in excitation voltage becomes noticeable.
Now the synchronous machine is overexcited and starts to export reactive power as can
be seen in figure 6.20. Moreover, it can be seen in the terminal voltage of the machine,
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(a) Internal machine flux in the d-q reference frame
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(b) d and q-axis current in the d-q reference frame

Figure 6.23: Internal machine flux and d and q-axis currents of a synchronous machine
during a fault at location 1

shown in figure 6.22 which starts to rise as well as in the excitation flux of figure 6.24.
Finally the AVR controls the excitation voltage to the initial value and all quantities
return to the steady-state value.

It is not explicitly mentioned that some of the transients in the shown quantities
are also caused by the changing rotor angle. After the disturbance the rotor start to
swing and causes an active power swing which affects the currents id and iq and thus
the fluxes Ψd and Ψq.
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(a) Excitation flux of a synchronous machine
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(b) Excitation voltage of a synchronous machine

Figure 6.24: Excitation flux and voltages of a synchronous machine during a distur-
bance at fault location 1

6.7.4 Consequences of the reactive power consumption

In figure 6.20 it can be seen that the consumed reactive power is relatively low and
for a short period of time. Normally this amount of reactive power consumption does
not lead to any problems in the distribution grid. However, to the distribution grid in
horticultural areas there are multiple CHP-plants connected which all show the same
behavior. Hence the total amount of consumed reactive power can increase signifi-
cantly. This is evaluated by overlooking the connection of the test network of figure
6.16 to the transmission grid. This is simplified depicted in figure 6.25.

All results given in this section are determined for fault location 1 hence the total
amount of consumed reactive power is also determined for this busbar. In figure 6.26(a)
the reactive power exchange on transformer T1 during and after the fault is shown. In
the simulation software power directed to a node is indicated with a negative sign and
power from a node with a positive sign.
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Figure 6.25: Connection of the test network to the transmission grid

In steady-state operation the distribution grids are consuming some reactive power.
During the fault the busbar voltage drops and the injected reactive power becomes zero.
After removing the fault all CHP-plants start to consume reactive power which leads to
a large reactive power injection from the transmission grid to the distribution grids. For
the voltage drop along a transmission line holds:

∆U =
P · R+Q · X

U
(6.18)

where P is the transported active power, Q the transported reactive power, R the line
resistance and X the line reactance. When X ≫ R the voltage drop along a transmission
line can be approximated by:

∆U t
Q · X

U
(6.19)

For the coupling of distribution grids to the transmission grid, as shown in figure
6.25, it can be stated that the total reactance of the coupling will be much larger than
the total resistance. This is mainly because of the large reactance of the transformers.
Therefore equation (6.19) can be applied to illustrate the effect of the reactive power
consumption of the CHP-plants.

In figure 6.26(b) the simulation results of the busbar voltages of substations Sub
23, Sub 26 and Sub 30 are given for fault location 1. It can be seen that the voltage of
Sub 23 is hardly affected while the voltages of Sub 28 and Sub 30 in the first instance
are supported a bit by the contribution of the CHP-plants. The fault location is at the
busbar in Sub 26 and this busbar voltage drops to zero. During the voltage recovery
the CHP-plants start consuming reactive power and due to the large reactance of the
transformer the voltage recovery is delayed. For Sub 26 the delay in voltage recovery
is caused by transformer T1 only. However, Sub 28 and Sub 30 are connected also via
transformer T2 and T3 which increase for Sub 30 the total reactance to X tot = XT1+XT2

and for Sub 28 to X tot = XT1 + XT3. As a result the voltage recovery is extra delayed
because of the reactance of these transformers as shown in figure 6.26(b). As indicated
earlier this delay in voltage recovery can lead to a disconnection of all CHP-plants.
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(a) Reactive power exchange on transformer T1
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Figure 6.26: Effect of reactive power consumption by the CHP-plants on the voltage
recovery

6.8 Conclusions

In this chapter the effect of fault ride-through criteria on the dynamic behavior of dis-
tribution grids including CHP-plants is investigated. It was found that, in general, DG-
units are disconnected during a voltage dip of a certain depth and duration. Therefore
a classification of all possible dip types is derived and it can be concluded that all pos-
sible dip types in the transmission and sub-transmission grid lead to a dip in the line
voltage in the distribution grid. However the effect might be different, which is mainly
caused by the blocking of the zero-sequence component of various transformer winding
configurations.

With the aid of a test system it is determined what number of CHP-plants will be
disconnected during a disturbance in the transmission system. It was demonstrated
that the CHP-plants support the voltage during a voltage dip. In the transmission sys-
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tem areas were indicated where disturbances lead to a disconnection of all CHP-plants,
a partly disconnection of CHP-plants or hardly disconnection of CHP-plants. It can be
concluded that especially three-phase and two-phase-to-ground faults lead to a discon-
nection of CHP-plants. For single-phase-to-ground faults the area in the transmission
grid where this fault type leads to a disconnection of CHP-plants is significantly smaller.

Based on the critical clearing time of the CHP-plant and the average clearing time
of transmission grid faults it is shown that transmission grid faults can be overcome by
the CHP-plants without becoming unstable. With the current settings of the undervolt-
age protection the disconnection of the CHP-plants leads locally to a reversal of active
power. However, the voltage deviation due to the disconnection of the CHP-plants is
limited and can be corrected with the tap changer of the HV/MV-transformers.

The application of fault ride-through criteria prevents disconnection of the CHP-
plants. Moreover, it is demonstrated that the dynamic behavior of all CHP-plants leads
to a large active power swing on the HV/MV-transformers which also can be noticed in
the busbar voltage.

In this research the German fault ride-through criteria were taken as a reference and
it is shown that for disturbances in the sub-transmission and distribution grids of the
test grid all CHP-plants disconnect. It can be concluded that for sub-transmission and
distribution grids with a short feeder length faults in these grids lead to deep voltage
dips and hence to a small critical clearing time of the CHP-plants. Going through these
voltage dips asks for an extreme fast fault clearing which is not possible with the current
protective system. Even with a modified protective system fault clearing within the
critical clearing time of the CHP-plants is cumbersome. Moreover, for sub-transmission
and distribution grid faults, keeping the CHP-plants connected the voltage recovery
is delayed and as a consequence the fault ride-through criteria are exceeded and the
CHP-plants are disconnected anyhow.

Simulations on the test network have shown that after the fault clearing the CHP-
plants start to consume reactive power. This reactive power is supplied by the trans-
mission grid and, because of the large transformer reactance, causes a delayed voltage
recovery. During the voltage dip in the synchronous machine flux damping effects oc-
cur which is counteracted by the automatic voltage regulator. However, because of the
time constant of the rotor winding the effect of the automatic voltage regulator is too
slow to prevent reactive power consumption.
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CHAPTER 7

STATCOM application for voltage recovery improvement

7.1 Introduction

Fault ride-through criteria are mainly defined to prevent disconnection of large wind
parks and central power plants during disturbances in the transmission grid. However,
for DG-units connected to the MV-grid FRT criteria are introduced as well. In chapter
6 the German FRT criteria for MV connected DG-units were applied on CHP-plants.
One of the consequences of keeping CHP-plants connected during a voltage dip was the
reactive power consumption of the synchronous machine directly after the dip which
results in a delayed voltage recovery and even though a disconnection due to the viola-
tion of the FRT criteria. The necessary reactive power has to be supplied from remote
locations which has a strong effect on the voltage recovery in the local distribution grid.
In this chapter it will be studied if local sources of reactive power can be integrated in
the local distribution grids and what effect this has on the voltage recovery of the local
distribution grid and the dynamic behavior of the CHP-plants.

Candidates for a controllable source of reactive power are the STATic synchronous
COMpensator or STATCOM and the Static Var Compensator or SVC. These are shunt-
connected reactive power compensation devices that are capable of generating and/or
absorbing reactive power [81]. The SVC is based on thyristor switched capacitors (TSC)
and thyristor switched reactors (TCR) and can be seen as a controllable shunt suscep-
tance [89]. The STATCOM is based on a voltage source converter and can be considered
as a controllable voltage source. Since the SVC is based on passive components, the re-
active current is proportional to the network voltage hence for deep voltage dips the
effect of the SVC is limited [84, 121]. In comparison, for deep voltage dips the STAT-
COM is still able to inject a significant amount of reactive power and therefore in this
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chapter the STATCOM is selected to show the proof of concept of local reactive power
injection to improve the transient voltage recovery.

The STATCOM can have many applications such as control of busbar voltage, re-
active power flow compensation or an improvement of the transient voltage behavior
[89]. For example in [97] a STATCOM application is described to mitigate the heavy
stress on the power system during summertime. In this application the STATCOM acts
as a fast voltage controller during critical situations in the power system. If the STAT-
COM is fed from an energy source or an energy-storage device, the STATCOM is able to
independently control active as well as reactive power. The STATCOM considered here
is for reactive power compensation purposes only.

Because the STATCOM offers the possibility of fast voltage control this device can
also be used to improve the FRT behavior of DG. Two examples of this application of the
STATCOM are given in [9] and [84]. In these references it is demonstrated that the CCT
of the fixed speed wind turbines is increased by the local reactive power injection of the
STATCOM as well as the transient voltage behavior. As a result the wind parks comply
with the local FRT criteria because of the STATCOM application. Here this principle is
adopted and applied to local distribution grids to study if the voltage recovery during
sub-transmission and distribution grid faults can be improved and disconnection of
CHP-plants can be prevented.

7.2 STATCOM principle

A STATCOM can be compared with an ideal synchronous machine with no inertia. The
synchronous machine generates a set of three-phase voltages and injects active power
by creating a phase difference of the internal machine voltage and the grid voltage and
exchanges reactive power by changing the amplitude of the internal machine voltage.
The STATCOM consists of a Voltage Source Converter (VSC) which generates from a
given DC-voltage a set of three-phase voltages and is connected to the grid via a re-
actance. In figure 7.1 the STATCOM principle diagram, the equivalent circuit and the
power exchange are depicted.

When the STATCOM supplies or absorbs reactive power the DC-capacitor acts as a
source and provides a circulating-current path [81]. The magnitude of the capacitor
is chosen such that the DC voltage across the capacitor is fairly constant. The general
principle of operation of the STATCOM can also be explained with the aid of figure
7.1(b). There an AC-source USTAT is depicted which is connected via a reactance XT to
the grid which can be considered as an AC-source Ugrid . By changing the amplitude of
USTAT with respect of Ugrid the current through the coupling reactance can be controlled
and hence the reactive power exchange with the grid. The value of USTAT determines if
the STATCOM supplies or absorbs reactive power. This means that for USTAT > Ugrid the
STATCOM injects reactive power and for USTAT < Ugrid the STATCOM absorbs reactive
power. For USTAT = Ugrid the reactive power exchange becomes zero and the STATCOM
is in a floating state [81]. These modes of operation are shown in figure 7.1(c).
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Figure 7.1: (a) STATCOM single-line diagram, (b) STATCOM equivalent circuit, (c)
STATCOM reactive power exchange

7.3 STATCOM modeling

7.3.1 Voltage Source Converter

An important part of the STATCOM is the Voltage Source Converter (VSC). This con-
verter is based on a well known three-phase inverter circuit equipped with power elec-
tronic switches which can be turned on and off. Examples of these switches are the insu-
lated Gated Bipolar Transistor (IGBT) and the GTO thyristor. In figure 7.2 an overview
of the inverter circuit is depicted.

UA

UB

UC

S1 S2 S3

S6S5S4

XT

XT

XT

UDC

Figure 7.2: Three-phase inverter circuit
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With this circuit it is possible to construct a three-phase AC-voltage system out of the
DC-voltage by controlling the switches S1 − S6. Therefore, the switches have to be
opened and closed in such a way that the fundamental frequency component of the
switching pattern approximates a sinusoidal waveform as close as possible. This can be
obtained with Pulse-Width-Modulation (PWM) switching schemes which is explained in
full detail in [83]. The PWM scheme discussed in this section is based on a sinusoidal
control signal. This control signal can be considered as a reference signal which is
compared with a triangular waveform to determine the switching duty ratios. This is
shown graphically in figure 7.3. In this figure the control signals and the PWM output
voltage for phase A are shown. Also the fundamental frequency component of the
output voltage, UA1, is given which is obtained after filtering the PWM signal.
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Figure 7.3: Overview of the control signals for sinusoidal PWM including output voltage

With these two signals the amplitude modulation index can be defined:

M =
Ûcont rol

Ût ri

(7.1)

In equation 7.1 Ûcont rol is the peak amplitude of the control signal and Ût ri the ampli-
tude of the triangular waveform. For M ≤ 1 the VSC is in lineair operation and for the
fundamental frequency component of the output line voltage can be written:

UL =

p
3M · UDC

2
p

2
≈ 0.612M · UDC (7.2)

The RMS-model of the VSC used in the simulation software is based on a DC-voltage
controlled AC-voltage source according equation 7.2 and is completed with the follow-
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ing active power conservation between the AC and DC-side:

PAC =ℜ(UAC · I∗AC
) = UDC · IDC = PDC (7.3)

Equation 7.3 holds for a lossless converter. The most important losses are switching
losses which can be approximately modeled with a resistor, Rl at the DC-terminals of the
converter. Grid-connected PWM-converters are connected to the AC-system through a
reactance and in this model the coupling impedance R f + jX f is included. The reactance
jX f acts as coupling reactance while the series resistance R f can be used to model
the load losses. The PWM-converter model used in the simulation software including
switching losses, series reactance and load losses is depicted in figure 7.4.

UDC

UA,STAT

UB,STAT

UC,STAT

Rl

Xf Rf

Figure 7.4: PWM-converter, based on a DC-voltage controlled AC-voltage source in-
cluding switching and load losses

A more elaborate discussion on STATCOM control and the controllers which are applied
in the STATCOM model can be found in appendix E.

7.4 Simulation results

In section 6.6 simulations have shown that for sub-transmission and distribution grid
faults of a duration of 100 ms in the test network all CHP-plants were disconnected by
the undervoltage protection. It was also explained that the disconnection was initiated
by the delayed voltage restoration after the disturbance was cleared. In this section the
STATCOM is applied to study if the voltage restoration will improve and what the effect
of the STATCOM is on the CCT of the CHP-plants.

The test network of figure 6.16 is modified and at Sub 28 and Sub 30 STATCOMs
are connected. The location of the STATCOMs is schematically shown in figure 7.5. The
size of the STATCOMs is 50 Mvar each and they are modeled as discussed in previous
section of this chapter.

7.4.1 STATCOM effect during sub-transmission faults

The effect of the STATCOMs on the voltage recovery during faults in the sub-transmission
grid is evaluated by the simulation of a three-phase fault at fault location 1. This simu-
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Figure 7.5: Overview of the modified test network

lation was also performed in section 6.6 where it was shown that the voltage recovery
is delayed due to the large reactive power exchange during and after the disturbance.

To demonstrate the effect of the STATCOMs the simulations are performed including
and excluding the STATCOMs. The fault duration is equal to the fault duration of
section 6.6 and is set to 100 ms. In figure 7.6 the reactive power exchange of Sub 28
and Sub 30 during and after the fault is given.

In steady state both substations take reactive power. With the integration of the
STATCOMs this reactive power is provided locally in such a way that the reactive power
exchange through the transformers is controlled to zero. During the fault the CHP-
plants contribute to the total fault current which can be seen in figure 7.6 by the large
peak in reactive power. After 100 ms the fault is cleared and the CHP-plants start to
consume reactive power which results in a reversal of the reactive power flow. The
consumption of reactive power lasts for approximately 500 ms. After that, a small
effect of the voltage controllers of the CHP-plants is still noticeable and the reactive
power exchange slowly reaches the steady-state value. This reasoning holds for the
situation without the STATCOMs and for both substations.

For the situation including the STATCOMs it can be noticed that the contribution
to the fault current has increased. During the fault the STATCOMs try to keep up the
voltage and inject some reactive power. This in combination with the contribution of
the CHP-plants causes the increase in short-circuit current contribution. After the fault
clearing the STATCOMs react with a very fast injection of reactive power. The reactive
power injection of both STATCOMs during and after the fault is depicted in figure 7.7.
Because most of the reactive power is now provided locally the reactive power exchange
with the sub-transmission grid is limited and for a shorter period of time.

The reason for integrating the STATCOMs is the improvement of the voltage recov-
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(a) Reactive power exchange of Sub 30
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(b) Reactive power exchange of Sub 28

Figure 7.6: Reactive power exchange of Sub 28 and Sub 30 for fault location 1

ery after a disturbance. In figure 7.9 the voltage of Sub 28 and Sub 30 is given. In
these figures the effect of the STATCOMs can be clearly seen. Due to the local reactive
power injection for both substations the voltage restoration has improved significantly.
However, due to the faster voltage recovery the consumed reactive power of the CHP-
plants has increased. This results in an increase of the total consumed reactive power
of the distribution grids. For Sub 28 this is shown in figure 7.8. Because of this in-
creased reactive power exchange there is still a net import of reactive power from the
sub-transmission grid as indicated in figure 7.6.

Due to the connection of the STATCOMs it can be noticed that the depth of the
voltage dip during the fault is influenced. After the disturbance the voltage reaches the
steady state much earlier than in the case without the STATCOMs. The overshoot in the
voltage for the case without the STATCOMs is caused by the voltage controllers of the
CHP-plants. Controlling the busbar voltage by the STATCOMs prevents this overshoot
because the STATCOMs consume the extra reactive power generated by the overexcited
CHP-plants as can be seen in figure 7.7.
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Figure 7.7: Reactive power exchange of STATCOM 1 and 2
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Figure 7.8: Effect of the STATCOMs on the total consumed reactive power of Sub 28

7.4.2 STATCOM effect during distribution grid faults

The effect of the STATCOMs is also evaluated for distribution grid faults. Therefore a
three-phase fault with a duration of 100 ms at fault location 2 is simulated and the
reaction of the STATCOMs is studied.

In figure 7.10 the reactive power exchange at Sub 28 and Sub 30 is depicted. The
control of the STATCOMs is such that in steady state the reactive power exchange be-
tween the sub-transmission and the distribution grids is zero. During the disturbance
the sub-transmission grid contributes to the short-circuit, but as can be seen in figure
7.10(a) this cannot be observed in a change in reactive power because the voltage at
the fault location is zero. Figure 7.10(b) shows the reactive power exchange of Sub 28
and it can be noticed that the CHP-plants of Sub 28 contribute to the disturbance. More-
over, for the case including the STATCOMs this contribution is significantly increased.
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(a) Voltage restoration of Sub 30
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(b) Voltage restoration of Sub 28

Figure 7.9: Voltage restoration of Sub 28 and Sub 30 for fault location 1

After fault clearing, the distribution grid of Sub 30 starts to consume reactive power
however, also for this case the STATCOMs locally inject reactive power which limits the
reactive power import of Sub 30. STATCOM 1 of Sub 28 controls the local voltage by
injecting reactive power which results in a reactive power export directly after the fault
is cleared.

In figure 7.11 the injected reactive power by the STATCOMs is depicted. Because
now the disturbance is in a local distribution grid the behavior of the STATCOMs differ
with respect to that of fault location 1. During the disturbance STATCOM 1 has a
significant contribution while the contribution of STATCOM 2 is limited because of the
severe voltage drop at the fault location. The voltage restoration at Sub 28 and Sub
30 is shown in figure 7.12. After clearing the disturbance STATCOM 2 injects a large
amount of reactive power to restore the voltage of Sub 30. For Sub 28 the voltage dip
is more shallow and after the voltage dip STATCOM 1 only injects reactive power for
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(a) Reactive power exchange of Sub 30
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(b) Reactive power exchange of Sub 28

Figure 7.10: Reactive power exchange of Sub 28 and Sub 30 for fault location 2

a short time period. As can be seen in figure 7.12 the voltage restoration of Sub 28
is much faster than that of Sub 30. When the results are compared for the situation
without STATCOMs it can be concluded that also for this fault location the application
of the STATCOMs have improved the voltage restoration significantly.

7.4.3 Effect on CHP-plant dynamics

In this paragraph it is studied what effect the improved voltage recovery has on the
dynamic behavior of the CHP-plants. Therefore the three-phase fault at fault location 2
is taken as a reference.

In figure 7.13 the active power output and rotor angle of a CHP-plant connected to
the distribution grid of Sub 30 is depicted. During the disturbance the balance between
mechanical and electrical power is disturbed and the rotor starts to accelerate which
results in an increment of the rotor angle.
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Figure 7.11: Reactive power exchange of STATCOM 1 and 2
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(a) Voltage restoration of Sub 30
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(b) Voltage restoration of Sub 28

Figure 7.12: Voltage restoration at Sub 28 and Sub 30 for fault location 2
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(a) Active power of a CHP-plant

0 0.5 1 1.5 2 2.5 3
20

30

40

50

60

70

80

90

100

110

120

Time [s]

R
ot

or
an

gl
e

[D
eg

]

 

 

No control

STATCOM control

(b) Rotor angle of a CHP-plant

Figure 7.13: Active power output and rotor angle of a CHP-plant of Sub 30 during a
three-phase fault at fault location 2

In this simulation the STATCOMs are improving the voltage recovery, however as
can be seen in figure 7.13, the electromechanical dynamics of the synchronous ma-
chine are also affected. The fast voltage recovery after fault clearing leads to a larger
output of active power which slows down the rotor more than for the case without the
STATCOMs. As shown in figure 7.13(b) this results in a smaller rotor swing than the
rotor swing for the case without the STATCOMs. Consequently, due to the improved
voltage restoration the rotor reaches the steady state a bit faster.

In chapter 6 it was shown that the applied FRT criteria lead to a disconnection of
CHP-plants during a 100 ms disturbance at the defined fault locations. It was concluded
that the disconnection of CHP-plants was caused by the delayed voltage recovery. In this
section this analysis is repeated for the same FRT criteria and the same fault locations
and duration but now including the STATCOMs. The results of this analysis are shown
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in table 7.1 and it can be concluded that none of the CHP-plants disconnect after a
three-phase fault of 100 ms at the indicated locations.

Table 7.1: Overview of disconnected CHP-plants for several fault locations
Fault location 1 Fault location 2 Fault location 3

Sub 28 None None None
Sub 30 None None None

The simulation results have shown that the active power output after a disturbance
increases due to the faster voltage recovery which results in a smaller amplitude of
the rotor angle swing as depicted in figure 7.13. Hence it can be presumed that the
improved voltage recovery also has an effect on the CCT of the CHP-plants. Therefore,
for the defined fault locations the CCT of the CHP-plants is assessed but now including
the STATCOMs. The results are given in table 7.2 and for convenience the results of
chapter 6 are repeated. It can be concluded that the STATCOMs increase the CCT of the
CHP-plants with 25% for faults in the sub-transmission grid. For distribution grid faults
this effect is limited to approximately 7% for fault location 2 and 5% for fault location
3.

Table 7.2: CCT and minimum clearing time to prevent disconnection of CHP-plants
Incl. STATCOM Excl. STATCOM

CCT [ms] Tc,max [ms] CCT [ms] Tc,max [ms]
Fault location 1 140 112 122 87
Fault location 2 132 120 123 88
Fault location 3 131 123 125 90

In chapter 6 it was demonstrated that for voltage dips smaller than 0.7 p.u. with a
duration up to 150 ms the CHP-plants disconnect due to the delayed voltage recovery.
Hence the maximum allowable fault clearing time without disconnected of CHP-plants,
Tc,max , was determined for the defined fault locations. This has indicated to a very short
fault clearing time which is hardly achievable for a protective system. The maximum
allowable fault clearing time is also determined for the case including the STATCOMs
and the results are presented in table 7.2 also.

It can be concluded that the STATCOMs increase the maximum clearing time for
sub-transmission faults with 28% and for the both fault locations in the distribution
grid with 36%. However, this allowable clearing time is still low and disconnection of
CHP-plants after a disturbance in the sub-transmission and distribution grid can only
prevented with a sufficient fast protective system including fast protective relays and
circuit breakers.
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7.5 Conclusions

This chapter, improvement of the voltage recovery after a disturbance in the sub-
transmission or distribution grid with the aid of local injection of reactive power was
studied. As a reactive power source the STATCOM was chosen and a model of the
STATCOM including its controllers is integrated in the test network. The effect of the
STATCOM on voltage recovery and CCT is evaluated with dynamic simulations of a
three-phase fault at the earlier defined fault locations.

It can be concluded that the delayed voltage recovery due to the large reactive
power consumption of the CHP-plants can be mitigated significantly by providing the
needed reactive power locally. The STATCOM alleviates the voltage recovery and for
upstream faults also the depth of the dip. For all studied fault locations this has resulted
in no disconnection of CHP-plants for a three-phase fault of 100 ms.

It is also demonstrated that the improved voltage recovery has a positive effect
on the maximum amplitude of the rotor angle swing. Due to the improved voltage
recovery this amplitude is reduced and the CHP-plants are reaching the steady state
faster. Because of the reduction of the amplitude of the rotor angle swing the stability
margin of the CHP-plants has increased which leads to an increment of the CCT as well.

It is shown that for the prevention of disconnection of CHP-plants the allowable fault
clearing time has been improved with the application of the STATCOM. However, the
allowable fault clearing time is still limited and only achievable with a fast protective
system including sophisticated relays and circuit breakers.



CHAPTER 8

Conclusions and future work

8.1 Conclusions

The main goal of this research is to investigate the effect of distributed generation on
distribution grid protection and to analyze the consequences of fault ride-through cri-
teria. This is achieved by the simulation of various transmission and distribution grids
including numerous CHP-plants where the behavior of CHP-plants as well as the protec-
tive systems are modeled in full detail. In this chapter the main results and conclusions
of the research are presented.

Protection of distribution grids including DG

Distribution grid protection is mainly based on discrimination between load and fault
current to detect an abnormality in the distribution grid. For passive distribution grids
the discrimination between load and fault current works well, however the implemen-
tation of DG in distribution grids can affect the grid contribution to the fault current sig-
nificantly. Especially DG-units with a synchronous generator have a strong effect on the
grid contribution to the fault current and it can be concluded that the rate in which the
grid contribution is influenced mainly is determined by the feeder impedance, size and
location of the DG and the local short-circuit power. Because the impedance per unit
length of a medium voltage overhead line is larger than that of a comparable medium
voltage cable the DG has a stronger effect on the grid contribution in distribution grids
consisting of overhead lines.

In distribution grids with underground cables the possible protection problems caused
by DG are blinding of protection or false tripping. Blinding of protection is more likely
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in weaker distribution grids. It is demonstrated that, due to short feeder length, high
fault levels and the low impedance of medium voltage cables, in Dutch distribution
grids including DG blinding of protection does not occur. However, in Dutch distribu-
tion grids false tripping can occur because of the same reason. This especially holds for
faults close to the substation.

A measure to prevent interference of DG to the protective system is immediate dis-
connection of DG by an undervoltage protection relay. For weaker systems it can be
concluded that this improves the detection of fault currents however, for some distur-
bances fault detection is still cumbersome and delayed fault clearing occurs. To clear
also these faults the protective system has to be modified by adding an extra protec-
tion device, favorably after the connection point of the DG-unit. For Dutch distribution
grids the application of an undervoltage protection to disconnect the DG-units leads for
local faults to a disconnection of all connected DG. In these grids disconnection of DG
is not necessary to prevent protection problems because for almost all cases protection
problems can be prevented with a proper setting of the protection devices.

Effect of grid protection on transient stability of DG

The concept of critical clearing time as a measure for transient stability of CHP-plants
can be used in the evaluation of the effect of the protective system on the transient
stability of the CHP-plants. For distribution grids which are protected by overcurrent
protection devices with conventional grading the critical clearing time of the CHP-plants
will be exceeded for almost all possible faults in the sub-transmission and distribution
grid. From stability point of view during grid disturbances the CHP-plants have to be
disconnected and an undervoltage protection is necessary to prevent damage to the
CHP-plants.

To keep the CHP-plants although connected to the grid without violating the stabil-
ity limits, faults have to be cleared within the critical clearing time. The fault clearing
time can be reduced without losing selectivity by applying communication channels be-
tween the subsequent protection devices. Furthermore it is demonstrated that changing
the operation of the distribution grid from radial operation to loop operation faults can
be cleared sufficient fast without disconnection of the CHP-plants. Because local distri-
bution grid faults cause deep voltage dips the critical clearing time of the CHP-plants
is low and the fault clearing process is time-critical. Therefore the fault clearing time
has to be low as well and to obtain proper relay settings the relay timing components
as well as the action time of the circuit breaker have to be regarded carefully.

Consequences of fault ride-through criteria

The consequence of the current settings of the undervoltage protection of the CHP-
plants is that for transmission grid disturbances all or a large part of the CHP-plants
disconnect. Because of the fast fault clearing of transmission grid faults, for these
disturbances the disconnection of CHP-plants can be prevented with proper settings of
the undervoltage protection without a violation of the stability limit of the CHP-plants.
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Disconnection of CHP-plants for disturbances in the transmission grid is also pre-
vented when the German fault ride-through criteria are applied. However, for dis-
turbances in the sub-transmission and distribution grids the fault clearing time of the
current protective system is too long and the fault ride-through settings are exceeded
which leads to a disconnection of the CHP-plants. Reducing the fault clearing time to a
value just below the critical clearing time and within the fault ride-through criteria still
leads to a disconnection of the CHP-plants. This disconnection is caused by a delayed
voltage recovery by which the fault ride-through settings get violated.

Measures to improve the voltage recovery

After fault clearing the voltage starts to recover and the CHP-plants start to consume
reactive power for a small period of time. For a single CHP-plant the consumption of
reactive power is hardly noticeable in the voltage recovery but for a distribution grid
including numerous CHP-plants connected to it this effect cannot be neglected anymore.
As a result, the voltage recovery is delayed and which causes a disconnection of the
CHP-plants even when the fault is cleared within the limits of the fault ride-through
criteria.

A measure to improve the voltage recovery is the integration of a reactive power
source in the local distribution grid. Integration of a STATCOM in a distribution grid
alleviates the voltage recovery and for upstream faults also the depth of the dip. It is
shown that for a three-phase fault of 100 ms the improved voltage recovery prevents
disconnection of CHP-plant. Moreover, the improved voltage recovery also reduces the
amplitude of the rotor angle swing which increases the stability margin as well as the
CCT of the CHP-plants.

Disconnection of CHP-plants

In general simulation of the test networks has shown that disconnection of a significant
part of the CHP-plants due to transmission, sub-transmission or distribution grid faults
does not cause a large voltage deviation which exceeds the allowable voltage limits.
The voltage deviation due to the disconnection of the CHP-plants is such that this can
be corrected easily by the tap changers of the transformers. Taking into account the
measures which has to be taken to keep the CHP-plants connected during and after
disturbances in the sub-transmission and distribution grid, for the current penetration
level of DG it might be acceptable to disconnect the CHP-plants. In future ’smart’ dis-
tribution grids disconnection of DG has to be prevented in order to guarantee security
of supply. This means that in a smart distribution grid new types of protective systems
have to be incorporated which are sufficiently fast and make use of all available data
and an appropriate ICT-infrastructure.
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8.2 Thesis contribution

In this section an overview of the main contributions of this research are given.

• Derivation of practical equations to determine the impact of DG on the fault cur-
rent and protective system at the grid design stage. With these equations it is
possible to calculate the grid contribution to the total short-circuit current for the
worst case generator location. With this result the settings of current protective
systems can be evaluated and it can be assessed if the protective system is still
able to detect the short-circuit current after the integration of the DG-unit

• Description of an overview of possible protective problems expected in Dutch dis-
tribution grids including DG. Based on the classification of protection problems
given in this thesis it is determined that in Dutch distribution grids including DG
the expected protection problems are blinding of protection and false tripping.
It is demonstrated that blinding of protection will not occur but false tripping is
likely for faults near the substation. It is also demonstrated that the undervolt-
age protection of the DG-unit disconnects this unit before the protection in the
substation sends a trip signal which in practice prevents false tripping

• Proposal for a modified protective system including a changed distribution grid
operation to minimize the disconnected amount of DG. It is shown that the inte-
gration of communication channels in the protective system can reduce the fault
clearing time in such a way that the fault can be cleared within the stability limits
of the CHP-plants. Also it is demonstrated that when changing the distribution
grid operation from radial to loop operation the faulted line segments can be
disconnected without disconnection of the CHP-plants

• Analysis of the grid interaction of the synchronous machine during and after
a disturbance and the consequences for the DG after the voltage is recovered.
Simulation results have shown that the synchronous machine starts, for a short
period of time, to consume reactive power directly after fault clearing. For dis-
tribution grids with a large amount of CHP-plants implemented this leads to a
serious delay in voltage recovery which results in a disconnection of CHP-plants.
This effect has to be taken into account when defining fault ride-through criteria
for MV-connected CHP-plants or settings for the undervoltage protection

• Presentation of an overview of voltage dip propagations for balanced as well as
unbalanced voltage dips, caused by faults in the transmission, sub-transmission
and distribution grid, in relation to the amount of disconnected CHP-plants due
to these dips. For an existing transmission grid areas are indicated where three-
phase, double-phase-to-ground and single-phase-to ground faults lead to a dis-
connection of CHP-plants. It is demonstrated that for transmission grid faults the
disconnection of CHP-plants may be limited and that the average clearing time
of these disturbances is within the critical clearing time of the CHP-plants. Dis-
connection of CHP-plants during transmission grid faults can be prevented with



8.3. Recommendations for future work 161

proper settings of the undervoltage protection without violating the stability lim-
its

• Proposal of measures to keep CHP-plants connected during sub-transmission and
distribution grid faults. For these types of faults the voltage recovery is heavily
delayed due to the reactive power consumption of the CHP-plants and they are
still disconnected by the undervoltage protection. It is demonstrated that local in-
tegration of reactive power sources significantly improves the voltage recovery by
which the disconnection of CHP-plants is prevented. Together with the proposed
protection scheme and the proposed distribution grid operation mode the discon-
nection of the CHP-plants due to sub-transmission and distribution grid faults can
be reduced significantly

8.3 Recommendations for future work

Adaptive protective systems

In this thesis it is demonstrated that in distribution grids the fault clearing time can be
reduced significantly by adding communication channels to the protective system. With
this protective system it is shown that local grid faults are cleared sufficiently fast and
disconnection of CHP-plants is prevented. However, the installation of communication
channels to existing distribution grids is costly and research has to be done to develop
new protection algorithms with, amongst others, the following requirements:

• The protection algorithm is based on local voltage and current measurements

• The protection algorithm is able to detect the fault sufficiently fast

• The protection algorithm needs a little or no information of the surrounding sub-
stations which minimizes the use of communication channels

Autonomously operated distribution grids

In this thesis protection issues and the need and effect of fault ride-through criteria are
investigated. However, this is done for distribution grids synchronously connected to
the transmission grid. With an increasing DG penetration level the installed power will
become such that the load in a local distribution grid can be covered. Security of supply
can be improved when during a serious outage in the transmission grid the distribution
grid could be operated autonomously.

For autonomously operated distribution grids voltage and frequency controllers
have to be present to match the load and the generation and maintaining a proper
voltage level. Besides that, issues which also have to be considered and which are
related to the research presented in this thesis are:

• In autonomous operation the fault level is significantly lower than for the con-
nected case which affects the fault current during a disturbance. To guarantee
proper protection of autonomously operated distribution grids research on the
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short-circuit behavior and the ability of the protective system to detect fault cur-
rents in island operated distribution grids is required

• In autonomous operated distribution grids the inertia is reduced significantly
which can have an impact on the stability of the distribution grid as well as on
the stability of the connected DG. To keep the distribution grid in stable opera-
tion and maintain the power balance fault ride-through criteria for DG in island
operated distribution grids have to be developed



APPENDIX A

Network data medium voltage benchmark network

The structure of the medium voltage benchmark network is shown in figure A.1. The
network parameters are given in the tables below.

Table A.1: Circuit type and length

Node from Node to Circuit type Length [m]
1 2 Overhead 2820
2 3 Underground 4420
3 4 Underground 610
4 5 Underground 560
5 6 Underground 1540
6 7 Underground 240
7 8 Underground 1670
8 9 Underground 320
9 10 Underground 770
10 11 Underground 330
11 4 Underground 490
3 8 Underground 4890
12 13 Overhead 389
13 14 Overhead 2990
14 8 Overhead 2000
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Figure A.1: Overview of the medium voltage benchmark network

Table A.2: Positive and negative sequence data of the circuit types

Circuit type R [Ω/km] X [Ω/km] B [µS/km] Inom[A]

Overhead line 0.510 0.366 3.17 500
Underground cable 0.343 0.274 47.5 500
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Table A.3: zero-sequence data of the circuit types

Circuit type R0 [Ω/km] X0 [Ω/km] B0 [µS/km] Inom[A]

Overhead line 0.658 1.61 1.28 500
Underground cable 0.817 1.60 47.5 500

Table A.4: Transformer data

S [MVA] U1 [kV] U2 [kV] Zt r [Ω]

25 110 20 0.016+j1.92

Table A.5: Load data

Node Apparent power [kVA] Power factor
Residential Industrial Residential Industrial

1 15300 5100 0.98 0.98
2 – – – –
3 285 265 0.97 0.85
4 445 – 0.97 –
5 750 – 0.97 –
6 565 – 0.97 –
7 – 90 – 0.85
8 605 – 0.97 –
9 – 675 – 0.97
10 490 80 0.97 0.85
11 340 – 0.97 –
12 15300 5280 0.98 0.95
13 – 40 – 0.85
14 9215 390 0.97 0.85

Table A.6: Swing bus data

Voltage setpoint [pu] Angle [deg] Sk [MVA] R/X
1 0 1200 0.1
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APPENDIX B

Network data of Dutch distribution grid

The structure of the Dutch distribution grid is shown in figure B.1. The network param-
eters are given in the tables below. Dynamic generator data can be found in appendix
D.
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Figure B.1: Overview of the Dutch distribution network
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Table B.1: Cable length and type

Line segment Line type Length [m]
(1) XLPE 400 Al 3367
(2) XLPE 400 Al 174
(3) XLPE 400 Al 33
(4) XLPE 400 Al 232
(5) XLPE 400 Al 889
(6) XLPE 400 Al 915
(7) XLPE 400 Al 1678
(8) XLPE 400 Al 3751
(9) XLPE 400 Al 457
(10) XLPE 400 Al 2430
(11) XLPE 400 Al 1610
(12) XLPE 400 Al 2184
(13) XLPE 400 Al 389
(14) XLPE 400 Al 445
(15) XLPE 400 Al 400
(16) XLPE 400 Al 2962
(17) XLPE 400 Al 276
(18) XLPE 400 Al 611
(19) XLPE 400 Al 883
(20) XLPE 400 Al 284
(21) XLPE 400 Al 1277
(22) GPLK 3× 50 1768
(23) GPLK 3× 50 50
(24) GPLK 3× 50 245
(25) GPLK 3× 50 1115
(26) GPLK 3× 50 170
(27) GPLK 3× 50 294
(28) GPLK 3× 50 682
(29) XLPE 400 Al 2111
(30) XLPE 400 Al 2113
(31) XLPE 400 Al 332
(32) XLPE 400 Al 250
(33) XLPE 400 Al 1100
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Table B.2: Cable data

Cable type R [Ω/km] X [Ω/km] C [µ/km] Inom[A]

XLPE 1× 400 Al 0.12 0.105 0.35 450
GPLK 3× 50 Cu 0.402 0.09 0.27 150

Table B.3: Transformer data

S [MVA] U1 [kV] U2 [kV] ǫ [%] Pcu[kW]

20 26.25 10.8 9 116

Table B.4: Load data

Load P [kW] p.f.
L1 960 0.95
L2 2400 0.95
L3 1960 0.95
L4 1500 0.95
L5 1000 0.95
L6 1000 0.95
L7 14000 0.95
L8 930 0.95
L9 1280 0.95
L10 790 0.95
L11 1400 0.95
L12 624 0.95
L13 940 0.95
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Table B.5: Generator data

Generator S [MVA] Generator S [MVA]
G1 1.79 G12 3.767
G2 2.997 G13 2.021
G3 2.475 G14 2.021
G4 2.475 G15 2.475
G5 2.997 G16 2.997
G6 2.475 G17 2.997
G7 2.021 G18 1.79
G8 2.475 G19 2.997
G9 2.475 G20 2.475
G10 2.475 G21 2.997
G11 2.475

Table B.6: Swing bus data

Voltage setpoint [p.u.] Angle [deg] Sk [MVA] R/X
1 0 600 0.1



APPENDIX C

Equal-area criterion

In this appendix the theory of transient stability of power systems will be summarized.
More detailed information can be found in [57, 75].

Transient stability is the ability of the power system to remain synchronism when
subjected to a severe transient disturbance. Most simple a single generator can be
considered delivering power to a large power system represented by an infinite bus.
The infinite bus can be regarded as a voltage source of constant magnitude and constant
frequency. When the rotor angle of the generator after a disturbance oscillates around
an equilibrium position the system is stable. When the rotor angle increases infinitely
it is unstable.

To examine this the equal-area criterion can be used which is based on the swing
equation. The swing equation is defined as:

2H

ωs

d2δ

d t2 = Pm − Pe (C.1)

The angular velocity of the rotor relative to the synchronous speed of the infinite source
is:

ωr =
dδ

d t
=ω−ωs (C.2)

Differentiating equation (C.2) with respect to t and substituting in equation (C.1)
yields:

2H

ωs

dωr

d t
= Pm − Pe (C.3)
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At synchronous speed ω equals ωs and ωr is zero. When equation (C.3) is multiplied
by ωr =

dδ

dt
the following equation is obtained:

H

ωs

2ωr

dωr

d t
= (Pm − Pe)

dδ

d t
(C.4)

The left hand side of equation (C.3) can be written as:

H

ωs

d(ω2
r
)

d t
= (Pm− Pe)

dδ

d t
(C.5)

Equation (C.5) is multiplied by d t and integrated which yields the following equation:

H

ωs

(ω2
r2 −ω

2
r1) =

∫ δ2

δ1

(Pm − Pe) dδ (C.6)

The subscript for the ωr terms correspond to those for the δ limits. From equation
(C.2) it can be seen thatωr is the departure of rotor speed from the synchronous speed.
If the rotor speed is synchronous at δ1 and δ2 than, correspondingly, ωr1 = ωr2 = 0.
Under this condition (C.6) becomes:

∫ δ2

δ1

(Pm − Pe) dδ = 0 (C.7)

This equation applies to any two points δ1 and δ2 on the power-angle diagram, pro-
vided the rotor speed at those two points is synchronous. By splitting up the integral
in two steps the following equation is obtained for the situation which is the limit for
stability:

∫ δcr

δ0

(Pm − Pe)dδ+

∫ δmax

δcr

(Pm − Pe) dδ = 0 (C.8)

or

∫ δcr

δ0

(Pm− Pe)dδ =

∫ δmax

δcr

(Pe − Pm) dδ (C.9)

The left hand side of equation (C.9) corresponds to the fault period and the right
hand side to the post-fault period. Both integrals can be interpreted as a calculation
of an area. The first integral is the area between Pm (during the fault period Pe=0)
and limits δ0 and δcr . Where δ0 and δcr stands for the initial rotor angle resp. the
critical clearing angle. The second integral is the area between the power angle curve
and the mechanical input curve (which is supposed to stay the same in this analysis).
The first area represents the kinetic energy the rotor gains during the fault period and
the second area is the released kinetic energy of the rotor during the post-fault period.
For stable operation these areas have to be equal.
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With the aid of the derived equations the critical clearing time and critical clearing
angle can be calculated. For the critical clearing angle holds:

δcr = cos−1[(π− 2δ0) sinδ0− cosδ0] (C.10)

And for the critical clearing time can be derived:

tcr =

È

4HSgen(δcr −δ0)

ωsPm

(C.11)

The analysis made in this appendix is based on the following assumptions:

• Constant mechanical power

• No damping

• Classical machine model

The equal-area criterion is valid for a single generator connected to an infinite bus
system. The transient stability of a power system comprising a number of generators is
highly non-linear. Due to the large disturbances in case of faults the system cannot be
linearized so the swing equations have to be solved numerically. However, the above
analysis is often used in literature and is suitable to get insight in the principles of the
dynamical behavior of power systems.
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APPENDIX D

CHP-plant modeling

In this appendix the CHP-plant model is discussed, the model of the synchronous ma-
chine is derived and the model parameters are given.

D.1 Synchronous machine modeling

As discussed in section 6.7.1 for the stator voltage equations in the d-q reference frame
holds:

ud =
dΨd

d t
−ωr ·Ψq − Ra · id (D.1)

uq =
dΨq

d t
+ωr ·Ψd − Ra · iq (D.2)

u0 =
dΨ0

d t
− Ra · i0 (D.3)

For balanced operation equation (D.3) can be omitted. The rotor circuits can be de-
scribed with the following voltage equations:

e f d =
dΨ f d

d t
+ R f d · i f d (D.4)

0 =
dΨkd

d t
+ Rkd · ikd (D.5)

0 =
dΨkq

d t
+ Rkq · ikq (D.6)
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The description of the synchronous machine is completed with the swing equation as
given in equations (D.7) and (D.8):

dωr

d t
=

1

2H
(Tm− Te) (D.7)

dδ

d t
= ωr (D.8)

To be able to simulate the synchronous machine the stator and rotor flux linkages
have to be defined as well. In the flux linkage equations the machine flux components
are linked to the stator and rotor currents by various inductances. Because of Park’s
transformation all stator quantities are transformed to a rotating reference frame which
rotates synchronously with the rotor and all inductances appear as constants. For the
stator flux linkages in the d-q reference frame can be derived:

Ψd = −Ld id + La f d i f d + Lakd ikd (D.9)

Ψq = −Lq iq + Lakq ikq (D.10)

The rotor flux linkages become:

Ψ f d = L f f d i f d + L f kd ikd −
3

2
La f d id (D.11)

Ψkd = L f kd i f d + Lkkq ikd −
3

2
La f d id (D.12)

Ψkq = Lkkq ikq −
3

2
Lakq iq (D.13)

Equation (D.9) shows that the d-axis flux component is linked with a fictitious d-
axis winding which rotates synchronously with the rotor as well as to the rotor winding
and the d-axis damper winding. The q-axis has a fictitious winding as well in which the
q-axis flux is linked and as can be seen in equation (D.10) the q-axis flux is also linked
with the q-axis damper winding.

The rotor flux in the d-axis direction is linked with the rotor winding itself (self-
inductance coefficient), the fictitious winding at the d-axis and the d-axis damper wind-
ing. The same holds for the d-axis damper winding. These linkages are shown in the
equations (D.11) and (D.12). The q-axis flux of the q-axis damper winding is only
linked to the q-axis damper winding and the fictitious q-axis winding which is indi-
cated in equation (D.13).

D.2 PowerFactory model of the synchronous machine

As discussed in section 6.7.1 for dynamic simulations of the synchronous machine the
7th order model can be simplified to the 5th order model. Hence for the stator voltage
equations holds:
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ud = Ra id − xq′′iq + ud ′′ (D.14)

uq = Ra iq + xd ′′id + uq′′ (D.15)

with:

ud ′′ = −Ψq′′ (D.16)

uq′′ = Ψd ′′ (D.17)

The sub-transient fluxes Ψd ′′ and Ψq′′ are a part of the total flux linkages as given in
the equations (D.9) and (D.10) and are defined as:

Ψd′′ = keΨe + kkdΨkd (D.18)

Ψq′′ = kkqΨkq (D.19)

The constants ke, kkd and kkq are defined in [75].
The rotor circuit is modeled according equations (D.4)–(D.6) while for the equation

of motion equation D.7 is used. The model is completed with of the air-gap torque:

Te =Ψd iq −Ψq id (D.20)

And the equations for the active and reactive power of the stator terminals:

Pt = ud id + uq iq (D.21)

Q t = uq id − ud iq (D.22)

Further model parameters are obtained from the time constants which are defined in
[75]. The synchronous machine parameters used in this research are given in table D.1.

Table D.1: Synchronous machine data
S [kVA] H [s] Reactance [p.u.] time constants [s]

cos ϕ = 0.8 xd xd ′ xd′′ x0 τd ′′ τa τd0′
1.300 1,06 2,09 0,275 0,175 0,052 0,015 0,05 2,6
1.791 0,97 2,29 0,321 0,199 0,060 0,020 0,07 2,7
2.021 0,91 2,21 0,293 0,182 0,055 0,020 0,07 2,9
2.475 0,817 2,38 0,301 0,187 0,056 0,020 0,07 3,0
2.997 0,949 2,40 0,32 0,191 0,057 0,040 0,08 3,5
3.767 0,869 2,27 0,286 0,173 0,052 0,040 0,08 3,8
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D.3 Combustion engine model

In figure D.1 the block scheme of the combustion engine is given. The model consists
of a governor block, a throttle block, an engine block and a droop block. For all blocks
the transfer functions are given in the equations shown below.

Governor Throttle Engine

Droop

TMax

TMin

ωref
-

-

Pm

ωmeas

εerr G1 W1 E1

D1

Figure D.1: Model of the combustion engine

The transfer function of the governor block is given in equation (D.23):

G1(s) =
(1+ sτ3)

1+ sτ1 + s2τ1τ2
(D.23)

The throttle is modeled with a third-order transfer function as given in equation (D.24):

W1(s) =
K1(1+ sτ4)

(1+ sτ5)(1+ sτ6)s
(D.24)

The engine is modeled as a time delay as given in equation (D.25):

E1(s) = e−sτD (D.25)

The transfer function of the droop controller is given in equation (D.26):

D1(s) = KDr (D.26)

All parameters used in the combustion engine and governor model are given in table
D.2.
For the voltage controller a standard IEEE type 1 controller is used and the block scheme
of this controller is depicted in figure D.2. Details of the controller can be found in [75].
For SE the following equation holds:

SE = AeB·EF D (D.27)

The parameters of the voltage controller are given in table D.3.
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Table D.2: Combustion engine and governor data
Parameter Symbol Value
Actuator gain K1 10 p.u.
Combustion delay τD 0,01 s
Droop KDr 0,05
Time constant τ1 0,2 s
Time constant τ2 0,3 s
Time constant τ3 0,5 s
Time constant τ4 1 s
Time constant τ5 0,1 s
Time constant τ6 0,2 s
Min. throttle position Tmin 0
Max. throttle position Tmin 1
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Figure D.2: Block scheme of the IEEE type 1 voltage controller

Table D.3: Voltage controller data
Parameter Symbol Value
Controller gain KA 40 p.u.
Controller time constant τA 0,05 s
Excitor time constant τe 0,268
Filter delay time τB 0
Filter derivative time constant τc 0
Stabilization path gain K f 0,04 s
Stabilization path time constant τ f 1 s
Excitor constant Ke 0 s
Non-windup under-limit Vmin -1,5
Non-windup upper-limit Vmin 1,5
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APPENDIX E

STATCOM control

In this appendix the STATCOM control philosophy and the STATCOM controllers will
be discussed. The appendix starts with a general explanation of the transformation of
quantities in the ABC-reference frame to the αβ -reference frame and the dq-reference
frame. After that a description of the controllers which are applied in the STATCOM
model is given.

E.1 STATCOM control philosophy

A suitable method of describing three-phase quantities for control purposes is the de-
scription with space vectors. For UA(t)+UB(t)+UC(t) = 0 ∀t holds that the three-phase
quantities can be described with a single space vector as given in figure E.1(a). This
vector contains all the information of the three-phase quantities [106]. In many con-
trol applications the space vector is projected on a stationary reference frame with only
two orthogonal axis and the three-phase quantities are described in the αβ -plane. This
is graphically shown in figure E.1(b). The transformation of the space vector is also
known as the Clarke transformation.

For independent control of active and reactive power a further manipulation of the
reference frame is needed. Independent control of these quantities can be achieved
with the transformation of the current and voltage space vectors to a rotating reference
frame. In the literature this is mentioned as dq or Park transformation and was used first
to derive a mathematical description of synchronous machines including a salient pole
rotor [75]. This transformation is depicted graphically in figure E.1(c). An schematic
overview of the transformation of the three-phase quantities to the rotating reference
frame is given in figure E.2.
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Figure E.1: (a) Description of three-phase quantities by a space vector, (b) Projection
of the space vectors in the αβ -reference frame, (c) transformation of the stationary
reference frame to the rotating reference frame

ABC-reference

frame

αβ-reference

frame

dq-reference

frame

Clarke

transformation

Park

transformation

Figure E.2: Overview of transformation of abc-quantities to dq-quantities

In general in the dq-reference frame for the active and reactive power can be de-
rived:

P = ud · id + uq · iq (E.1)

Q = uq · id − ud · iq (E.2)

Normally, for rotating machines the d-axis of the dq-reference system is chosen at the
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rotor of the machine. However, for VSC-control the dq-reference frame is chosen such
that the d-axis is defined to be along with the voltage USTAT as shown in figure E.1.
This leads to ud = USTAT and uq = 0 and hence for the active and reactive power:

P = ud · id (E.3)

Q =−ud · iq (E.4)

The transformation into the rotating dq-reference frame leads to the possibility to
control the two current components id and iq independently and hence control the ac-
tive and reactive power independently. Moreover, due to the transformation to the dq-
reference frame the AC-currents and voltages appear as constant vectors in the steady-
state situation [106]. Therefore static errors in the control system can be removed by
applying PI-controllers.

PI-

controller

PI-

controller

UAC,ref

id

iq

Id,ref Iq,ref

Md Mq

Filter

UDC
UAC

UDC,ref

Figure E.3: STATCOM cascade control scheme for voltage control

The control scheme of the STATCOM, used for voltage control, is based on a com-
monly used cascade control system. Examples of this type of control strategy can be
found in [95, 118] and a generic overview of this system is depicted in figure E.3. The
system consists of two control loops with a slow outer loop controller and a fast inner
loop controller. In general, the slow outer control loop provides, based on the reference
and the measured values of the AC and DC voltage, the reference current id,re f and
iq,re f for the inner control loop. The output current of the STATCOM is measured and
the inner control loop controls the output current components id and iq according the
reference values via manipulating the modulation index M.

The STATCOM controls the voltage by injecting or absorbing reactive power and
according to equation E.4 the q-axis current component of the current has to be con-
trolled. For a proper operation of the STATCOM the DC-voltage level has to be kept
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constant and thus the stored energy in the capacitor has to be kept constant which is,
according to equation E.3, achieved by controlling the d-axis current component.

E.2 STATCOM controllers

In the previous section the control philosophy of the STATCOM was discussed. In this
paragraph the controllers of the STATCOM are explained in more detail. In figure E.4
the block scheme of the outer control loop is depicted.

PI-

controller

PI-

controller

Droop

Limiter Iq,ref

Id,ref

UDC,ref

UDC,meas

UAC,ref

UAC,meas
-

-

-

imax

imin

imin

imax

imax

AC voltage control

DC voltage control

Id,contr

Iq,contr

Figure E.4: STATCOM outer control loop

The heart of the controller are two PI-controllers. The top PI-controller controls the
DC-voltage by controlling the d-axis current component while the bottom PI-controller
controls the AC-voltage by controlling the q-axis current component. Integrator windup
is prevented by adding an upper and lower limit to the integrators of both PI-controllers.
The transfer function of both PI-controllers is:

C(s) = Kpi

�

1+
1

τis

�

(E.5)

The output of the controllers is brought to a limiter block which limits the output
of the controllers and provides the reference values for the inner controller loop. The
output signal id,re f is limited to:
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id,re f =







−imax if id,cont r <−imax

imax if id,cont r > imax

id,cont r if − imax < id,cont r < imax

(E.6)

For the limitation of iq,re f holds:

iq,re f =







−imax + |id,re f | if iq,cont r <−imax + |id,re f |
imax − |id,re f | if iq,cont r > imax − |id,re f |
iq,cont r if − imax + |id,re f |< iq,cont r < imax − |id,re f |

(E.7)

The limiter block prevents the converter against overloading. The d-axis current com-
ponent is responsible for the DC-voltage which is essential for the STATCOM operation
hence when this current component reaches the upper or lower limit the q-axis current
component has to be bounded.

In the controller a feedback loop is added which acts as a current droop controller.
With this feedback loop an extra signal is subtracted which increases the error signal
connected to the PI-controller. This can be considered as a compensation of the voltage
drop of the transformer which connects the STATCOM to the grid.

The reference currents id,re f and iq,re f are obtained from the outer controller loop
and provided to the inner controller loop. The block scheme of the inner controller loop
is given in figure E.5. The inner controllers consist of two regular PI-controllers which
are much faster than the outer loop controllers. The output of the inner controllers are
the modulation index Md and Mq which actually control the converter.

-
PI-

controller

Md

Id,ref

Id

-
PI-

controller

Mq

Iq,ref

Iq

Figure E.5: STATCOM inner control loop
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APPENDIX F

List of Abbreviations, symbols and indices

F.1 List of abbreviations

AVR : Automatic Voltage Regulator
C.B. : Circuit Breaker
CCT : Critical Clearing Time
CHP : Combined Heat and Power
CT : Current transformer
DFIG : Doubly Fed Induction Generator
DG : Distributed Generation
DR : Demand Response
DSM : Demand Side Management
FC : Fuel Cell
Fd : Feeder
FRT : Fault Ride-Through
GTO : Gate Turn Off
HV : High Voltage
ICT : Information and Communication Technology
IGBT : Insulated Gated Bipolar Transistor
IV : Intermediate Voltage
kd : Damper winding d-axis
kq : Damper winding q-axis
KVL : Kirchhoff Voltage Law
LDC : Line Drop Compensation
LV : Low voltage
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MV : Medium Voltage
OLTC : On Load Tap Changer
PCC : Point of Common Coupling
p.f. : Power factor
PLC : Power Line Carrier
PV : Photo Voltaic
p.u. : Per unit
PWM : Pulse-Width-Modulation
Rec : Recloser
Rel : Relay
ROCOF : Rate Of Change Of Frequency
SCADA : Supervisory Control And Data Acquisition
SCIG : Squirrel Cage Induction Generator
STATCOM: Static Compensator
Sub : Substation
SVC : Static Var Compensator
TCR : Thyristor Controlled Reactor
TSC : Thyristor Switched Capacitor
TSO : Transmission System Operator
UK : United Kingdom
U.S. : United States
VSC : Voltage Source Converter
VT : Voltage transformer
WT : Wind Turbine

F.2 List of symbols

C : Transfer function of the controller block
D : Transfer function of the droop block
E : Generator voltages [V]
H : Inertia constant [s]
I : Current [A]
K : Controller constant or current transformer ratio
L : Self-inductance [H]
M : Amplitude modulation index or mutual inductance
P : Active power [W]
Q : Reactive power [Var]
R : Resistance [Ω]
S : Apparent power [VA]
T : Time with respect to relay timing [s] or Torque [Nm]
U : Voltage [V]
X : Reactance [Ω]
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Z : Impedance [Ω]
d : Distance [m]
e : Excitation voltage [V]
k : Time multiplier [s]
l : Relative distance [p.u.]
i : Controller limit or instantaneous current [A]
s : Laplace operator [-]
t : Time [s]
u : Instantaneous voltage [V]
x : Generic variable [-]
Ψ : Magnetic flux [Wb]
α : Relay parameter [-]
β : Relay parameter [-]
δ : Rotor angle [rad]
ω : Angular velocity [rad/s]
τ : Time constant [s]

F.3 List of indices

a : Relay action time including the time necessary to open the circuit breaker, armature
afd : Flux coupling between phase A and rotor field
akd : Flux coupling between phase A and d-axis damper winding
akq : Flux coupling between phase A and q-axis damper winding
AC : Alternating Current
block : Blocking
c : Clearing time
C.B. : Circuit Breaker
com : Communication
comp : Compensation
Control : Control signal in VSC
contr : Controller
D : Delay
Dr : Droop
DC : Direct Current
d : Decision time, Direct-axis
dir : Directional
e : Electric
f : Filter
fd : Field
dfd : Coupling between rotor winding and d-axis winding
ffd : Rotor self-inductance
fkd : Flux coupling between rotor and d-axis damper winding
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fault : Fault current
g : Generator
gen : Generator
grid : Grid
ioc : Instantaneous overcurrent
k : short-circuit
kd : Damper winding d-axis
kq : Damper winding q-axis
kkd : d-axis damper winding self-inductance
kkq : q-axis damper winding self-inductance
L : Line
l : Losses
m : Pick-up current or impedance, mechanical
meas : Measured
min : Minimum
max : Maximum
nom : Nominal
n : Generic number
p : Comparison time, pickup time
ph : Phase
pi : Proportional Integration
q : Quadrature-axis
r : Rotor
R : Receiving
S : Sending
s : Source
t : Terminal
t.c. : Total clearing time
th : Thevenin
tot : Total
trans : Transformer
tri : Triangular signal in VSC
0 : steady-state value, zero-sequence component
′ : Transient quantity
′′ : Sub-transient quantity
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Dankwoord
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