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Abstract

This thesis deals with the restoration process of the Swedish bulk-power
transmission system following a partial or a total blackout. The two main
issues during a restoration are voltage control and frequency control.
Special attention is therefore given to the behaviour of network compo-
nents, their control equipment and their system automatics as they affect
the voltage and frequency regulation during the restoration process.

The energizing of the long transmission lines connecting the north of
Sweden with the south and central part of the country will initially
result in a large production of reactive power and high voltage levels.
In order to compensate for this reactive power production there are a
number of shunt reactors installed. These reactors are equipped with
relays for automatic connection and disconnection. It is shown that
during restoration these automatics may initiate a hunting phenomenon
which includes an increasing number of reactors and is leading to
severe voltage fluctuations in the system.

The dynamic and stationary frequency deviations in the system have
been analysed. The different hydro turbine governor modes are investi-
gated and it is shown that some modes improve both the dynamic and
stationary frequency stability of the system. These modes can therefore
be used with advantage during a restoration phase when the frequency
deviations are larger as compared to a normal situation.

During the restoration it is difficult to predict the load size for different
types of reconnected loads. An investigation of the cold load pick-up
for large industries shows that processing industries such as the pulp
and paper industry, the iron and steel industry and the chemical indus-
try will consume considerably less power during the hours after an
interruption as compared to the pre-outage situation. This is due to the
fact that these industries have sensitive processes which take a long
time to restart. When studying the residential sector the impact from
the thermostatically controlled loads such as electrical heating, freezer,
refrigerator etc. will lead to a significant increase in power consump-
tion following an interruption.

Running parts of the system in island operation may be of interest dur-
ing certain network conditions. Field measurements show that there are
no major technical difficulties to operate parts of the Swedish system in
an island grid. However, island operation results in quite other



demands for both the personnel and the regulation equipment as com-
pared to the normal operation of the main grid.
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List of abbreviations and symbols

BFK load shedding (In Swedish BelastningsFranKoppling)

BTK load reconnection (In Swedish: BelastningsTillKoppling)

DUBA automatic restoration equipment (In Swedish: DriftUppByggnad-
sAutomatik)

EBK power shedding (In Swedish: EffektBortKoppling)

EHV Extra High Voltage

HV High Voltage

HVDC High Voltage Direct Current

hrs. hours

PID Proportional Integrating Derivative

PSS/E Power System Simulator for Engineering

ROBO rotating disconnection of load (In Swedish: ROterande BOrt-
koppling)

SVC Static Var Compensator

a firing angle [degrees]

Ol steady state active load voltage dependence

o transient active load voltage dependence

Y extinction angle [degrees]

Af stationary frequency fault [Hz]

AP active power peak [pu]

AP mismatch between mechanical and electrical power [MW]

AP, connected single load at nominal frequency [MW]

APg increase of generator production [MW]

AP load decrease due to frequency decrease [MW]

T, Ty time constants for cooling down of a house [hours]

Q) angular velocity [rad/s]

[ pre-disturbance angular velocity [rad/s]



constants associated with the cooling down of a house

parameters for the load frequency dependence
operating modes of the hydro turbine governor
system frequency [Hz]

reference value of system frequency [Hz]

unit inertia [s]

dc current [kA]

moment of inertia [kgrnz]

load frequency dependence [pu/Hz]

load frequency dependency in the system [MW/Hz]
commutation inductance [H]

inductance at the dc side of a HVDC station [H]
short circuit inductance [H]

transformer inductance [H]

exponential load frequency dependency
proportional regulation [pu]

active power consumption [MW, pu]

total system load [MW]

total load before load connection [MW]

active power consumption at pre-fault voltage [pu]
active power recovery [pu]

reactive power production [MVAr]

permanent droop [pu]

total static gain [MW/Hz]

static gain from the generators [MW/Hz]

“static gain” from the load [MW/Hz]

rated generator power [MVA]

short circuit power [MVA]



Yekw Zekv
X, Xy

servo time constant [s]

inside house temperature [°C]

pre-outage inside house temperature [°C]

outside temperature [°C]

active load recovery time constant [s]

integrating time constant [s]

line voltage at the feeding and the receiving end [pu]
dc voltage over the line [kV]

phase to phase voltage [kV]

commutation angle [degrees]

supplying voltage [pu]

pre-fault value of the supplying voltage [pu]

kinetic energy [MWs]

parameters for the line equivalent circuit [€2/phase]
parameters for the simplified line equivalent circuit [€2/phase]

series capacitor [€2/phase]
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Introduction

Chapter 1 Introduction

A major breakdown of a power system is a contingency which is rare
but may sometimes occur. Following an outage it is important to
restore the power system as fast and secure as possible in order to limit
the social and economical consequences for the population. In order to
be able to do this it is necessary to have a sufficient knowledge of how
a power system operates during a restoration phase. Here the behaviour
of components and system automatics is of particular significance. A
proper restoration policy with guidelines and instructions for the per-
sonnel involved is also of a vital importance.

This thesis focuses on the Swedish power system and the problems
encountered in case of a restoration following a blackout. However,
most of the power systems have a similar design and therefore the
results of this work may also be valid for other power systems.

In Chapter 2 a survey of the Swedish power system is given. The volt-
age control and frequency control are described and a description of
the different automatics used is found here.

Chapter 3 gives an introduction to power system restoration. Different
restoration strategies and problems associated with the restoration
process are presented. A description of the two Swedish blackouts
(1979 and 1983) and the ensuing restoration processes is given.

For the analysis the power system simulator ARISTO has been used.
Chapter 4 gives a short presentation of the simulator and a description
of the power system networks which have been used.

The phenomenon of cold load pick-up following an interruption in the
power supply has been analysed in Chapter 5. Special attention has
been given to the cold load pick-up for energy consuming industries
and residential load. Also the frequency dependency of loads and their
voltage behaviour is treated.

Voltage control and frequency control during a restoration process are
analysed in Chapter 6. Problems associated with energizing long trans-
mission lines and especially the impact of shunt reactor automatics are
examined in depth. The different modes of the hydro turbine governor,
the number of generators connected to the system and the load fre-
quency behaviour are all examples of factors affecting the frequency
regulation in the system and have been investigated in detail.
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The possibility to run a system in island operation and to blackstart
certain hydro power stations has been investigated with field studies.
The results from these field studies are presented in Chapter 7.

Chapter 8 gives an overview of recommendations for power system
restoration. Finally Chapter 9 summarizes the results and gives propos-
als for future work.
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Chapter 2 The Swedish electrical power system

The power system of Sweden, Norway, Finland and the island Zealand
in Denmark are under normal conditions linked together and constitute
the synchronized Nordel network. Except these AC connections Swe-
den also has HVDC links to Jylland in Denmark, Finland and Ger-
many. The total power consumption in the Nordel network varies
depending on the season and whether it is day or night. The maximum
power is about 60 GW of which the Swedish part is about 27 GW.

The electric energy production in Sweden is almost entirely generated
by hydro and nuclear power. Approximately one half of the production
is based on hydro power and the other half comes from nuclear power.
Most of the hydro power is located on the big rivers (Lule alv, Anger-
manilven, Indalsialven) in the northern part of the country, whereas the
nuclear power is located in the south along the coast. In the case of
high loads, lack of water or low accessibility of the nuclear power sta-
tions it is possible to start up conventional thermal power or gas tur-
bine stations, which are situated in the south.

From a geographical point of view the Swedish transmission system is
extensive, having a length of 1500 km from the north to south. The
hydro power production in the north is transferred to the centre and
south of the country where most of the consumption is concentrated.
For this purpose a number of 400 kV lines are used. The active power
transfer capability in the Swedish network is limited in three different
sections (In Swedish: snitt, see figure 2.1). Originally the sections were
called 1, 2 and 3 but since new lines have been built section 3 has been
replaced by section 4 as a new limited section. The transfer limitations
on the sections are based on the Nordel dimensioning criteria [29] that
the system shall withstand any loss of a power line or a production
plant.
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= Hydro power station N
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Figure 2.1 The power system in north-western Europe.
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2.1 Voltage control - reactive resources

The long distances in the Swedish system and the large variation in
active power consumption makes it necessary to have good reactive
resources in the system. On the bulk-power transmission system the
eight long 400 kV lines in section 2 (see figure 2.1) are equipped with
series capacitors having a compensation degree of 35-85% of the line
reactance. In a number of 400 kV stations there are reactors which are
used during light load occasions in order to compensate for the large
amount of reactive power produced. Three substations are equipped
with static var compensators and some substations have access to syn-
chronous compensators for a smooth regulation of the voltage. The
substation voltage levels are normally in the range of 400-415 kV. The
lowest acceptable voltage level is about 395 kV whereas the highest
permissible value is approximately 420 kV. At the lower voltage levels
(=130 kV) the reactive compensation is mostly by shunt capacitors, but
in a few long radially fed distribution lines there are series capacitors
installed. Many industries have their own reactive power generation by
using shunt capacitors; some even use static var compensators.

The large number of hydro units in the north makes it possible to have
a well defined voltage regulation in most of the northern stations. A
general requirement is that hydro power shall be able to produce reac-
tive power equivalent to a third of the maximum active power produc-
tion (seen from the 400 kV level). Reactive consumption should be up
to a sixth of the maximum active power. As can be seen from figure 2.2
this is not the physical limit for a hydro generator and therefore it is
possible to over/under excite the generators even more in case of an
emergency.

The thermal plants do not have such strict regulations. Instead they
should be able to produce reactive power corresponding to a third of
the maximum active power production. During light load occasions the
reactive power production should be limited to zero.
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Figure 2.2 Capability diagram for a hydro generator.

2.2 Frequency control

In the Nordel system the frequency is allowed to fluctuate between
49.9 and 50.1 Hz. At the same time the integrated time fault should not
exceed =10 s. The disturbance power reserve in the system is about
1000 MW and the static gain is never less than 6000 MW/Hz. The dis-
turbance power reserve is shared between the Nordel countries in pro-
portion to the largest plant in each country. The national control centres
in Sweden and Norway are responsible for the frequency regulation in
the system. In Sweden the primary frequency regulation is taken care
of by hydro units. The nuclear power plants do not take part in the fre-
quency regulation and produce constant power. The conventional ther-
mal units do have frequency regulating capacity but normally operate
within a dead band.
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The modern hydro turbine governors [7] in the system are usually
equipped with five different working modes: EpO, Epl, Ep2, Ep3,
Ep3’. These modes have different parameters for the static gain, the
proportional regulation and the integrating time constant. EpO-Ep2 are
only manually connected, Ep3 may be both manually and automati-
cally connected and Ep3’ is only automatically connected. The gover-
nor will automatically change over to working mode Ep3 when the
frequency deviates more than 0.15 Hz. Ep3, which has a high static
gain, will then be disconnected 30 s after the frequency deviation is
less than 0.15 Hz. Mode Ep3’, which has a low integrating time con-
stant (fast regulation), will be automatically used when both the fre-
quency deviation is more than 0.15 Hz and the frequency derivative is
higher than 0.07 Hz/s. This governor mode will be used during 30 s
irrespectively of what happens with the frequency. During normal
operation mode EpO is usually used.

fref
> I
+ sT; +
- 1
1+STG
- +
e P
+
R - G
+
Af

Figure 2.3 Hydro turbine governor model. R denotes permanent droop, P
proportional regulation, T, integrating time constant, T servo
time constant, G gate opening and Af frequency deviation.
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2.3 Automatic equipment in the system

Overhead lines, transformers and generators are routinely equipped
with relays in order to disconnect them in case of a fault. Apart from
these conventional relays there are a number of automatics in the sys-
tem which do not primarily protect a specific object. Instead they are
used to save the system during severe situations. Criteria for these
automatics may be frequency, voltage, current, active power etc.

As mentioned the frequency is allowed to vary between 49.9 and 50.1
Hz. If the frequency is less than 49.85 Hz, pumping in the pump stor-
age power station Juktan is stopped [5, 12]. The emergency power
from the HVDC lines is also activated at this frequency level. At 49.8
Hz electrical boilers are disconnected and at the same level the auto-
matic restoration equipment is blocked. Hydro units which are run as
synchronous compensators will change over to active power produc-
tion and a number of gas turbines will start up when the frequency is
below 49.7 Hz. Load shedding starts at 49.0 Hz and in total around
9000 MW load can be shed at five different frequency levels. If the fre-
quency does not stop to decline the nuclear power stations will be dis-
connected from the grid at 47.5 Hz.

2.3.1 HVDC automatics

Sweden has HVDC links to Jylland in Denmark (Konti-Skan 1 and 2),
Finland (Fenno-Skan) and Germany (Baltic Cable). In the case of over-
or under-frequency the links may be used to increase or decrease the
power export/import [12]. When the frequency declines below 49.85
Hz the first regulation step is made and when the frequency is less than
48.5 Hz all automatic regulation is activated. The power change may
be as high as 100 MW/s for a link and each step is equipped with a
time delay of some hundred ms. When the frequency exceeds 50.3 Hz
the regulation starts in the other direction, which means that the import
decreases or the export increases. There are a number of different regu-
lation steps for over-frequency and the final step is activated when the
frequency is higher than 51.3 Hz. Apart from the change of power due
to over- or under-frequency the automatics may also change the power
due to a low voltage level or when line circuit-breakers are discon-
nected.

The HVDC connections from Norway to Jylland and the back-to-back
connection between Finland and Russia have similar possibilities as
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the Swedish links and therefore they are also a part of the disturbance
power reserve in the Nordel system.

2.3.2 Load shedding

In extreme situations when the frequency has declined too much, load
must be shed in order to save the system from a blackout [5, 12]. In
Sweden 50% of the load south of section 2 (at 61° North) is equipped
with load shedding (In Swedish: BelastningsFranKoppling, BFK). The
load shedding is performed in 5 consecutive steps where each step con-
tains 10% of the total load. The load shedding area is divided in 10 dif-
ferent geographical blocks. In order to distribute the loads to be shed
the automatics are situated on the lowest voltage level possible, which
means 10, 20, 40, 70 kV and in some cases 130 kV. The load may be
shed momentarily (0.15 s) or delayed (20 s), as can be seen in table 2.1.

Step Momentary (0.15 s) Delayed (20 s)
Hz Hz
BFK 1 48.8 49.0
BFK 2 48.6 48.8
BFK 3 48.4 48.6
BFK 4 48.2 48.4
BFK 5 48.0 48.2

Table 2.1 The activation levels for the load shedding in Sweden.

On the Danish island Zealand 50% of the load is subjected to load
shedding in 5 consecutive steps starting at 48.7 Hz and ending at 47.7
Hz. As in Sweden there is a momentary and a delayed step. Finland
only has load shedding of about 20% of the total load. There are two
steps which can be activated both momentary and delayed. The first
delayed step starts at 48.7 Hz and the second momentary step starts at
48.3 Hz. In Norway about 30% of the load is subjected to load shed-
ding. There are 9 different steps in the frequency range of 48.7-47.0
Hz.

Apart from load shedding due to under-frequency, under-voltage pro-
tection equipment has been installed in section 4. During a disturbance
when all other actions have been performed to save the system the

9
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equipment will shed load by under-voltage protection in order to save
the network from a voltage collapse.

2.3.3 Load reconnection

After load shedding the disconnected load may automatically be recon-
nected (In Swedish: BelastningsTillKoppling, BTK) when the system
is stable and the frequency exceeds 49.8 Hz [5]. The reconnection pro-
cedure starts 3 minutes after these initial conditions are fulfilled. To
avoid an initial heavy loading of the system the reconnections are
made in small steps of approximately 50 MW. The reconnections are
also geographically spread over the 10 different blocks. As long as the
frequency exceeds 49.8 Hz a new load is reconnected every 12 sec-
onds. If all load shedding steps have been activated it will take at least
half an hour to reconnect the shedded load.

2.3.4 Power shedding

In order to allow higher transfer limits on some lines and sections,
power shedding (In Swedish: EffektBortKoppling, EBK) is used [5,
28]. When the relays connected to these lines are activated they will
not only send impulses to the line circuit-breakers but also to selected
generator circuit-breakers. In the Swedish system this is used on the
lines in section 1 combined with generators in the Lule river. During
certain network conditions it may also be used on the lines around For-
smark north of Stockholm combined with the nuclear power stations in
Forsmark. However, the generators in the nuclear power stations will
not trip; instead the power production will decrease rapidly. In Sweden
generators corresponding to a capacity of 4000 MW may be discon-
nected or regulated down due to this automatics. In Norway the power
shedding is also widely used whereas it is never applied in Finland and
only utilized to a limited degree in Zealand.

2.3.5 Reactor and shunt capacitor automatics

The shunt reactors which are used in order to regulate the voltage level
on the bulk power system are equipped with automatics which connect
and disconnect the reactors when the voltage exceeds certain limits
[12].

Usually the reactors and their automatics are situated at the 400 and
220 kV level. On the 400 kV system the reactors are connected when
the voltage exceeds 420-425 kV and disconnected when the voltage is
lower than 390-395 kV. For the 220 kV system the connection is made

10
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at about 230 kV and the disconnection at 210 kV. The connection of a
reactor is delayed by 0.4 s whereas disconnection is postponed by 2 s.

A Reactor status

Connected - -

Disconnected -+ >

Voltage

Figure 2.4 Hysteresis curve for the reactor automatics.

Some of the shunt capacitors which are installed in the regional and
distribution networks have automatics which function like the reactor
automatics except that they connect capacitors when the voltage is
below a certain limit and disconnect them when it is above a certain
limit. The time delay for connection is 2.5 s and for disconnection 0.5
s. After the capacitor has been disconnected the automatics are blocked
for 4 minutes since the capacitor must be discharged.

To a varying degree the other Nordel countries also have automatics
controlling the shunt reactors and shunt capacitors. However, this does
not affect the Swedish system much since voltage problems are more
related to local conditions and do not, as frequency variations, affect
the entire system.

2.3.6 Reverse reactive power flow protection

If there are not sufficient reactive resources available around the north-
ern end of the section 2 lines the voltage will increase much when a
line is energized. In case of a high voltage the line will be tripped by a
reverse reactive power flow protection if both the reactive power pro-
duction from the line exceeds a certain value and the voltage in the
northern end of the line is above a certain limit. The voltage level is

11
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about 440 kV for all line relays whereas the limit for the reactive
power varies depending on the line length. A rule of thumbs is that the
reactive power limit is equivalent to the reactive power production of
the unloaded line fed with a voltage of 440 kV. The tripping of the
relay is delayed by 3.2 s.

2.3.7 Automatics for network splitting

In the case of too large frequency variations or too high voltages the
Nordel system will fall apart into subsystems [12]. The tie lines from
Sweden to Zealand will be disconnected when the frequency is below
47.0 Hz for 0.5 s or below 47.5 Hz for 9 s. If the voltages around the tie
lines exceed 470 kV for more than 1.0 s a disconnection will also be
made. The tie lines in the north between Sweden and Finland will auto-
matically trip if the frequency exceeds 51.5 Hz and the export from
Sweden is higher than 900 MW. When there is only one 400 kV line in
direction west or one 400 kV line in direction east from Hasle in the
south-east of Norway in operation (see figure 2.1), a loss of another
line will initiate a separation of the south Norwegian system from the
rest of the Nordel system. Within the Swedish system no split up of the
network is made due to automatics.

2.3.8 Automatic restoration equipment

Most of the faults that result in a disconnection of a system component
are of a temporary nature. In order to restore the system back to a nor-
mal condition following such a disturbance it is important to have a
adequate restoration policy for the objects in the station. Naturally it
would be possible to restore all stations manually but since most of the
stations are unmanned this would result in much work for the control
centre personnel in case of disturbances in a number of stations. The
use of automatics will therefore speed up the restoration process and
eliminate the “human factor”. In the Swedish system [5, 9] many
unmanned power stations and substations are provided with automatic
restoration equipment (In Swedish: DriftUppByggnadsAutomatik,
DUBA). The main functions and logics are:

* The reconnection of circuit-breakers which have been tripped by
certain relays.

* The reconnection of a circuit-breaker is not performed for those faults
which do not allow a reconnection.

* The closure of a circuit-breaker is executed only once.

12
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* No objects are connected which were disconnected prior to the
disturbance.

e The start of generators which have been disconnected by certain
relays. The generators are synchronized to the network but do not pick
up load.

The restoration equipment is started either from a relay previously trig-
gered or the zero voltage protection. When all conditions such as volt-
age levels, energizing direction, frequency etc. are fulfilled,
synchronizing equipment is used to initiate the closing of the circuit-
breaker. Reconnection of objects will be blocked if the circuit-breaker
failure protection has been activated. However, the blocking is only
valid for the triggered circuit-breaker and the other objects connected
to the busbar may be reconnected. To avoid a hunting phenomenon due
to a fault on the busbar, the busbar is energized only once following a
disconnection caused by a busbar fault.

In the substation it is possible to “re-program” the automatic restora-
tion equipment. Objects can be switched off or on, the energizing
direction may be changed and unblocking of signals may be per-
formed. Signals indicating start, blocking and faults etc. are also avail-
able in the station.

In the control centre the chance to affect the restoration equipment is
limited. The automatic restoration equipment may be switched
between a working mode and a stand-by mode. In the stand-by mode
no circuit-breaker will be operated but all the other functions such as
receiving signals from relays and collecting voltage levels are in opera-
tion. Since the equipment has access to all the present values it is possi-
ble to change over from stand-by mode to working mode at any time.

2.3.9 Zero voltage protection scheme

The zero voltage protection (In Swedish: Nollspanningsautomatik) has
been installed in the system in order to prepare it for restoration in case
of a disturbance [9]. This is very important especially in those stations
equipped with automatic restoration equipment. All objects in the sta-
tion have their own zero voltage protection. On the bulk power system
a voltage level less than 30% of the nominal voltage will initiate open-
ing of the circuit-breakers. The operating time for the automatics is 7 s.

On the lower voltage levels the zero voltage protection disconnects
objects that do not allow energizing. Examples of such objects are lines
connected with generators or synchronous motors. The zero voltage
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protection will also split up the meshed networks in case of a blackout.
The restoration may then proceed from the bulk power station and the
risk for overloading of the lines is limited.
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Chapter 3 The restoration process

The Swedish system is seldom exposed to major disturbances. In case
of a blackout in the system it is essential to restore the power system as
fast, smoothly and securely as possible in order to limit the social and
economical consequences for the population. A suitable restoration
philosophy 1is therefore recommended for this purpose. In order to
avoid the restoration problems experienced during earlier disturbances,
it is important to adapt the experience gained from those outages when
formulating restoration instructions.

3.1 Philosophies in power system restoration

Two major strategies for restoring a power system following a blackout
are known: the build-up strategy and the build-down strategy [1, 4, 13,
14, 15, 17]. Different approaches are used depending on the size of the
interrupted area, the possibility to receive assistance from intercon-
necting systems, the amount of blackstart capability in the system and
the type of production in the system.

3.1.1 The build-up strategy

The build-up strategy, which internationally is the most commonly
used strategy, is often practised when the system has suffered a total
blackout and when it is impossible to receive assistance from the
neighbouring systems. After the disturbance the first step is to make an
assessment of the power system status; which means circuit-breaker
status, power plant conditions etc. The system is then divided into sub-
systems where each subsystem at a minimum must have one station
with blackstart capability. The subsystems mostly will have rather
good balance between production and consumption. They also must
have the possibility to regulate both frequency and voltage in the sub-
system. After blackstarting the station, emergency power is supplied to
the stations without blackstart equipment in order to make it possible
for the units in these stations to start (if possible a "hot restart” of the
thermal units) and to be synchronized to the system. Loads are con-
nected and more units are taken into operation. The connections with
the other subsystems are then synchronized. When there is enough
reactive absorbing capacity in the systems the ties to the neighbouring
systems are closed.
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3.1.2  The build-down strategy

The build-down strategy is mostly used in small systems without long
high voltage lines or hydro power based systems with good reactive
absorbing capacity, and for systems with a certain load concentration
in an area. The strategy may also be used when it is possible to receive
assistance from interconnecting areas or when the system has received
a partial blackout. Initially following an outage an assessment of the
system has to be made in order to determine the status of the circuit-
breakers and the power plant conditions. The interrupted system has to
include at least one station with blackstart capability. When this station
has become operative, the lines are connected to other stations in order
to supply them with emergency power which is necessary for their
start. The generators are synchronized to the system and more HV and
EHV lines are connected. During these initiating steps some load is
connected but most of the load is connected when large parts of the
bulk-power network are restored.

3.1.3 The Swedish strategy

As described in Chapter 2 the Swedish system contains a large portion
of hydro generation which is mostly located in the north of the country.
Most of the load is concentrated in the south and the middle parts of
Sweden and therefore the power is transferred from the north to the
south through long transmission lines. These facts make it natural that
the Swedish restoration strategy is based on a build-down strategy. On
the other hand Sweden is a part of the synchronized Nordel system and
in case of a blackout in the entire Nordel system each country restores
most of their own system before closing the ties to the interconnecting
countries. In this perspective one can say that the Nordel system uses
the build-up strategy.

The Swedish restoration strategy is designed to take care of a total
blackout in the country [2]. There are local instructions for each con-
trol centre and they are formulated in such a way that if some parts of
the system have succeeded in staying in operation the instructions start
from that point. Initially when the hydro stations in the north, which
are equipped with blackstart capability, receive an interruption the
blackstart automatics start up the stations (more about blackstart and
field tests is described in 7.1). Since the stations are mostly unmanned
this 1s automatically done. When the station emergency duty personnel
arrive at the stations the restoration process may continue. The black-
started stations are then synchronized and other stations are energized
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in order to be able to start up. As more and more generation is taken
into operation, overhead lines to the power stations along the other riv-
ers are energized and more generation is started. When there is enough
connected capacity in the north of the system it is possible to energize
the long transmission lines to the south. The main strategy is to ener-
gize the lines to the nuclear power stations first and reconnect them to
the system. If the stations have been successful in establishing house-
hold operation (the possibility is approximately 50%) they can start to
produce power in a short time. On the other hand if the stations fail to
reach household operation the stations must be cold started which may
take more than one day. The other thermal plants (oil and coal fueled
power stations) do not have as long starting times especially if they
were in operation before the interruption and may be hot started. The
thermal plants are therefore important since they limit the lack of
power in the system until the nuclear power plants are in operation
again. The interconnecting HVDC lines from Germany, Denmark and
Finland may also give valuable power support during the restoration.
In order to avoid overload, the regional control centres are not allowed
to connect more than 50% of the pre-outage load levels unless the
national control centre gives them permission.

As previously mentioned, the restoration process is carried out by the
regional control centres and is based on written instructions. However,
the instructions can also be executed by automatics (see 2.3.8) and this
is the normal procedure for unmanned stations. The national control
centre does not act during the initial phase of the restoration unless
complications arise or the regional control centres ask for assistance.
The frequency regulation is therefore accomplished by one of the
regional control centres, preferably one of those containing a black-
started station.

3.2 Blackouts in Sweden

The Swedish bulk-power transmission system is well designed and has
a high technical standard. The system is therefore seldom exposed to
major disturbances. In Sweden Svenska Kraftnat is responsible for the
operation of the bulk-power transmission system and they estimate the
risk for a partial or total blackout to be once per 20 years [28]. Sweden
has experienced two major blackouts the last decades, one in 1979 and
one in 1983.
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3.2.1 The blackout in 1979

On Saturday January 13th 1979, the very northern part of the Swedish
system collapsed, resulting in a loss of load corresponding to 23% of
the Swedish consumption [21]. Before the interruption in the system
the load was approximately 12000 MW. The production consisted of
63% hydro power, 19% nuclear power, 14% in back-pressure and con-
densing units and the resulting 4% was imported. The power transfer in
section 1 (see figure 3.2) was fluctuating around the transfer limit some
hours prior to the outage and the voltages at some stations around sec-
tion 1 were as low as 380 kV. In the other Nordic countries synchro-
nized with the Swedish system the situation was normal.

At 20.42 hrs. one of the overhead lines in section 1 was disconnected
due to a fault in the voltage supply of the distance protection. As sec-
tion 1 was above stability limit the disconnection of the line resulted in
an immediate transient splitting and the two remaining lines in the sec-
tion were disconnected. The Nordel system was thereby divided into
two subsystems: a northern one including the Swedish system north of
section 1, Finland and the northern parts of Norway, and a southern
one including the Swedish system south of section 1, the main part of
the Norwegian system, Zealand and the HVDC connections to Jylland.

In the southern system a production deficiency of 2500 MW arose,
which prior to the outage was transferred on the lines in section 1. The
frequency therefore decreased rapidly below 49 Hz and emergency
power was transferred to the system through the HVDC links. Heavy
oscillations occurred on a tie line to Norway (Borgvik-Hasle) which
led to a disconnection of all the southern Norwegian ties due to oscilla-
tion and overcurrent. Load shedding started when the frequency
declined to 48.3 Hz and two steps were activated before the frequency
stabilized at 47.96 Hz. The frequency started to increase and the fre-
quency was back to a stable level at 49.8 Hz after 1.5 minutes. After
another three minutes the restoration process started and the shedded
load was reconnected automatically (BTK, see 2.3.3). The power
increase due to the reconnection of load was covered by thermal power
and gas turbines. In 30 minutes all the load in the southern system was
reconnected. During the load reconnection the frequency fluctuation
was rather high. The tie lines to Norway were connected two hours
after the disturbance when large parts of the northern system was ener-
gized. This long time was a result caused by overloading of the com-
munication lines to the national control centre in Sweden.

18



The restoration process

50.0 T T T T T
Emergency power from Skagerack

Emergency power from Kontiskan

495
< Disconnection of tie lines
= to Norway
> ; -
5 490 y
[}
=
=y
=
v 48.5 s
Load shedding
stepl — )
4301 ~—_ Load shedding step 2 |
5 10 15 20 25 30
Time (s)

Figure 3.1 The frequency in the south of the Swedish system during the
disturbance in January 1979.

In the northern system the production surplus resulted in an increased
frequency. Due to automatics (EBK, see 2.3.4) 400 MW hydro power
was disconnected immediately when the system disintegrated. When
the frequency reached 51.5 Hz another 400 MW in hydro power was
disconnected due to over-frequency and overcurrent. When the system
stabilized at 51 Hz the export to Norway and Finland had increased
significantly. Some power stations were shut down and some were reg-
ulated down in order to decrease the frequency. However, this process
took too long time and 12 minutes after the initial disturbance Finland
manually disconnected the tie lines. The northern part of the Swedish
system therefore consisted of low loaded generators and little load.
When the section 1 lines were now energized the voltage increased too
much and the remaining generators tripped due to overcurrent and the
northern part of the system received a total blackout 15 minutes after
the initial disturbance. Again 10 minutes after the blackout the northern
system was energized from the south and the restoration process
started. Generators were started and lines to more stations were ener-
gized. Three hours after the initial disturbance almost the entire bulk-
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power system was restored and the tie lines to Finland were recon-
nected.

The analysis of the disturbance showed that section 1 was overloaded
by 20% and therefore the system could not cope with a disconnection
of one of the section lines. Since the communication lines from the
national control centres in Sweden were overloaded there was a prob-
lem in contacting the national control centre in Finland and Norway
and this strongly affected the blackout in the north but also delayed the
resynchronization with Norway. In the south the emergency power
supplied by the HVDC lines, the load shedding, the automatic start of
gas turbines and the automatic reconnection of load worked well. In
the north the EBK worked well and disconnected production immedi-
ately when the section 1 lines were tripped.

3.2.2  The blackout of 1983

At about 13.00 hrs. on Tuesday December 27th 1983, the southern part
of Sweden was exposed to a major disturbance which resulted in a loss
of load amounting to 67% of the national load [19, 24, 31]. The distur-
bance affected more people than ever in Sweden and nothing similar
had happened since 1955.

Before the interruption the consumption was about 18000 MW which
was generated by 60% hydro power, 32% nuclear power, 2% other
thermal production and the remaining 6% was imported. Maintenance
work was only performed in a few places and the network was almost
fully in operation. The power transfer on the limiting sections in the
system were below their margins.

The initial cause of the disturbance occurred in Enkoping substation.
Enkoping substation contains three 400/220 kV transformers totalling
1300 MVA. From the station a 220 kV network supports Stockholm.
There are two 400 kV lines from the north and two to the south con-
nected to the station. The switchyard is of the ABC type (see figure 3.3)
which means two main busbars and one auxiliary busbar. In Enkoping
substation the replacement breaker and sectionalizing breaker is com-
bined into one circuit-breaker.
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Figure 3.2 The Swedish 400 kV network 1983.
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C

Replacement and
sectioning breaker

A

B

Figure 3.3 Example of an ABC switchyard with a combined replacement and
sectioning breaker.

During an inspection of the switchyard, burn marks and an intermittent
flame was observed on the line side of a disconnector. After permission
from the national control centre work started in order to switch-over
the line to the replacement circuit-breaker. The last step during the
switch-over was to open the disconnector. When this was performed
the contact arm on the line side came loose and fell down and caused a
flash over to the earth. Since the sectioning between the two busbars
was lost, the busbar protection tripped the entire station due to the earth
fault. The system became highly stressed and the lines in section 2
became overloaded. The voltage decreased much in the central and
western part of Sweden (down to 350-360 kV in some stations). This
increased the stress on the 400 kV lines in section 2 even more. A 220
kV line which supplied Stockholm from the north was disconnected
due to overcurrent 8 s after the primary fault. The tap-changers
restored the voltage on the distribution level and the thermostatically
controlled load started to recover. This led to a further decrease of the
voltage and an increase of the current and 53 s after the initial fault a
line was disconnected due to the distance protection. After one second
the remaining lines between north and south were disconnected and the
system was divided into two subsystems. After another second the tie
lines to Zealand and the south of Norway were tripped due to heavy
oscillations. As the southern system lost 7000 MW the frequency fell
rapidly by 2-4 Hz/s (see figure 3.4).
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Figure 3.4 The frequency at Barseback nuclear power station during the
breakdown.

Due to the high frequency derivative the system frequency decreased
so fast that the load shedding was unable to save the system (only
about 50% of the load shedding was activated). The nuclear power sta-
tions in the southern system: Oskarshamn, Ringhals and Barsebick,
were tripped both by overcurrent and underimpedance protection.
None of them succeeded in staying in household operation. The
remaining load which was not shed was disconnected by the under-
voltage protection.

In the northern system the separation caused a production surplus of
about 6000 MW. This surplus increased the frequency to 54.0 Hz after
5 s (see figure 3.5). The over-frequency protection tripped a number of
hydro units and the production from the remaining stations were regu-
lated down by the turbine governors. After 12 s the frequency was back
to a normal level. In Forsmark nuclear power station one of the units
succeeded in staying in operation whereas the other tripped. In Finland
the import from Sweden increased and since only one line between the
north and south of the country was in operation it tripped due to over-
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load. The tie lines to Norway were also tripped and the northern part of
the Swedish system became isolated.
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Figure 3.5 The frequency in the north system during the split up of the
system.

In the national control centre in Stockholm the large amount of data
which fed the computers blocked the normal system and instead an
older system which fed the mimic board was used. Since it was impos-
sible to study the frequency at the national control centre the responsi-
bility for the frequency regulation was taken over by a regional control
centre in the north. The first action was to regulate the frequency down
to 50.0 Hz and after that the restoration process was started with help
of written instructions. In the unmanned stations the DUBA (see 2.3.8)
worked after the same principles. At 13.15 hrs. the network around
Goteborg was energized and two minutes later Ringhals nuclear power
station received voltage. Barseback nuclear power station was ener-
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gized at 13.29 hrs. and some minutes later the station that supplied
Malmo. The energizing of the lines to Oskarshamn nuclear power sta-
tion was delayed due to problems with the DUBA and the power sta-
tion was not energized before 13.41 hrs. Within one hour the entire 400
kV network was restored. The restoration of the 220 kV system around
Stockholm was not completed until about 15.20 hrs., this was due to
problems with the DUBA in some stations. The middle part of the Nor-
wegian system stayed connected with the north of Sweden and at 13.35
hrs. when the western part of Sweden was energized it was possible to
synchronize the southern part of the Norwegian system. The synchro-
nization made it possible to import power from Norway to the western
part of Sweden. When the system in the south was energized the lines
to Zealand and Jylland were connected and power import was ordered.
The tie lines to Finland and the north of Norway were reconnected
only half an hour after the disturbance.

All nuclear power stations were subjected to quick shutdowns except
Forsmark 1 which remained connected to the northern system. After
the disturbance the stations were started as fast as possible and the first
nuclear power station was synchronized to the system at 22.35 hrs.

7 T T T T T T

6 | Pre-outage production

Active production (GW)

0 1 2 3
Time (days)

Figure 3.6 Power production from the nuclear power stations following the
disturbance.

25



Chapter 3: The restoration process

The oil and coal fired stations, of which only a few were in operation
before the outage, were started and the first delivered power at 16.30.
During the hours following the disturbance most of the gas turbines in
the south were in operation and the hydro power in the north produced
as much power as was possible given the section limits. The load
reconnection in the south was made both manually and automatically
with the BTK (more about BTK in 2.3.3). Since there was a lack of
power the reconnection of load was limited until 18.20 hrs. when the
national control centre gave permission for unrestricted reconnection.

The analysis following the blackout showed that the disturbance was
caused by a voltage collapse. Initially when the two lines in section 2
were tripped the voltage in the south was reduced and therefore the
power consumption momentarily decreased. When the thermostati-
cally controlled loads recovered and the tap-changers increased the
voltages at distribution level, the network was stressed even more
which resulted in the collapse. The restoration process following the
disturbance worked well despite problems with the monitoring system
at the national control centre in Stockholm. At the control centres the
work was much disturbed by phone calls from media and the public. In
the system there were problems with the DUBA functions at some
places. Due to the fact that the nuclear power stations failed to reach
household operation there was a lack of power which delayed the
reconnection of load.

3.3 Consequences following a blackout

The Swedish blackouts described in 3.2.1 and 3.2.2 have demonstrated
how vulnerable modern society is in the case of a collapsing energy
system [34]. They have also shown the importance of having sufficient
backup power and the benefits of a fast restoration.

In case of a disturbance the consequences will be both socially and
economically. The industries suffer from loss of production; especially
the processing industry is vulnerable since even a short break in the
power supply may lead to loss of production for days since the entire
process has to be restarted.

Nowadays most of the work in the offices is carried out by help of
computers. In case of an outage there will be loss of production but
there is also a risk of loss of data. After the disturbance there will be
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extra work in order to start up the computer systems and other electri-
cal equipment.

Shops and stores have to close down in the case of a disturbance,
resulting in a loss of sales. The customers in the shops and stores have
to be evacuated and since escalators, elevators and light do not func-
tion this may be rather complicated. The refrigerating plants will be
warmed up and there is a risk that food is spoiled if the duration of the
outage is too long.

In farms, animal breeding and milk production will be affected since
the air conditioning will stop and the cows have to be milked by hand.
However, most of the big farms have access to backup power and
therefore the consequences may be limited.

The population will be affected in general since the communication
systems breakdown. Trains can be halted anywhere along the railway
and in the subway it may be difficult to evacuate people. If the distur-
bance lasts for a long time there might be a risk of breakdown of the
telecommunication system since the battery backup resources in the
stations are limited. When the pressure in the water pipes decreases
there will be no water and there is a risk of penetration from slops into
the water pipes which may endanger the water supply for many days.
In the refrigerators and freezers the groceries will warm up especially
since people may act irrationally and check whether the groceries are
cold or not many times. During the winter the consequences for the
heating supply may be substantial, especially if the outage lasts for a
long time.

3.4 Problems during the restoration process

During the restoration process there are a number of abnormal situa-
tions which may cause problems. The blackstarting of the hydro sta-
tions may fail for a number of reasons: the diesel generator may fail to
start due to discharged start batteries or lack of fuel, different kinds of
control automatics may cause problems if they are improperly adjusted
or improperly designed, etc. The station emergency personnel may not
be sufficiently trained and are suffering from stress and therefore their
work can be delayed or in extreme cases they may act wrongly. Com-
munication problems between the regional control centres and the
hydro stations can also delay the restoration. The public and the media
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will try to get information from the control centres almost directly after
the disturbance and therefore there is a risk that the telephone lines will
be overloaded. In the control centres the large amount of data which
comes into the computer systems may make them unusable.

When energizing the long transmission lines from the north to the
south the large amount of reactive power produced by these unloaded
lines will increase the voltages in the system and therefore it is impor-
tant to have sufficient reactive resources in the form of generators,
SVCs or shunt reactors before these lines are energized.

The reconnection of load, which is made both manually and automati-
cally, is accompanied by an increased power production. To avoid large
frequency deviations the size of reconnected load must be limited. It is
also essential to adjust the power production set-points on the genera-
tors as there otherwise will be a stationary frequency deviation in the
system. During reconnection it is difficult to predict the expected
amount of each load. Some loads will be substantially larger, particu-
larly residential load, due to cold load pick-up, and some will be very
small, especially industrial load, as compared to the pre-outage load
level. Due to these circumstances the frequency regulation will be con-
siderably more complicated since the operator also must regard the
usual restrictions such as regulation of the water levels in the rivers and
start up times of power plants.

In the system there are a lot of automatics in operation and especially
in the case of a blackout and the following restoration these automatics
will affect network objects. During the blackouts mentioned there have
been problems with the DUBA automatics which in some cases have
operated too fast. There is also a risk for reactor hunting (see 6.1.1 and
6.1.2) due to improperly adjusted dead bands and time delays of the
automatics. If it takes too long time to energize stations there might be
problem with the backup power from the batteries supplying the sta-
tion equipment.
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Chapter 4 The ARISTO power system simulator

In order to simulate phenomena associated with collapse and restora-
tion of power systems it is important to have a suitable software. The
software shall be able to handle both long and short term dynamics and
the user interface shall be interactive making it possible to use it as a
training simulator for operators. On the market a number of analysis
tools are available and they are useful for studying certain phenomena
in depth. There is also a variety of dispatch training simulators availa-
ble with different levels of advanced operator interfaces. The training
simulators are mostly used to educate in normal network operation and
handling small disturbances. In cases of severe problems such as major
breakdowns and restoration the scenarios are often based on off-line
calculations. The power system dynamics are not as well modelled and
the study of transient stability and relay operation is often limited to
off-line calculations or done in a special calculation mode.

The real time power simulator ARISTO! [10], which has been used in
this study, combines the advantages of an analysis tool and a dispatch
training simulator. The simulator is therefore a suitable tool for
advanced operator training and may also be used for analysis in depth.

Figure 4.1 ARISTO power system simulator

1. Developed by Svenska Kraftnat
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4.1 Structure

ARISTO is based on a standard workstation combined with three 19”
colour screens for presentation. The system uses UNIX and X-win-
dows technology. Available software tools such as DataViews, Ingres
relational database and Avanti real time database are applied.

The simulator may be divided into the three subsystems: the simulator
kernel, a man-machine interface and the data preparation. The simula-
tor kernel subsystem consists of the power system model and the real
time database and it is in this part of the system that the simulation is
carried out. The man-machine interface contains applications which
are used to control the simulation. There is also a variety of possibili-
ties to display the simulated data in different kinds of diagrams. In the
data preparation part of the simulator the network data are stored. The
work in this mode is made off-line and when all necessary data are
available a load flow is carried out. All the data may then be loaded
from the relational database to the real time database in the kernel. In
order to extend the use of the simulator it is possible to import existing
network data from the PSS/E! software.

4.2 Modelling

For a proper simulator it is essential to have sufficient modelling capa-
bility. The ARISTO models may be divided into the following main
groups: network components, loads, production units and protection
units.

4.2.1 Network component models

A detailed modelling of the substations can be carried out. The switch-
yards may be defined by several busbars, circuit-breakers and discon-
nectors in a variety of configurations. The transmission lines are
modelled as conventional st-links and series capacitors can be installed
in order to compensate for the line reactance. The transformers are
equipped with tap-changers which can be operated both in the constant
time and the invert time control mode. The substations may be
equipped with shunt capacitors and shunt reactors combined with auto-
matics which connect/disconnect them when voltage is below/above
certain voltage levels.

1. PSS/E: Power System Simulator for Engineering, developed by Power Technologies Inc.
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4.2.2 Load models

The loads are modelled as constant admittances which eliminates the
use of iterative solution methods. To obtain a realistic modelling of the
loads the admittances are recalculated in time. For this procedure a
number of models are available (some models are not implemented
yet) as shown in figure 4.2
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Figure 4.2 Overview of the available load models in ARISTO.

In the admittance calculation the static and dynamic dependency in fre-
quency and voltage of the loads are taken into account. Stochastic load
variations and cold load pick-up can also be modelled.
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4.2.3 Production unit models

The synchronous machines are modelled using a fourth order model
based on Parks equations. The models include saturation and the
damper windings are taken into account in an approximate way. The
excitation system can be simulated by the following models:

* Voltage regulator.

* MV Ar regulator.

* Power system stabilizer.

e Stator and rotor current limiters.

The energy supply system can be described by the following models:

* Hydro and thermal turbine governors.
* Hydro turbine and water conduits.
* Thermal turbine and boilers.

4.2.4 Protection models

To simulate phenomena associated with a collapse or a restoration a
variety of relay protection systems are implemented in the simulator.
The relays are designed for generators, overhead lines, transformers,
loads etc. and a summary of these protection systems is shown below:

* Over- and under-voltage relays for generators.

* Over- and under-frequency relays for generators.

* Distance relays for transmission lines.

 Overcurrent relays for transmission lines and transformers.
* Load shedding relays for under-frequency or under-voltage.

* Zero voltage relays.

4.3 User interface

The simulator is controlled by a user friendly interactive interface.
From the Control Panel one can choose a power system model and ini-
tiate or conclude the simulation. Off-line preparation of the network
and execution of load flow may be done in a forms system. The differ-
ent models have their own forms where all parameters for the model
are written.
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Figure 4.3 Control Panel.

In the network diagram it is possible to get an overview of the state of
the network. To this purpose warnings and alarms may be connected to
lines, transformers and switchyards; in case of overload or over-
voltage the relevant objects will change colour in the network diagram.
By using pop-up menus more information about specific objects may
be found and these menus make it also possible to perform switching
operations.

b

Figure 4.4 Network diagram.
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In the curve diagram the network parameters which are of interest may
be plotted. The presentation can be given in line graphs, bar charts
meters or digital values. The trend curves may have different levels of
resolution depending on the phenomena under study.

In the Event panel it is possible to pre-define a number of events that
will be executed at a certain time. Network objects may be discon-
nected and connected, generation and consumption levels may be
changed, relays blocked and faults initiated.

The Unit panel may be used both for the study of the generator param-
eters and for changing them. The set-point values for voltage, active
and reactive power may be altered, but it is also possible to choose the
working mode for the excitation and the turbine governor. Start, stop or
tripping of the unit is also performed in the Unit panel.

r.ﬂ ARISTO — UnitPanel(U_SAFFLE_138)

File =) Controls = ) Properties © ] 000 00:00:35.45

P (M) Q (Mvar) v (kv) F (Hz)
200.00 36.66 140.76 50.00

HED

50 ] B+

- el e
' IS

Hoo

100 120 e

50 ] ]
1 200 7] HOD - Lrg —

0

Figure 4.5 Unit panel.

In order to synchronize separated islands or execute a parallelling the
synchroscope may be used. Switching is possible both manually and
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automatically. When using the automatic mode tolerances for the fre-
quency, the voltage and the phase angle must be specified.

4.4 Implemented system

In this thesis the simulations have been performed using the Cigré Nor-
dic 32 test system and a 600 node reduction of the power system in the
nordic countries; the Nordel system.

4.4.1 The Cigré test system: Nordic 32

The Nordic 32 test system is a system which is constructed in order to
study transient and voltage stability and long term dynamics [6]. The
system consists of four major parts: ”"North” with a large hydro produc-
tion and some load, "Central” with a heavy load and substantial ther-
mal generation, "South-west” with thermal generation and some load
and "External” with a high load and generation. The system has simi-
larities with the Nordic power system and the ”"North” may be seen as
the northern part of Sweden, ”Central” the central and southern part of
Sweden, South-west the Danish island Zealand and “External” Fin-
land. The system consists of 32 nodes and 29 generators on the voltage
levels 400, 220 and 130 kV. The 400 kV transmission lines which con-
nect the northern system with the central part have series compensation
with a compensation degree of about 40-50%. Most of the network
object models described in 4.2 are used and data for these models are
similar to those in the Swedish system.
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Figure 4.6  The Cigré Nordic32 test system. Bold lines represent 400 kV and
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4.4.2 Nordel system

The simulator model of the Nordel power system [3, 30] consists of
approximately 600 nodes. Finland, Norway and the island of Zealand
in Denmark have been strongly reduced and are consisting of only a
few equivalents. In Sweden all the 70 kV and large parts of the 130 kV
system have been reduced. However, the entire 400 kV and 220 kV
network are modelled in full scale. The power system model has been
equipped with almost all the available network models. Data for the
protection models and for the automatics in the system are the same as
those which are used in the real Nordel power system (see 2.3).

4.5 The use of ARISTO

ARISTO has been created by Svenska Kraftnit and was initially con-
structed as a training tool for operators. So far it has been used in
courses for the operators at the national control centres and also for
other engineering courses at Svenska Kraftndt. During these courses
network phenomena such as voltage collapse, islanding operation and
restoration following a total or partial blackout have been studied. Pre-
defined events have been implemented and the task for the operator has
been to take care of the situations arising and to solve the problems
related to these occasions. Since it is possible to connect a number of
workstations to the simulator a role play may be performed where
operators from power stations, control centres etc. may work in paral-
lel and perform actions in the network simultaneously.

The simulator has been in operation at Chalmers University of Tech-
nology and is used both in education and research. The primary use of
the simulator in education has been to give the students a better under-
standing of the dynamics in a power system and also show typical net-
work phenomena such as transient stability, voltage collapse,
restoration problems etc. In the research field the simulator has mostly
been used to study restoration problems.
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Chapter 5 Load behaviour

The restoration process following a major disturbance in a power sys-
tem includes many reconnections of loads which will be done both
manually and automatically. After an outage it is important to recon-
nect loads as fast and secure as is possible. An accurate knowledge of
load behaviour for different load categories will be valuable in order to
perform load reconnection in the proper sequence.

The dominating factor that affects the load size during the restoration is
the cold load pick-up. As voltage and frequency will vary more than in
case of steady state conditions, the effect of these parameters on load
behaviour are also of importance.

5.1 Load categories in the Swedish system

The consumption of electricity per capita in Sweden is high when com-
pared to other countries. During the seventies and eighties, when the
nuclear power plants were taken into operation, the electric energy
consumption increased significantly due to the change-over from oil
based heating to electrical heating.

Consumer group Consumption, TWh/year in%
Industry 51.0 36.0
Communication 2.5 1.8
Housing, offices, shops, 74.4 52.5
schools, hospitals, district
heating power plants, etc.

Disconnectable power for 4.7 3.3
electrical boilers in the

industry, service and dis-

trict heating power plants

Losses 9.0 6.4
Total consumption 141.6 100

Table 5.1

The electric energy consumption for different consumer groups in
Sweden in 1995.
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The energy consumption in Sweden may be divided into different
groups as shown in table 5.1 [33]. Most of the consumption is due to
residential load but the industrial consumption is also extensive.

Sweden is a country which has natural assets such as ore and forests
and therefore the industry has different energy consuming sectors. The
energy consumption in the main industrial branches is shown in table
5.2.

Branch of industry Consumption, TWh/year in%
Mining industry 2.5 1.8
Food industry 2.3 1.6
Textile and clothing indus- 0.4 0.3
try
Timber and wood industry 2.0 1.4
Pulp and paper industry 19.0 13.4
Chemical industry 6.5 4.6
Farming and stone indus- 1.1 0.8
try
Iron, steel and metal works 7.6 5.4
Engineering industry 6.6 4.6
Small industry, handicraft 3.0 2.1
etc.

Total Consumption 51.0 36.0

Table 5.2 The electric energy consumption in the Swedish industry in 1995.

5.2 Cold load pick-up for different industries

The phenomenon of cold load pick-up has become of interest in the
last years. The power suppliers try to utilize their networks as much as
possible and in case of a restoration following a disturbance on a win-
ter day the lines may be overloaded. This is due to the fact that a larger
fraction of electrical heaters has been turned on. In extreme cold situa-
tions or when the power production at a number of plants is limited,
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Svenska Kraftnat may give order to the regional control centres to use
a scheme with rotating disconnection of loads. This scheme is called
ROBO (In Swedish: ROterande BOrtkoppling). If the loads included in
ROBO contain a considerable part of electrical heating they will be
larger when they are reconnected compared to the situation before the
outage and for that reason more loads may have to be disconnected.

Lately the ROBO-scheme is also applied for another reason. The
power supplier investigates whether it is possible to disconnect the
electrical heating for households during a certain time in order to limit
the power consumption in an area [16, 20, 25, 26]. This type of small
ROBO may be used instead of reinforcing the network or using expen-
sive power production and thereby both the power supplier and the
customer will achieve economical advantages.

Here the cold load pick-up and its effect on the restoration following a
blackout is studied. The reason is that usually there is a lack of power
during restoration and therefore it is important to assess load behaviour
in a restoring phase.

Load models for cold load pick-up are difficult to evaluate due to the
fact that it is seldom allowed to provoke disturbances in the network.
For industrial consumers even a short disturbance in the power deliv-
ery may lead to a loss of production for a number of hours and may
cause damage to machines and equipment. Planned outages in industry
or residential areas are not the same as a spontaneous disturbance. In
the industry the production will be stopped in a controlled way and
therefore it i1s much easier to restart after a planned outage compared to
an unexpected one. In the households the load will probably increase
as people will use the washing machine, dishwasher, oven etc. before
the planned outage starts. Therefore these loads will not be in operation
when the outage occurs and consequently do not play a role when the
network is restored. The only way to get information about load behav-
1our following an outage is therefore to use data available from those
disturbances that sometimes occur in the system.

An investigation of the majority of industries consuming more than 10
MW has been made. Many of these industries have their own measure-
ment of energy consumption using different levels of time resolution.
In those cases where these measurements are not available it is possi-
ble to receive values of the energy consumption per hour from the
power supplier. A resolution of one hour may seem to be low but in
those cases where the restarting time for an industry is up to one day,
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even measurements with a resolution of one hour can give valuable
information.

5.2.1  Pulp and paper industry

The pulp and paper industry in Sweden has a high electricity consump-
tion. This industrial sector is characterized by large plants consuming
power up to 300 MW and can be divided into plants with either pulp
production or paper production and plants which produce both.

The pulp production from wood (some plants also use recycled paper)
can be done chemically or mechanically. In the first process the fibre
and lignin are separated chemically whereas in the mechanical process
the fibres are extracted by grinding. The mechanical process consumes
up to four times as much energy as the chemical process, however, the
chemical process consumes 100% more wood compared to the
mechanical process.

Both the pulp and the paper production processes use a high number of
pumps, fans, conveyers (i.e. most of the load consists of asynchronous
machines). The main machines in the paper mill, however, usually are
DC machines.

The production of pulp causes waste products such as bark from the
trees and lyes including lignin. These products are burned in big fur-
naces and produce steam. Besides the waste products one usually has
the possibility to burn oil in these furnaces. Much of the steam is used
for drying of the pulp and paper but since the steam production is
larger than the consumption these industries mostly produce electrical
power in back-pressure turbo-generator units. For the chemical pulp
industries the in-house electrical power production is almost equal to
the consumption and therefore the import from the network is limited
to those occasions when there is a lack of steam or there are problems
with the turbine/generator.

Approximately half of the plants having an own generation capability
has switchyards which are often based on a double busbar system as
shown in figure 5.1. At busbar A the generator and loads with the high-
est priority are connected and at busbar B the feeding network and the
rest of the loads are connected. During normal operation the circuit-
breaker between the two busbars is closed but in case of network dis-
turbances (under-voltage or under-frequency) the circuit-breaker will
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be opened and the generator and a part of the load will be running in
island operation.

The success in changing over to island operation varies considerably.
Some plants are highly successful whereas others only succeed in less
than 50% of the cases. Since thunderstorms may cause problems a few
industries will disconnect the circuit-breaker between the busbars and
run in island operation as a protective measure against voltage
impulses that may damage sensitive production processes.

g Feeding network

Bus A (high priority)

A3
N
N
X

A3
N

Bus B (low priority)

Step up
transformer @ @ $ Closed

Generator Load Load
$ Open

Figure 5.1 The substation layout for a pulp and paper industry.

Disturbances and outages in the network are troublesome for the pulp
and paper industry. The consequences and the restarting time are
dependent on whether the own power production can reach island
operation, the duration of the outage, equipment damage and the avail-
able staff resources. Problems that arise following a disturbance are
that pulp gets stuck in pumps and pipes and has to be removed, the
steam production has to be restarted before other processes may start,
the wire cloth has to be sluiced from pulp, paper or carton may stuck
on the rollers. When the production has started it will also take time
before a proper quality of the product is reached.
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Figure 5.2 shows an example of the active power consumption and
own power production following an outage for a 100 MW pulp and
paper industry.

100 — — — — T
90 Total consumption |
80
70
60
50
40
30

Active power (MW)

In-house generation

20m
10 +

O | I I I SN N AN S R R |
5 0 5 10 15 20 25 30 35 40 45 50

Time (hours)

Figure 5.2 The active power production and consumption following a
network disturbance at a pulp and paper industry.

In order to compare some different industries figure 5.3 shows the
active power consumption following a restart after an outage for three
different pulp and paper industries and figure 5.4 shows a comparison
of the restart time for three pure pulp industries.
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Active power consumption from three pulp industries following
shutdown and restoration (base power is normal consumption).
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In general one can say that the restarting of a paper industry only takes
1-3 hours whereas the restart of a pulp industry or a combined pulp and
paper industry takes from 6 hours up to one day or more (compare fig-
ures 5.3 and 5.4).

5.2.2 Timber and wood industry

In the group of timber and wood industry sawmills, joineries and plants
producing plywood and board are included [32].

Sawmills and joineries are often small plants with a power consump-
tion of less than 1 MW. The electric energy consumption in these
plants is largely related to the number of asynchronous machines. Fol-
lowing an interruption in the network the restoration is very fast since
one only has to restart the machines. The electric energy consumption
from these plants will be back to normal in less than an hour.

The board industry has similarities with the pulp and paper industry.
The main difference is the drying process which in the board produc-
tion due to the thickness of the plates, can not be made using heated
cylinders. The restarting time following an outage for these types of
plants will therefore be in the same range as for pulp and paper indus-
tries which means a number of hours.

5.2.3  Mining industry

The mining industry in Sweden may be divided into two major
branches: iron ore and sulphide ore mining [32]. The iron ore produc-
tion which consumes more than half of the electrical energy in this sec-
tor is concentrated to two mines in the north of Sweden, whereas the
sulphide ore production is situated both in the north and the central
area of Sweden. The mining is mostly done underground but there are
also some open-casts.

The different production stages such as haul of ore and pumping of
water from the mine, crushing, grinding and sifting, dressing and sin-
tering to pellets consume much electricity, mostly by motors. Also the
ventilation necessary in mining is a large energy consumer.

The restart of the production following an outage varies for different
processes and types of mines. The duration of the interruption is very
important since pumps and pipes may get stuck and have to be disman-
tled and flushed clean with water. Some mines experience an increased
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water flow during spring time. An outage that lasts more than an hour
will flood the mine and the pumps resulting in severe consequences.

Generally one can say that the restarting time for the production varies
between 30 minutes and 12 hours. A mean value of the restoration time
may be 2-4 hours.

1.2

Active power (pu)

0O 2 4 6 8 10 12 14 16 18 20
Time (hours)

Figure 5.5 Active power consumption for three different mines during
restoration (base power is normal consumption). Solid line shows
the restart of an iron ore mine following a number of disturbances.
Dashdotted line shows the restart of a sulphide ore mine following
a planned outage. Dashed line shows an iron ore mine during and
after a 12 hours long disturbance. Some power is produced by
diesel generators during this outage.

5.2.4  Iron and steel industry

The iron and steel industry is mostly located in Bergslagen in the mid-
dle part of Sweden. There are also some plants in the south and a large
steelworks in Lulea [32].

The processes are energy consuming; most of the consumption (about
40%) is related to the melting process which takes place in arc and
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induction furnaces. At those plants without a steelworks the steel is
usually warmed up in induction ovens in order to achieve a tempera-
ture of over 1000 °C. It is then possible to start with the warm rolling
process followed by cold rolling and other different process stages
such as galvanization and hardening.

The power consumption from iron and steelworks varies considerably
during the day since the load of the rolling-mill is intermittent whereas
the melting process takes some hours. During this cycle the power con-
sumption varies from maximum to almost zero when the furnace gets
drained.

An interruption in the power supply may cause severe problems for
some of these plants. In foundry plants an interruption that lasts more
than 1-2 hours has catastrophic consequences since the material in the
furnaces will solidify and therefore the whole furnace must be rebuild
which can take up to a month. The hot material in the warm rolling-
mill may cause damage to the rolls and changing these will take much
time. In the cold rolling-mill there is a risk for a rupture of the steel
strip and the cleaning up time following such an event will take up to
four hours.

1.2

1.0\

0.6 -

0.4 ¢

Active power (pu)

-2 0 2 4 6 8 10 12 14 16
Time (hours)

Figure 5.6 The power consumption of two iron and steel industries following
an outage (base power is normal consumption).
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Generally one can say that the restarting time for an iron and steel
industry following a blackout takes from 30 minutes up to 12 hours.
This is valid as long as nothing is damaged in the plant during the out-
age. Production may be stopped for a month in the most severe case.

5.2.5 Chemical industry

The chemical industry sector contains a number of sub-branches as
chemical base industry, petroleum refinery, rubber and plastics industry
and other chemical industries [32].

The chemical base industry includes production of chemicals for pulp
and paper industry and the metal industry. The production of industrial
gas and base plastics is also included in this sub-branch. Most of the
energy consumption is due to electrolysis which consumes about 50%
of the electric energy. The remaining part of the consumption is related
to the use of compressors, pumps, fans and melting processes.
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Figure 5.7 The power consumption of a cracker and polyester industry after
an outage.
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The restart of the production following an outage varies for different
types of industries. The duration of the outage affects the restarting
time as problems may arise such as gas condensation. Pipes have to be
drained in such a case before restarting of the production.

The are only a few refineries in Sweden mostly situated on the west
coast. They consume quite a lot of energy but since the processes gen-
erate waste products such as inflammable gases they also produce
much energy by their own generators. The energy consumption in
these plants is often related to pumps, fans, compressors and in some
cases heating processes. The restart time of the production for these
plants varies depending on the duration of the outage. The process may
handle short interruptions less than 0.5 s but for longer interruptions
the processes will be stopped and the restart of the production may take
some days. However, the power consumption following such a severe
interruption will be back in a day.

At one refinery plant the in-house power generation exceeds the own
consumption and therefore the refinery sells electric energy to the
power supplier. In case of a disturbance this plant will be disconnected
from the network and work in island operation. In those cases when the
generator fails to reach island operation there is a diesel generator
which will start and thereby may give support for the restart of the gas
turbine.

The rubber industry is mostly related to the production of car tires and
other components for the car industry whereas the plastic industry for
example produces plastic film, car components and boat hulls. Follow-
ing an interruption these industries will be affected since the processes
will be stopped and material will solidify. After the interruption
machines have to be cleaned from solidified material and the processes
have to be restarted which can take a number of hours.

5.2.6 Residential load

The residential sector consumes about a third of the Swedish electric-
ity. The dominating part consists of electrical heating which alone
stands for more than half of the consumption in this sector. The electri-
cal heating is dominantly used during the winter period. Apart from
heating refrigerators, freezers, washing and drying machines, dishing
machines and illumination stands for a substantial part of the consump-
tion.
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Following an interruption in the system there may be a problem with
overloading when reconnecting. The overloading is related to the ther-
mostatically controlled loads such as electrical heating, refrigerators,
freezers and water heaters. A part may also be associated with the psy-
chological behaviour of people. During the outage people will switch
on more lamps and in some cases they will open and check the food in
the refrigerator and the freezer and thus contributing to a higher load
during reconnection.

The cold load pick-up may be divided into several phases: one with a
time constant of seconds and a number of phases with time constants
of minutes-hours (and strongly dependent on the duration of the out-
age). The loads containing asynchronous motors such as refrigerators,
freezers circulating pumps etc. will, when they start up, cause a peak in
the power consumption. This peak will have a duration of less than one
second. This phenomenon was observed when reconnecting loads dur-
ing the restoration of the island grid as described in 7.2 and is shown in
figure 5.8. The peak for these particular loads were between 0.6 and 1.7
pu and had a duration of less than 1 s. The reason for this large varia-
tion may be that the loads have different proportion of connected asyn-
chronous machines.

Longer time constants arise from the cooling down of houses and
water heaters and warming up of refrigerators and freezers. In houses
with electrical heating initially most or all radiators will be on when
the network is restored. The time it takes for the load to reach normal
level is strongly associated with the duration of the interruption and the
outside temperature.
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Figure 5.8 The active power consumption for four different loads. Each load
has the nominal value of 1 pu (after 4 s) and the overshoot varies
between 0.6 and 1.7 pu.

As described earlier it is difficult to make field measurements of the
cold load pick-up. Since the time constant for the load recovery is in
the range of minutes-hours the values of the energy consumption with
a resolution of one hour (and is possible to receive from the power sup-
plier) is not sufficient. Figure 5.9 shows an example from a field meas-
urement performed in the south of Sweden a number of years ago.
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Figure 5.9 Field measurement of the cold load pick-up for 625 houses of
which 525 have electrical heating. The field study was performed
during the night and the outside temperature was -5 °C (base
power is the consumption before the interruption).

During the field study the weather was calm and the outside tempera-
ture was -5 °C. In order to study the behaviour of the thermostatically
controlled loads the measurements were performed during the night
when the load basically consisted of electrical heating, freezers, refrig-
erators and electrical boilers. Two field measurements were carried out:
one with an outage lasting 5 minutes and one lasting 30 minutes. As
can bee seen from the figure, the load level immediately after the
reconnection of the load following a 30 minutes interruption, is almost
three times as high compared to the pre-outage load level. The load
level is also substantially larger compared with maximum load which
was measured during the coldest days in January. Also for the five min-
utes long interruption the load level is more than twice as high com-
pared with the load before the outage.

A comparison between the lost energy during the interruption and the
increased energy consumption following the outage shows that for the
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five minutes interruption the recovered energy after 20 minutes is
about 115% of the lost energy. For the 30 minutes interruption the
recovered energy after 20 minutes is about 65% of the lost energy.
However, the power consumption for the 30 minutes outage, is higher
than the pre-outage level even after 20 minutes and therefore the
energy recover will continue.

In order to investigate the possibility to control the power consumption
of loads, work has been done in Sweden [16, 20, 22, 25, 26] which has
similarities with the cold load pick-up phenomena. The results from
these studies can give valuable information on the cooling down time
of houses but since the loads are controlled the results will not tell so
much about the peak following an interruption.

When studying the cooling down of a house there are a number of fac-
tors that affect the temperature, such as the outside temperature, wind
and solar radiation. Also the duration of the outage, the insulation, the
quantity of furniture and other objects in the house are factors that are
important. The number of people in the house should also be taken into
account since a person produces 60-100 W.

In [22] an investigation was made of the time constants for a house.
The result showed that the cooling down time is associated with two
time constants according to equation 5.1.

t t

T, = (T,,-T,) -| Ae "' +Be 2| +T, (5.1)

i 10

where
T, = inside temperature [°C],
T,o = inside temperature before the outage [°C],
T, = outside temperature [°C],
T = short time constant [hours],
T, = long time constant [hours],
A, B = constants with the value A=0.1 and B=0.9.

The short time constant, t;, represents the cooling down of the air
inside and is approximately one hour. The long time constant, T,, is
related to the cooling down of the building itself and is about 28 hours.
Since the study was performed in an empty house without furniture etc.
the long time constant will probably be even longer. Using equation
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5.1 and the given constants will result in a temperature decrease
according to figure 5.10.
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Figure 5.10 Inside temperature in a house as a function of outage time. Inside
temperature prior to the outage was 20 °C and the outside
temperature was -10 °C.

5.3 The voltage dependency of loads

The voltage in the system will fluctuate much more during the restora-
tion process compared to normal conditions. The variations in the
bulk-power system will also affect the voltages on the lower voltage
levels. However, these variations will be reduced after some time due
to the tap-changers on the transformers. At the distribution level (less
than 10 or 6.6 kV) the voltages are not regulated with on-load tap-
changers and variations in the load level will therefore lead to a varia-
tion in the voltage drop on the lines. The fluctuations in voltage will
affect the power consumption in the network.
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A load model proposed in [18] which is based on field measurements
on two substations in the south of Sweden takes both the static and the
dynamic load behaviour into account. The model may be written as

dp
r Vi o Vya
Toq +P = 0<‘70> —P0<\TO> t (5.2)
Vy\ya
P = Pr+PO<\TO> t (5.3)

and for a voltage step the active power recovery may be written as

(t_to)

TR [

where

V = supplying voltage [pu],

V(y = pre-fault value of supplying voltage [pu],

P, = active power consumption at pre-fault voltage [pu],
P = active power consumption [pu],

P, = active power recovery [pu],

o= steady state active load voltage dependence,

o= transient active load voltage dependence,

Tpr = active load recovery time constant [s].

The parameters oy, oy and T, will vary with the season of the year,
time of the day and naturally with the type of load. o, may vary from
about 0.05 to about 1.4. For a, the variation is from about 1.5 to 2.5
and the time constant T, varies from 80 to 360 seconds.
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Figure 5.11  Active load recovery following a step decrease of the voltage
from 1.0 to 0.9 pu. T, =160 s, 0;=0.6, 0 =2.

The dynamic load behaviour is related to the thermostatically control-
led radiators. After a voltage step the radiators behave initially as a
resistance load and the active power will therefore change with the
square of the voltage.

The recovery phase is controlled by two processes. The first process is
caused by the change in power supplied to the radiators due to the volt-
age change. The heat requirement will not alter for short periods of
time and the result is that the ratio of the on-off times of the thermo-
stats will be adjusted so that the same amount of electrical energy over
time is delivered as prior to the voltage change. The second process
controlling the recovery is caused by the voltage dependency of bime-
tallic thermostats. Due to their design a voltage decrease will lead to an
increase in the temperature set-point and vice versa. Measurements
[23] show that a 10% increase of the voltage using a bimetallic thermo-
stat leads to a reduction of the mean power with 20-30% after 10-15
minutes and 10-20% after 30-40 minutes. A reduction of the voltage
with 10% leads to an increase of the mean power with 30-40% after
10-15 minutes and 5-10% after 30-40 minutes. In the same thesis [23]
an electronic thermostat is investigated and the results show that the
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mean power from the radiator varies around the pre-fault value during
30 minutes after the voltage change and for longer time the mean
power is approximately equal to the power before the voltage change.

During an outage the temperature in the house will decrease. The pri-
mary effect during the restoration is therefore that a higher number of
thermostats of the electrical heating will be in the on position. Since
the power consumption will be much higher after the outage, the volt-
age drop on the lines/cables will be higher compared to the pre-fault
value. This voltage drop will affect the power consumption in two
ways. Firstly, the voltage drop will reduce the power consumption
since the power consumption from a radiator is proportional to the
square of the voltage. Secondly, the lower voltages on the radiators
results in an increased power consumption due to the voltage depend-
ency of bimetallic thermostats as previously described.

5.4 The frequency dependency of loads

During the restoration of the power system the frequency variations
will be higher as compared with normal conditions (see 3.4 and Chap-
ter 7). Due to these variations it is important to study the frequency
dependency of the load in the power system. An investigation of the
loads in the Nordic power system has been performed [8]. Laboratory
measurements were made on the most common types of individual
loads present in the system. In order to verify the laboratory results a
field study was made on an island grid.

The laboratory measurements resulted in the following static polyno-
mial and exponential load models:

P(f) = a2<fi0>2+al<fio> +a, (5.5)
P(f) = (%)“D (5.6)
where

f = system frequency [Hz],
fy = reference value of system frequency [Hz],
ag, ap, ap and n,, are load parameters.
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For the investigated load types the following table shows the calcu-
lated parameters.

Load ag a a) n,

Asynchronous machine (con- 2.50 -2.50 1.62 0.91
stant load torque)

Asynchronous machine (linear 1.22 -2.14 1.91 1.86
load torque)

Asynchronous machine (square | 2.27 -5.10 | 3.84 291
load torque)

Motor run by frequency con- 1.0 0 0 0
verter

Electrical heating 1.0 0 0 0
Refrigerator/freezer 2.54 -3.63 | 2.09 0.34
Fluorescent lamp 4.05 -496 | 191 -1.36
Mercury lamp 3.52 -3.81 1.29 -1.39
High pressure sodium lamp 7.10 -10.05 | 3.95 -2.05
Low pressure sodium lamp 2.19 -4.38 | 3.19 1.93

Table 5.1 Load model parameters for different types of loads.

Except for these investigated loads a power system also includes loads
like electrolysis in the chemical industry and frequency independent
loads such as disconnectable electric boilers, arc furnaces in the iron
and steel industry etc.

Table 5.2 gives a description of the power composition in the Swedish
system during a normal and a light load occasion. The table is divided
in four different types of load with different levels of frequency
dependence according to the derived models. Using these load compo-
sitions and the proposed load models give the total frequency depend-
ency of the Swedish system as shown in figure 5.12
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Type of load Normal load Light load
Lighting (GW) 1.8 1.6
Refrigerator/freezer (GW) 0.7 0.6
Motors and electrolysis (GW) 5.8 5.8
Frequency independent loads (GW) | 7.3 2.3
Total load (GW) 15.6 10.3
Table 5.2 The power composition in Sweden during a normal and a light

load occasion.
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Figure 5.12  Frequency dependency of the load in the Swedish system during
a normal and a light load occasion.

As can be seen the total load varies almost linearly with frequency.
During normal load the variation is approximately 0.013 pu/Hz and

during light load 0.020 pu/Hz.
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In order to verify the results from the laboratory measurements a field
study was made on an island grid as described in 7.3. During the field
study it was difficult to keep a stable frequency and since a change in
the frequency also resulted in a change in the voltage the variation in
power consumption in the system was affected by both the frequency
and the voltage. A load composition of the island grid was performed
where the derived load models were used. These data and data from the
grid were implemented in the simulation program PSS/E. The load
voltage dependency was also taken into account during the simulations
by using the load model proposed by [18]. The simulated results for the
active power showed a good agreement with measured values. For the
reactive power, however, the results from the simulations and the
measured values disagreed. No satisfactory explanation for this disa-
greement was found.

5.5 Conclusions

The investigation of the load behaviour following a disturbance has
shown that the cold load pick-up phenomenon is important and has to
be taken into account. In the residential sector the load will be higher
after an outage which is a result of thermostatically controlled loads.
The industrial load will be substantially lower compared with the load
before the outage and for some industries it may take more than a day
to restart the production following a disturbance.

The voltage and frequency dependencies of the load will also affect the
system. However, these variations are not as extensive as those caused
by cold load pick-up.
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Chapter 6 Analysis of voltage and frequency
control

During restoration the control of voltage and frequency is most impor-
tant. It is therefore necessary to have a sufficient knowledge of how
different system components and their automatics affect the regulation
of voltage and frequency.

6.1 Voltage control

As described in chapter 2 there are a number of long 400 kV transmis-
sion lines connecting the northern part of Sweden with the centre and
the south of the country. During a restoration process these lines will
be energized and it is necessary to have reactive resources available,
such as shunt reactors, SVCs and generators. They are used to compen-
sate for the reactive power production of these lines in the initial phase
of no load or low load.

A long transmission line with a series capacitor installed in the middle
of the overhead line may be modelled using st-link sections as shown
in figure 6.1.

Figure 6.1 Equivalent circuit for a transmission line with a series capacitor
installed in the middle of the line.
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If the line is assumed to be lossless and the shunt branches around the
series capacitor are placed at the feeding and the receiving end of the
line the equivalent circuit may be simplified according to figure 6.2.

0.5, 9% josxg

Figure 6.2 Simplified equivalent circuit for a transmission line with a series
capacitor installed in the middle of the line.

The reactances in the mt-section are

X, = Z,sinyl (6.1)
X =7 cotl 6.2
n = 40 2 6.2)
where
X
zV = ﬁ_) (6.3)
Y = ju/xb (6.4)

and
x = line reactance [€2/km, phase],
b = line susceptance [S/km, phase],
1 = line length [km)],
X = series capacitor [€2/phase].
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The voltage at the receiving end of the line in no-load is then given by
equation 6.5 and the reactive power production from the same line is
shown by equation 6.6.

U

Q = U}(

X
T (6.5)

2= Ui Ix ox
T S L

1 1
X "X ax —x ) (6.6)
T T S L

The voltage at the feeding end can be assumed to be constant; this is a
good assumption in the Swedish system since there are a number of
hydro units at the feeding end in the north which regulate the voltage.
The voltage at the receiving end as a function of line length may then
be plotted as shown in figure 6.3 (case of no load).
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Figure 6.3
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Length (km)
The voltage at the receiving end of an unloaded 400 kV line as a
function of the line length. The voltage at the feeding end is 1.0
pu. The equivalent circuit according to figure 6.1 is used (no
simplification). Solid line: without series compensation.
Dashdotted line: series compensation corresponding to 40% of

the line reactance. Dashed line: series compensation
corresponding to 60% of the line reactance.
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Figure 6.4  The reactive power production of an unloaded line as a function
of line length. The voltage at the feeding end is 400 kV. Solid line:
without series compensation. Dashdotted line: series
compensation corresponding to 40% of the line reactance. Dashed
line: series compensation corresponding to 60% of the line
reactance.

As can be seen in figure 6.3 the voltage at the receiving end of a long
transmission line in no-load decreases with an increased series com-
pensation. The same applies for the reactive power produced which is
shown in figure 6.4. The series compensation is therefore valuable
when energizing an unloaded transmission line since it both decreases
the voltage and to a lesser extent, the reactive power production.

6.1.1 Shunt reactors

The shunt reactors which are installed in order to compensate for the
reactive power produced by transmission lines are equipped with auto-
matics as described in 2.3.5. The voltage levels for connection and
reconnection of the reactors are dimensioned for normal operation,
which implies that all the lines to the station are connected. Figure 6.5
shows the hysteresis curve of a shunt reactor relay both for normal and
abnormal operation.
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Figure 6.5 Hysteresis curve for the shunt reactor automatics. Solid line is
valid when all station lines are connected. Dashed and dotted lines
are valid when only one or a few station lines are connected.

In the case that not all the lines to the station are connected the dead
band decreases due to overcompensation by the reactor (dashed line)
and in an extreme situation it is possible that the dead band totally dis-
appears (dotted line). This may lead to a repetitive process of connec-
tion and reconnection of the reactor: a phenomenon known as hunting.
Reactor hunting may cause severe problems as the voltage will
strongly fluctuate. The repetitive process has a time cycle governed by
the delay times of the reactor relay in combination with the response
time of the circuit-breaker. Normally the circuit-breaker is dimen-
sioned for a open-close-open cycle after which it is blocked for around
20 s until the mechanism has recharged. In case the reactor is discon-
nected only a close-open cycle can be performed. The usual set-points
for the relays are a 0.4 s delay for connection and 2.0 s for disconnec-
tion. A hunting cycle will then have the following time cycle:

disconnection - 0.4 s - connection - 2.0 s - disconnection - 20 s - con-
nection - 2.0 s - disconnection etc.
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6.1.2 Simulation of reactor behaviour

In order to analyse the hunting phenomenon for shunt reactors simula-
tions have been performed on both the Nordic 32 test system and the
600 node Nordel network (see 4.4 for description of these systems).

In the Nordic 32 test system, there are rather few stations and therefore
the stations are equipped with up to three reactors each whereas nor-
mally each station only has one or two reactors. The reactors in the test
system are either 100 MVAr or 150 MVAr which could be compared
with the real system where the reactors can be as large as 200 MVAr.
All simulations are made in agreement with the instruction philosophy
used during a restoration.

The first test case in the Nordic 32 test system is to energize a long
transmission line (4032-4044) having a length of about 400 km and
connecting the system “North” with "Central” (see figure 4.6). During
the line energizing all the generators in the region ”North” are in oper-
ation which gives the ”"North” system good reactive absorbing capac-
ity. The ”South-west”, ”Central” and "External” parts of the system are
out of operation before the line energizing. The total load in the
“North” system is 1180 MW and the production capacity is 6250
MVA.

0.4 s after the line is connected four shunt reactors in the “North”
(4031 and 4032) and three shunt reactors in the "Central” part are con-
nected due to the automatics (see figure 6.6, 6.7 and 6.8). As a result
the voltages decrease to such an extent that not only the seven reactors
are disconnected again but also another two. The disconnection of the
reactors causes very high voltages which results in the connection of
four other shunt reactors in the "North”. The voltage is now on an
acceptable level in the ”North” whereas it is too high in the ”Central”.
After an additional 20 s the circuit-breaker springs are recharged (the
charging times are assumed to be equal for all circuit-breakers) and the
three shunt reactors in “Central” are reconnected. The connection
result in a too low voltage level in substation 4044 and two s later the
three shunt reactors in substation 4044 are disconnected. The discon-
nection of the reactors gives high voltages in both substation 4044 and
4032 and two reactors in substation 4032 are connected. After another
20 s when the circuit-breaker springs on the reactors in substation 4044
are recharged the hunting phenomenon will be repeated.

68



Analysis of voltage and frequency control

1.30 . . .

1.20 | .

—

p—
S
@)

T

Voltage (pu)
2 3
T

<
1

0.80 ' ' '
0 10 20 30 40
Time (s)

Figure 6.6 Voltage variations following an energizing of the line 4032-4044
(unloaded). Solid line: substation 4044 (receiving). Dotted line:
substation 4032 (feeding).
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Figure 6.7 The reactive power production from generators close to the
connected transmission line. Solid line: unit 4031. Dotted line:
unit 1022. A negative sign indicates that the generator absorbs
reactive power.
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Figure 6.8 Reactive power transfer as seen from the feeding end of the

connected transmission line 4032-4044. A negative sign indicates
reactive power production by the line.

A number of simulations have been carried out in order to investigate
the importance of the time delay settings, the voltage levels or a combi-
nation of both of these parameters. Figure 6.9 shows the energizing of
the same line as in figure 6.6, 6.7 and 6.8 when the time delays accord-

ing to table

6.1 have been used.

Shunt Connection Disconnection

reactor Voltage (kV) | Time delay (s) | Voltage (kV) | Time delay (s)
Reactor 1 420 0.4 380 2.0
Reactor 2 420 0.5 380 2.1
Reactor 3 420 0.6 380 22
Table 6.1 Altered time delays for the connection/disconnection of shunt

reactors in the system. Settings are the same for each substation
(voltage set-points unchanged).

The line energizing results in high voltages in both ”North” and ”Cen-
tral” and after 0.4 s one shunt reactor in substation 4044 is connected
(In substation 4032 and 4031 the reactors with a 0.4 s delay are already
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connected before the line energizing). The connection of one shunt
reactor decreases the voltages below 420 kV both in "North” and
”Central” and no further shunt reactor connections are made. However,
the voltages are still high and it would be advisable to manually con-
nect an additional shunt reactor.
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Figure 6.9 The voltages at the feeding and the receiving end of an unloaded

transmission line. The shunt reactors in the same substation have
different time delays for the automatics. Solid line: substation
4044 (receiving). Dotted line: substation 4032 (feeding).

Figure 6.10 shows the energizing of the line 4032-4044 when the volt-
age ranges for the shunt reactors situated in the same station have been
varied according to table 6.2.

Shunt Connection Disconnection

reactor | yoltage (kV) | Time delay (s) | Voltage (kV) | Time delay (s)
Reactor 1 417.5 0.4 382.5 2.0
Reactor 2 420.0 0.4 380.0 2.0
Reactor 3 422.5 0.4 377.5 2.0
Table 6.2 Altered voltage levels for the connection/disconnection of shunt

reactors in the system. Settings are the same for each substation
(time delays unchanged).
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The energizing of the line gives high voltages and after 0.4 s three
shunt reactors in "North” and three in ”Central” are connected. The
connection of six reactors decreases the voltages too much and after
additional two s three shunt reactors in substation 4032 and three in
substation 4044 are disconnected. As the voltages in both “North” and
”Central” become too high two reactors in ”North” are connected. In
substation 4044, however, the springs of the circuit-breakers must be
recharged before the reactors can be connected. After 20 s when the
springs are recharged, the three shunt reactors in substation 4044 are
connected. Since the voltage in ”Central” becomes too low the reactors
are disconnected two s later. The hunting phenomenon with the reac-
tors in substation 4044 will then be repeated every 20 s after recharging
of the circuit-breaker springs.

1.20 T T T
1.10 | L N— <
g o -
||
§0 1.00 | .
S =
-~
0.90 i .
0.80 ' ' '
0 10 20 30 40
Time (s)

Figure 6.10  The voltages at the feeding and the receiving end of an unloaded
transmission line. The shunt reactors in the same substation have
different voltage levels for the automatics. Solid line: substation
4044 (receiving). Dotted line: substation 4032 (feeding).

Figure 6.11 shows a simulation where both time delays and voltage
levels have been altered for shunt reactors situated in the same station
(see table 6.3).
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Shunt Connection Disconnection

reactor Voltage (kV) | Time delay (s) | Voltage (kV) | Time delay (s)
Reactor 1 417.5 0.6 382.5 2.2
Reactor 2 420.0 0.5 380.0 2.1
Reactor 3 422.5 0.4 377.5 2.0
Table 6.3 Altered time delays and voltage set-points for the connection/dis-

connection of shunt reactors in the system. Settings are the same
for each substation.

0.4 s after the line is energized one shunt reactor in substation 4032 and
one in substation 4044 are connected due to high voltages. As a result
of these connections the voltages decrease to acceptable levels and no
further shunt reactor connections are made.

The simulation shows that in this case hunting can be avoided by a
simple change of voltage/time delay settings.

1.15

1.10

:—L

S

[9)]
T

Voltage (pu)

1.00

0.95

Figure 6.11

10

15

Time (s)

20

The voltages at the feeding and the receiving end of an unloaded
transmission line. The shunt reactors in the same substation have
different voltage levels and time delays for the automatics. Solid
line: substation 4044 (receiving). Dotted line: substation 4032

(feeding).
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In test case two of the Nordic 32 test system the ”Central” part of the
system is already energized and an additional line, 4032-4044, is con-
nected. When the line is energized the voltages in the regions ”North”
and “Central” increase too much which initiate a connection of two
shunt reactors in the ”North” and two in the ”Central” part of the sys-
tem (see figure 6.12) after 0.4 s. The connection of shunt reactors
results in very low voltage levels both in region "North™” and ”Central”
and two s later six reactors in “Central” are disconnected. Since the
voltages become too high four shunt reactors in "Central” and two in
”North” are connected after additional 0.4 s. These connections give
acceptable voltage levels in the system. In total 16 connections/discon-
nections are performed before the voltages are within tolerable levels.
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Figure 6.12  The voltages in the “Central” part of the system following the
connection of a line. 2.8 s after the line energizing the voltages are
within tolerable levels and no further connections/disconnections
are made. Solid line: substation 4044. Dotted line: substation
4041.

If time delays according to table 6.1 are used, the line energizing will
only result in six connections/disconnections before the voltage profile
is satisfactory.
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The use of different voltage levels (see table 6.2) results in 14 connec-
tions/disconnections before the voltages are within acceptable levels.

Figure 6.13 shows the energizing of the line 4032-4044 when both dif-
ferent voltage set-points and time delays are used (see table 6.3). In
total four connections/disconnections are made in the system before
the voltage levels are acceptable.
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Figure 6.13  The voltages in the central part of the system following the
connection of a line. 2.8 s after the line energizing the voltage
levels are acceptable and no further connections/disconnections
are made. Solid line: substation 4044. Dotted line: substation
4041. The time delays and voltage set-points are different for
shunt reactors situated in the same station.

As the Nordic 32 test system only consists of a few stations it is of
interest to verify the obtained results by using the 600 node reduction
of the Nordel system (see 4.4.2). Therefore a number of simulations
have been performed where a line in section 2 has been energized. The
simulations have been carried out when the northern part of the system
is in full operation and there are large generating margins in the hydro
power stations (load 5100 MW and total generating capacity 11500
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MVA). The line energizings are again made according to the instruc-
tions which are used during a restoration phase.

Figure 6.14, 6.15 and 6.16 show a simulation where the line from
Borgvik to Kilanda is energized (see figure 2.1). Before this line is
taken into operation the energizing of the section 2 line from Ritan to
Borgvik has been performed. In Borgvik one of the shunt reactors (80
MVAr) is manually connected prior to this and thereby the voltage
reaches an acceptable value. In Ritan substation the 200 MVAr shunt
reactor is also connected before the energizing of the line.

When the line Borgvik-Kilanda is energized the voltage in Kilanda
becomes too high and therefore the 200 MVAr shunt reactor in the sta-
tion 1s connected. At the same time the second shunt reactor in Borgvik
(80 MVAr) is connected due to high voltage. Since the reactive com-
pensation becomes too large the voltages in Kilanda, Borgvik but also
Riatan become too low and the reactors in Kilanda, Borgvik and Rétan
are disconnected. These disconnections give a very high voltage level
in Ratan, Borgvik, Kilanda and Storfinnforsen substations and conse-
quently the reactors in Ratan (200 MVAr), Storfinnforsen (200 MVAr)
and one of the reactors in Borgvik (80 MVAr) are connected. The sec-
ond reactor in Borgvik and the reactor in Kilanda are not re-connected
since their circuit-breaker springs must be recharged.

After 15 s the circuit-breaker spring in Kilanda is recharged and the
shunt reactor in Kilanda is connected (We assume here that the circuit-
breaker spring in Kilanda is recharged after only 15 s in order to
observe the significance of varying charging times; all other circuit-
breakers are here assumed to take around 20 s). As a result the voltages
in Kilanda, Borgvik and Ritan become too low and the reactors in
Kilanda, Ratan and the connected one in Borgvik are disconnected.
The voltages become very high since no reactor is connected either in
Kilanda, Borgvik or Rétan. The possibility to connect any of the reac-
tors are blocked since all the circuit-breaker springs are deenergized.
After 3.2 s the high voltages and the large reactive power production
from the unloaded lines initiate a tripping of the line Ratan-Borgvik
due to the reverse reactive power flow protection (see 2.3.6).
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Kilanda (solid line) substations following an energizing of the
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The reactive power production from generators in Rétan (solid
line) and Storfinnforsen (dotted line) substations following the
connection of line Borgvik-Kilanda. A negative sign indicates the

generator absorbs reactive power.
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Figure 6.16  The reactive power transfer on the line Rétan-Borgvik (solid line)
and the line Borgvik-Kilanda (dotted line) following the
energizing of line Borgvik-Kilanda. A negative sign indicates
reactive power production by the line.

Figure 6.17 shows the energizing of the same line (Borgvik-Kilanda)
when the time delays of the shunt reactor automatics are shorter for the
reactors in Borgvik compared with the time delay of the reactor in
Kilanda. 0.4 s after the line energizing the second reactor in Borgvik is
connected. As can be seen from the figure the voltages in Kilanda and
Borgvik decrease below 425 kV and no more reactors are connected.
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Figure 6.17 The voltages in Ratan (dotted line), Borgvik (dashed line) and
Kilanda (solid line) substations following an energizing of the
line from Borgvik to Kilanda. The time delays of the shunt
reactors in Borgvik substation are shorter compared with the time
delay of the shunt reactor in Kilanda substation.

The simulations on both the Nordic 32 test system and the 600 node
reduction of the Nordel network have shown that there is a considera-
ble risk of reactor hunting and even line tripping during restoration. If
all the automatics have the same time delay a connection of a long
transmission line may initiate hunting of many shunt reactors in the
system resulting in large voltage fluctuations. In order to avoid this it is
important to have a proper selectivity scheme for the shunt reactor
automatics in the system. As shown this can be accomplished by vary-
ing the time delay and this is especially important in substations adja-
cent to long lines. In those stations containing more than one shunt
reactor the voltage ranges of the automatics should be varied for all the
reactors. Another alternative would be to use an inverse time mode for
the reactor automatics with different time and voltage settings in order
to achieve selectivity.

In some cases these proposals will not be sufficient to stop the hunting
of a single reactor. It is then advisable to disconnect the automatics
during the restoration process. Another possibility is to use a special
working mode for the reactor automatics until the system is back to
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normal operation again. At any case a careful analysis will be neces-
sary for different network topologies to avoid hunting during restora-
tion.

6.2 Frequency control

The frequency control in the system has two major phases in time: one
which is associated with the dynamic frequency behaviour and one
which affects the stationary frequency control.

When connecting a load the mechanical power of the turbines will
become less than the electrical power required by the network and this
leads to a decreased frequency.

The total kinetic energy, Wy, in a system may be written as

)
Wy = 5023, 6.7)

where

= angular velocity [rad/s],
J,, = moment of inertia for each unit [kgmz],
n = number of units.

About 95% of the rotating kinetic energy in the Swedish system is due
to the generators and turbines whereas only 5% is related to motor
loads [28].

The time derivative of the kinetic energy gives the difference between
produced and consumed active power, AP, in the system. When con-
necting a load or disconnecting a generator in the system AP may also
be seen as the active power of this load or the production loss due to
the disconnected generator.

03® »I, = -AP (6.8)
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By using equation 6.7 and 6.8, the angular velocity derivative at the
moment of the load (or production) change may be written as

@ B —AP(DO (6 9)
dt = 2W,_ '

For each station there is usually a value given for the inertia, H,, of the
generator and the turbine. The total inertia of the stations in the system
may therefore be written as

Wi

EHH - Esn

(6.10)

where S, is the rated power of each generator in the system.

By using equation 6.10 in 6.9 together with the fact that the angular
frequency, w, is proportional to the network frequency, f, one obtains

df —APf
5= E—S—HHH 6.11)
The frequency decrease, following a load connection or a disconnec-
tion of a production plant in the Nordel network, lasts about 5 s until
the balance between mechanical and electrical power is restored (see
figure 6.18). The balance is mainly accomplished by the hydro turbine
governors which increase the water flow. If the frequency decreases
below certain levels other actions such as disconnection of electrical
boilers and import from HVDC links will be automatically performed
(see 2.3). If the power production set-points on the generators are not
adjusted there will be a stationary frequency fault, Af (see figure 6.18).
The frequency fault is dependent on the static gain of the generators in
the system, the active power mismatch between set-point value and
actual value and the frequency dependency of the load.
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Figure 6.18  The frequency in the synchronized Nordel network following the
disconnection of a large unit.

In order to be able to determine the stationary frequency fault follow-
ing a load connection it is therefore essential to take the static gain
from the generators in the system and the total load frequency depend-
ency into account.

According to 5.4 the total load in the Swedish system is almost linearly
dependent with the frequency. Consequently the total load in the sys-
tem may be written as

P =Py+k, (f-fp) (6.12)

where
P = total load in the system at nominal frequency [MW],
P = total load in the system [MW],
f = system frequency [Hz],
fy = nominal frequency [Hz],
k; = load frequency dependency in the system [MW/Hz].

If all loads are assumed to have the same linear frequency dependency
(pu/Hz) the load frequency dependency in the system will be affected
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by the size of the load in the system according to the following equa-
tion

k, = P,k (6.13)

1 0
where k is the frequency dependency for all loads [pu/Hz].
A combination of equation 6.12 and 6.13 results in equation 6.14.

P = P,+Pyk(f-f,) (6.14)

The static gain from the load in the system, Sy, can be defined as

_ 4P P k (6.15)

SL df 0

and as can be seen is dependent on the load size in the system.
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Figure 6.19  The total load frequency dependency (MW/Hz) in a system for
different load levels and the generator characteristics for different
values of the static gain. All loads in the system have the same
frequency dependency (pu/Hz). The variation in static gain is due
to the number of connected generators in the system or the
variation in hydro turbine governor modes.
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The static gain of the generators in the system, Sg, is defined as

Sq = (6.16)
where APg is the active power mismatch between the actual value and

set-point value of the generators in the system.

The static gain in the system may also be written as the sum of the
static gain from all the generators in the system according to equation
6.17.

S¢ = Y, Sq, (6.17)

where m is the number of generators in the system.

If a single load, AP, is connected, the total load, P, in the system may
be written as

P = (P,+APy) + (P, +AP )k (f—f,) (6.18)

The production from all the generators in the system can be written as

Pg = Py—Sg (f—f,) (6.19)

Since the total load is equal to the production from all the generators in
the system (P=Pg) a combination of equation 6.18 and 6.19 results in

(Py+APy) + (Py+ AP )k (f—fy) = Py—S; (f~f,) (6.20)

The use of equation 6.15 in equation 6.20 gives after rewriting
AP AP,

0
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If equation 6.17 is used for the static gain of the generator and Py is
assumed to be considerably larger than AP, equation 6.21 may be
rewritten as

_AP m
—— =S, +S; = 2 an+POk=s (6.22)

0 n=1

where S denotes the total static gain in the system and includes the
static gain from the generators in the system and the load frequency
dependency.

The equation of the total static gain in a system is demonstrated in fig-
ure 6.20 where a single load, APy, is connected. If the total load would
have been frequency independent the total load following the load con-
nection would have been P’ and the frequency f’. If the load frequency
dependency is taken into account the total load in the system following
a load connection will be P (P<P’) and the frequency f (f>f’). The dif-
ference between the load levels P’ and P is the decrease of the total
load due to its frequency dependency and is denoted APy in the figure.
By combining the effect from the generator static gain and the load fre-
quency dependency a total static gain curve, S, may be plotted as is
shown. When using this new curve, however, the y axis denotes the
value of the connected single load, AP, and not the total load in the
system.
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Figure 6.20 The frequency and power production response in the system
following a connection of a load. All loads in the system have the
same load frequency dependency (pu/Hz).

6.2.1 Simulations

In order to study the frequency response when the load varies a number
of simulations have been performed using the Nordic 32 test system.
During the simulations the total inertia in the system and the hydro tur-
bine governor modes have been varied. In the Swedish system the
hydro turbine governor will change operating mode when certain con-
ditions for the frequency and the frequency derivative are fulfilled (see
2.2). However, it is not possible to change the operating mode during
the simulation and therefore the hydro turbine governors have the same
operating mode throughout the whole simulation. Parameters accord-
ing to table 6.1 have been used for the different modes of the hydro tur-
bine governor.

Figure 6.21 shows two simulations where the total inertia in the system
has been varied. As can be seen from the figure, and in agreement with
equation 6.11, an increased inertia in the system will result in a lower
frequency derivative and consequently the maximum frequency devia-
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will have “more time” to regulate the water flow.

Mode P (pu) R (pu) T, (s) Tg (s)
EpO 1.5 0.1 45 0.5
Epl 3 0.04 45 0.5
Ep2 3 0.02 60 0.5
Ep3 1 0.004 78 0.5
Ep3’ 0.1 0.02 5 0.5
Table 6.1 Parameters for the different modes of the hydro turbine governor
which have been used during the simulations. P denotes propor-
tional regulation, R permanent droop, T, integrating time constant
and Tg servo time constant.
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Figure 6.21  The frequency response following a 50 MW load connection. The

total kinetic energy in the system is 19350 MWs (A) and 12450
MWs (B) respectively. The hydro turbine governor modes are
working in mode Ep0 in both simulations.
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Figure 6.22 shows simulations where different hydro turbine governor
modes have been used. In the curves EpO-Ep3 all the generators have
been equipped with the same operating mode whereas in Ep3’ 15% of
the hydro turbine governors have been equipped with the Ep3’ mode
and the remaining with mode Ep3. The reason for using 15% Ep3’ is
that in the Swedish system the approximate fraction of hydro turbine
governors equipped with this operating mode is 15% [7].
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Figure 6.22  The frequency behaviour following a 50 MW load connection for
five different working modes of the hydro turbine governor. The
connected capacity is 6250 MVA and the load before the load
connection was 1180 MW.

As can be seen from figure 6.22 the frequency decrease in operating
mode Ep0 is larger compared to Epl and Ep2. Since the droop in mode
EpO is larger than in mode Epl and Ep2 the stationary frequency fault
will also be larger. Mode Ep3 which have a high static gain will give a
very small stationary frequency fault in the system. However, the fre-
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quency will decrease much after the load connection since the propor-
tional regulation is low and the integrating time constant is very long.
Mode Ep3’ which only can be automatically connected will rapidly
restore the frequency back to a normal value. Since the proportional
regulation is very low for mode Ep3’ the initial frequency decrease
will be substantial also in this mode. Based on the behaviour of the dif-
ferent modes it might be better to use Epl and Ep2 instead of EpO dur-
ing a restoration process in order to keep the frequency deviations as
low as possible.

6.3 The use of HVDC during a restoration

As described in 2.3.1 Sweden has some HVDC links which connect
the south of Sweden with Finland, Jylland in Denmark and Germany.
In case of a blackout in the system these links can give power support
to certain areas.

6.3.1 Description of the main circuit of a HVDC station

A normal layout of the main circuit of a converter station is shown in
figure 6.23 [11].

I; La
- [Ja + N > vy ‘—+
gt L B A
- UbO + L .
_@_Ncw LN Uy Ugi
- UCO + Lc ic
N D A

Figure 6.23 Two-way 6-pulse converter station. U, denotes phase voltage,
U,0, Upg and U, phase voltage, Uy- voltage over the converter
bridge, Uy; dc voltage, i, i, and i, phase current, I dc current, L
commutation inductance and Ly inductance on the dc side.
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Figure 6.24  Phase voltages U,, U, and U_ at inverter operation. o. denotes
firing angle, u commutation angle and y extinction angle.

Figure 6.25  Voltage over the converter bridge, Uy in inverter operation. o
denotes firing angle, u commutation angle and y extinction angle.
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During normal operation two or three valves will be conducting simul-
taneously. Commutation from one valve to another will depend on a
number of factors. If the dc current is assumed to be constant the fol-
lowing equation may be written for inverter operation [11]

J20L I,
cosy —cos (y+u) = —g (6.23)

where

U = phase to phase voltage [kV],
o = angular frequency [rad/s].

The commutation inductance is related to both the transformer induct-
ance and the short circuit inductance from the feeding network as

L.=L+L, (6.24)

where

L, = transformer inductance [H],
L, = short circuit inductance [H].

The relation between the short circuit power, S, and the short circuit
inductance is

U2
S oL (6.25)
In weak networks (low short circuit power) is Li>>L,. By using this in
combination with equation 6.23 and 6.24 gives the following equation
for the dc current

. Ss(cosy—COS (y +u)) 6.26
- = (6.26)

The dc voltage over the line, Uy;, in inverter operation may be written
as [11]

U. = _3ﬁU< cosy + cos (y + u)) 6.27)

di — T 2

91



Chapter 6: Analysis of voltage and frequency control

By multiplying the dc voltage and the dc current the transferred power
on the line may be written as

3S

P=U.l = —2; (cos?y — cos? (y +u)) (6.28)

As can be seen from equation 6.28 the transferred power is strongly
associated with the short circuit power and the extinction and commu-
tation angles. In normal operation the extinction angle should be more
than 17-18 degrees and the commutation angle for a six-pulse inverter
can be from 0 to 60 degrees. This means that the factor between brack-
ets is always < 1.

6.3.2  Possibilities to use HVDC during the restoration

In case of a weak network around the inverter station or an area with a
total blackout the short circuit power will be low or zero. According to
equation 6.28 this will give a low or zero active power transfer on the
line.

Based on this explanation the HVDC links can not be used unless their
inverter stations are energized from other lines than the HVDC links.
However, they will give a valuable power support during the further
restoration process when there usually is a lack of power in the system.
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Chapter 7 Island operation

The possibility of island operation is seldom used in Sweden. As there
is much hydro power available which is easily regulated there is no
technical difficulty to run parts of the system in island operation. Large
sections of the northern part of Sweden could be operated with only
hydro power. In the south were the production is dominantly nuclear
power it should be possible to operate each nuclear power station in
combination with gas turbines, oil and coal fired power stations and
some hydro stations in island operation. Areas around the rivers in the
southern sections may also be run as an island grid. However, running
a system in island operation is not as safe and economical as being syn-
chronized to the main grid. In the island the spontaneous load varia-
tions will be relatively larger compared with the synchronized nordic
power system and this will result in larger frequency fluctuations (+0.1
Hz is tolerable in the Nordel system during normal operation). Natu-
rally the island contains a primary frequency regulation which will
take care of the frequency fluctuations. However, the Swedish system
does not contain any secondary frequency regulation and therefore an
operator has to change the power set-point values in order to avoid a
stationary frequency fault.

In case of extreme circumstances (e.g. a war situation) severe interrup-
tions and/or a collapse of the main grid is possible. In these circum-
stances it may be advantageous to use island operation as an operating
mode. In order to verify this possibility it is important to make field
measurements. During the project some field measurements have been
made on systems which have been run in an island grid. The purpose
with these field studies has been to verify station equipment such as
blackstart capability and the functioning of the hydro turbine governor.
Another important part of these tests has been the training of the sta-
tion personnel so that they know how to act during these extraordinary
occasions.

7.1 Test of the blackstart capability in the north of Sweden

In may 1994 Svenska Kraftnét and Vattenfall performed a blackstart in
two hydro power stations in the north of Sweden [2]. These two sta-
tions are important since in case of a total blackout the restoration of
the Swedish system starts from these stations. The power stations are
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equipped with a number of generators and two in each station have
blackstart capability.

In order to verify the blackstart equipment, four tests were performed
on the generators. First the station was disconnected from the network.
As a result the battery backup took over the power supply to control
equipment and emergency lighting. The diesel generator started in
order to supply the station with power. When power was available it
was possible to start a hydro unit and it only took some minutes before
the hydro unit had taken over the power supply of the station from the
diesel generator. The diesel generator then operated in parallel during
some minutes to secure power in case of a fault in the hydro unit. All
these steps will be made automatically following a blackout in the sys-
tem and nothing more will happen until the station personnel continues
the restoration process.

The second part of the test was carried out manually with the help of
written instructions.The busbars were energized and after that it was
possible to connect the line between the two stations and synchronize
them. The remaining generators in the stations were started and syn-
chronized. During the synchronizing some of the generators had a ten-
dency to take up load and since the load was almost zero some of the
other machines therefore operated as motors and were tripped due to
the reverse power protection. In order to receive some load in the sys-
tem some of the generators were run in synchronous operation (i.e.
connected to the system but without any water flow).

The last step during the test was to energize a long transmission line in
order to study the network response. Initially after the energizing of the
line the voltage increased but after only a second the voltage regulation
in the synchronous machines had regulated the voltage back to a nor-
mal level. The frequency change during the energizing was hardly
noticeable due to the fact that very little active load was connected
(only line losses) and the system inertia was quite high.

7.2 Test of Rottle power station

Rottle hydro power station which is situated close to Grédnna is
equipped with a generator of 7.2 MVA. The power station is mostly
used during high load occasions but since Granna is only connected
with one 40 kV overhead line the possibility to run the station in island
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operation during fault or maintenance work is of a vital interest. Fol-
lowing a revision of the station which was made in 1994 a new voltage
regulator and a hydro turbine governor was installed. The governor has
four different modes with various parameters for the PID regulator and
the static gain. In May 1995 a test was performed in order to check the
new equipment and the possibility to blackstart and run the station in
island operation.

The test was divided into two parts, where the first part was to verify
the possibility to run the station in island operation and the second part
was to study the blackstart capability of the station. In order to have a
proper load in the area some of the loads were fed from another direc-
tion. The under- and over-frequency protection relay (47 and 52 Hz
with a time delay of 10 seconds) for the generator was also blocked
since the frequency variations could be expected to be rather high.

7.2.1  Test of island operation

The disconnection from the main grid caused a small increase in the
power production since it is difficult to adjust the power production
exactly to the consumption (see figure 7.1). The frequency in the island
fluctuated much more compared to the stable frequency which is
achieved in a large power system. However, the station had no prob-
lems to regulate the frequency of the system.

502 Active power 40
= 4 B
T =)
> 50.0 t 43.6 &
2 Frequency °§
5 o
= e
S o
O >
& 49.8 32 8
<

49.6 : : : : : 2.8

-40 -20 0 20 40 60 80

Time (s)

Figure 7.1 The frequency and active power production response in the island
following a disconnection from the main grid.
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The next step was to disconnect a load from the system and then recon-
nect it in order to study the behaviour of the generator. The size of the
load was approximately 0.5 MW which corresponded to more than
10% of the station generation. The disconnection resulted in a fre-
quency increase of 1.8 Hz but as can be seen from figure 7.2 the fre-
quency went back to a stationary level within 30-40 seconds.
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Figure 7.2 The frequency response in the island following a disconnection of
a load.
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Figure 7.3 The active and reactive power production response in the island
following a disconnection of a load.
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After about 6 minutes the load was reconnected (see figure 7.4 and
7.5). As can be seen from figure 7.5 there will be a peak in the active
and reactive power consumption which lasts less than two seconds.
This peak originates from the heating and the start up of asynchronous
machines in refrigerators freezers etc. (see 5.2.6). The frequency
decreases 1.8 Hz due to the reconnection. A comparison between the
values of the disconnected and reconnected load (50 s after the discon-
nection/reconnection when the frequency is back to a normal value)
shows that they are almost the same. The cold load pick-up phenome-
non will not be as obvious as for the electrical heating load shown in
figure 5.9. This is due to the fact that the duration of the outage only
was 6 minutes and the outside temperature was quite high.
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Figure 7.4 The frequency response in the island following a reconnection of
a load.
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Figure 7.5 The active and reactive response in the island following a
reconnection of a load.

After the load was reconnected the test was finished by synchronizing
the island with the main grid.

7.2.2  Test of the blackstart capability

After the islanding test a blackstart of the station was performed. The
generator was shut down and the 40 kV feeder was disconnected. The
batteries took over the power supply of the control equipment and
emergency lighting. By opening the water supply to the turbine it was
possible to start up the turbine and the generator. Since there is rema-
nence in the rotor of the generator it is possible start it without an
external voltage source for magnetization.
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Figure 7.6 Blackstart of Rottle power station followed by an energizing of
the transformer.
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Figure 7.7 Blackstart of Rottle power station followed by an energizing of
the transformer.
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Following the blackstart of the station and the energizing of the trans-
former the load was reconnected step by step. Figure 7.8 and 7.9 show
the reconnection of the same load as in figure 7.4 and 7.5. As can be
seen the reconnected load is higher when compared with the first test
and the reason for this may be the increase in consumption due to the
normal consumption behaviour in combination with the cold load pick-
up phenomenon. The duration of the outage was about 20 minutes
compared to the first outage which only lasted 6 minutes.
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Figure 7.8 Active and reactive power production response in the island
following a partial reconnection of the load.
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Figure 7.9  Frequency response in the island following a partial reconnection
of the load.
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After 70 minutes and a number of load reconnections the entire system
was restored and 20 minutes later the island was synchronized with the
main grid.

7.3 Test of Yngredsfors power station

In August 1995 a field test was performed on an island grid in Atran-
dalen [8]. The area of Atrandalen consists of a number of small hydro
power stations and is rather weakly connected to the main grid. The
load consists of countryside with farms and houses, a few industries,
some villages and a shopping centre. The production capacity in the
area is more than the consumption and normally the area exports
power to the main grid. Atrandalen was one of the few places which
succeeded to stay in operation as an island during the blackout in 1983
(more about this blackout in 3.2.2). Based on this fact the area is
deemed suitable for island operation.

The field study was made during a summer night which corresponds to
a light load occasion. Reasons for making the test during the night
were that the spontaneous load variations are less, the load is at a mini-
mum and the consequences following an interruption will be mini-
mized. Since the load in such a situation is very small only one station
had to be used during the test. The most suitable station was Yngreds-
fors power station which has two generators. Due to the low load it was
sufficient to use only one of the generators in the station.

In order to establish island operation all hydro stations were shut down
with the exception of one generator in Yngredsfors power station.
When disconnecting the system from the main grid it is important that
the power production in the area is approximately the same as the con-
sumption. Therefore the production from the generator was adjusted
until the power flow on the line to the main grid was about zero. Figure
7.10 shows the active power production and the frequency variation in
the network. After the initial frequency peak, which was caused by the
mismatch between production and consumption in the area, the fre-
quency is regulated back to a normal level. As can be seen the fre-
quency fluctuation will increase much when running the system in
island operation as compared to the normal synchronized case. The fre-
quency deviation is in the range of +0.2 Hz and is explained by the
increased fraction of the spontaneous load variations and the decreased
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stability which results from the fact that only one generator is in opera-
tion.
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Figure 7.10  Active power production and frequency response in Yngredsfors
hydro power station following the establishment of an island grid
in Atrandalen.

The next part of the field study was to initiate a frequency
increase/decrease in order to study the system response. The frequency
change was achieved by changing the power set-point of the generator.
When trying to make a rapid change in the frequency oscillations
occurred and the station was tripped manually. After restarting the sta-
tion the test continued but instead of changing the power set-point the
frequency set-point was regulated. This worked better and some meas-
urements were made until the same problem with an oscillating fre-
quency occurred and the generator had to be manually tripped.
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Figure 7.11  Active power and frequency following a step change in the
frequency.
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The measurements show that a change in the frequency affects the
active and reactive power consumption. However, as also the voltage is
affected the change in power consumption is a result of both the
change in frequency and voltage. More about the frequency depend-
ency of the load is found in 5.4.

7.4 Example of other tests made in the Swedish system

In Sydkrafts distribution area in the south of Sweden some field studies
have been performed on the blackstart capability of stations.

In August 1984 a test was made in order to study the possibility to sup-
ply Barsebiack nuclear power station with emergency power. The test
system included some gas turbines and hydro power stations and the
total production capacity in the system was about 190 MW. A 25
MVAr synchronous compensator was also included in order to obtain a
more stable voltage. The grid contained 370 km 130 kV lines and 20
km 50 kV lines.

The test started with a blackstart of a gas turbine followed by energiz-
ing of lines to the other stations. More production capacity and the syn-
chronous compensator were connected to the system. In a real situation
large pumps for the cooling system in the nuclear power stations and
other thermal power stations will start and in order to study the system
response asynchronous machines of 0.8 to 5 MW were started. The
tests were made with different levels of already connected capacity in
the system. As can be expected the frequency fluctuated much during
the motor start (48.85 Hz at the lowest) but the voltage deviation was
not more than during normal operation which was probably due to the
large synchronous compensator. The static gain in the stations was very
low which means that most of the frequency regulation was made man-
ually. During a real island operation of this network the load variations
will create large demands on the frequency regulation made by the sta-
tion personnel. However, the test showed that it is possible to run the
system in island operation.

In October 1986 a similar test was performed in order to investigate the
possibility to supply parts of Malmo with power. The generation in the
test system included a gas turbine with blackstart capability and an oil
fired back-pressure station. The total capacity in the system was 110
MVA. For the voltage regulation a 25 MVAr synchronous compensator
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was used. The grid contained 3.5 km overhead line and about 10 km
cable, all at 130 kV level. The load in the system consisted of an elec-
tric boiler which was regulated between 10 and 33 MW. After black-
starting the gas turbine, energizing the system and connecting the
synchronous compensator the load was connected. 10 MW was con-
nected momentarily and the frequency decreased to 49.55 Hz. Since
only an active load was connected and the reactive losses in the system
became low there was no problem with the voltage regulation. The
large synchronous compensator also had a positive impact on the volt-
age regulation. The power demand from the electric boiler was regu-
lated up and down and the system response was studied. The back-
pressure station was synchronized to the system and more tests were
made with a varying load level of the electrical heater. During all the
tests there were no problems with the voltage regulation but the fre-
quency fluctuated quite much as a result of the load variations (+ 0.4
Hz).

7.5 Experiences from island operation

The results from the field studies which have been made show that it is
possible to run parts of the system in island operation. However, run-
ning in island operation is very labour intensive since the stations have
to be manned. The secondary frequency regulation has to be made
manually in each island and in those systems/islands were the static
gain is too low the momentary frequency regulation is also made man-
ually. In a small system the spontaneous load variations will be rela-
tively large compared to an extensive system and in case of a blackout
the cold load pick-up phenomenon will make it even more difficult to
predict the load. The frequency fluctuation will therefore be much
higher compared to a normal situation. The fluctuations in the fre-
quency may cause disconnection of loads due to load shedding. In an
island grid there will be different conditions for the relays compared to
normal operation. In case of a fault the earth current will probably be
less and therefore there is a risk that the earth protection relay may be
disconnected by the delayed steps instead of the momentary one. At the
lower voltage levels where overcurrent protection with invert time
characteristic is usual the time delay will increase due to the lower
short-circuit power.
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All the tests described have been planned but in a real situation the per-
sonnel in the stations and in control centres are not prepared and it will
probably take much more time and cause more problems than as
shown by these tests. Therefore it is very important that the personnel
is regularly trained thereby increasing their competence in handling
these extreme situations.
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Chapter 8 Recommendations

This thesis has focused on issues which, during a restoration process,
may cause complications. In order to limit these problems some rec-
ommendations are suggested. These recommendations may be divided
into three categories: general recommendations, recommendations for
voltage control and recommendations for frequency control.

8.1 General recommendations

* Do not change the restoration philosophy. A change over to the
”build-up philosophy” is not recommended. Most of the hydro power
is concentrated in the north and is used for the frequency control. In the
south where most of the consumption is located, production is based on
nuclear and thermal power and normally these stations are not used for
frequency control. The personnel in control centres and production
plants are not trained for running a system as an island grid.

 Improve the education and training for the personnel who are respon-
sible for the blackstart of the hydro stations. The training shall be
focused on blackstart procedures so that the people involved exactly
know how to act during such a contingency. It is very important that
the training is made regularly and that all personnel which has emer-
gency duty is included. In order to achieve a training which is as realis-
tic as possible, some of the tests should be made unexpectedly.

» Improve the education of the personnel in the regional and national
control centres. The training shall be focused on the operation of the
system during the restoration process and the specific problems that
might arise. It is important that the regional control centre personnel
can work according to the restoration instructions, but is also necessary
that they have an understanding of voltage problems, frequency regula-
tion, the behaviour of network components that are disconnected and
reconnected due to automatics, cold load pick-up etc. For this type of
training, role play using power system simulators can be a valuable
training tool.

 Improve communication. In case of a blackout it is important that the
control centre personnel can work without being disturbed by the pub-
lic, the media or other persons who are not responsible for the opera-
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tion of the grid. Therefore telephone numbers with limited access
should be used during the restoration process. In order to be kept secret
the phone numbers should be placed in sealed envelopes which only
may be opened by order of Svenska Kraftnat.

 Try to energize the lines to the nuclear power stations as fast as pos-
sible. A nuclear power station can only stay in household operation for
some hours. In those cases where a station has failed to establish
household operation it is important to restart the production as fast as
possible since there 1s otherwise a risk for lack of power in the system.

* Disconnect the automatic reconnection of load (BTK) in case of a
total blackout in the system. BTK is useful when the system, following
a disturbance, is still in operation and shedded load shall be recon-
nected. However, in case of a total blackout in the system the control
centres are not allowed to reconnect more than 50% of the load during
the initial part of the restoration. Since the loads subjected to load
shedding often have a lower priority compared to the rest of the loads
the disconnection of BTK automatics may be advisable.

e Use the possibility of in-house power production in the pulp and
paper industries in case of lack of power. However, this should be
based on an agreement between the power supplier and the factory. For
instance the agreement can be to reconnect the industry prior to other
loads if the industry produces a certain amount of power.

8.2 Recommendations for voltage control

» Connect many generators as the reactive power production/consump-
tion capacity in the system will increase. If the generators are not nec-
essary for the active power production the generators can be used in
synchronous operation.

» Connect shunt reactors in the feeding and the receiving end of the
transmission lines in section 2 before energizing these lines. This will
give good reactive resources in the synchronous generators in the north
as they will be overexcited in some cases. The voltage fluctuations will
also be limited if the shunt reactor is connected at the receiving end of
the line before the line is energized. In some stations, however, remote
connection of a shunt reactor is not possible before the station is ener-
gized.
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* Do not disconnect the series capacitors. The series capacitors always
improve the voltage and decrease the reactive power production from
an unloaded transmission line.

* Make a proper choice of the set-points of the shunt reactor automat-
ics. The time delays should not be the same for reactors which are situ-
ated close to each other. The purpose of this is to eliminate the risk for
hunting of a group of reactors. In substations containing more than one
shunt reactor it is advisable to have different settings of the voltages. In
those cases where there is a risk for hunting of a single reactor the
automatics should be blocked during the restoration process. It is also
possible to use another operating mode for the reactor automatics dur-
ing the restoration phase compared to normal operation. This mode can
contain different time delays for reactors that might start to hunt
together and voltage increased settings. In order to achieve proper set-
points of the automatics it is advisable to analyse different network
conditions by simulation.

* Block the automatic restoration equipment in those substations where
they may act too fast. This may be valid for the stations in the northern
and central part of the country which are connected to the lines from
section 2.

8.3 Recommendations for frequency control

» Connect many generators. This will increase the total inertia in the
system and thereby improve the dynamic frequency stability. The
increased number of generators will also enhance the static gain in the
system resulting in a lower stationary frequency deviation.

e Use the hydro turbine governor modes Epl and Ep2 instead of EpO.
Epl and Ep2 have a higher proportional regulation and static gain
compared with EpO and therefore both the dynamic and stationary fre-
quency deviations in the system will decrease by using these modes.

e Connect moderate loads in each step. As the frequency derivative is
proportional to the load step a connection of a moderate load will result
in an acceptable frequency deviation.

109



Chapter 8: Recommendations

* Energize the lines to the HVDC stations in an early stage of the resto-
ration. The HVDC links can give valuable power support. They are
also capable of regulating the power transfer very fast and therefore
they will increase the frequency stability in the system.
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Chapter 9 Conclusions and future work

9.1 Conclusions

The restoration of a power system following a major disturbance is a
process which includes many specific problems which are not relevant
during normal operation. In this thesis some of these problems have
been discussed and analysed.

The two main problems that arise during a restoration phase are volt-
age control and frequency control. The difficulties with the voltage reg-
ulation are strongly associated with the long transmission lines
connecting the northern and central part of Sweden. When these lines
are energized they will produce a large amount of reactive power and
as a consequence, the voltage at the unloaded end of the line will be
high. During restoration the connection of shunt reactors may lead to
overcompensation and low voltage levels. Since the reactors are
equipped with automatics, which disconnect/connect the reactor when
the voltage is below/above certain levels, the voltage control will be
more complicated since the reactors may start to hunt. As the shunt
reactors at present have the same time delays for connection and dis-
connection in the entire system the hunting phenomenon may be dis-
tributed geographically in the network and include an increasing
number of reactors.

The frequency stability in the system is dependent on a number of fac-
tors. It is shown that during restoration the frequency stability in the
system will be improved by an increased inertia in the system, the con-
nection of moderate loads and the use of hydro turbine governor modes
with high static gain and proportional regulation.

When connecting a load it is important to know the expected load level
to avoid overloading. The investigation of the cold load pick-up for
industries shows that the power consumption following an outage will
be less compared to the pre-outage load level. The time it takes for the
industries to restart the production is varying depending on the differ-
ent types of industries. In some extreme situations the restarting time
may take some days. However, for the residential load the consump-
tion will be higher or much higher after a disturbance. This load
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increase is mostly related to the thermostatically controlled load such
as electrical heating, freezers, refrigerators and electrical boilers.

The possibility to blackstart and operate a small system in island oper-
ation has been investigated. The results from the field studies show that
there are no major difficulties to operate an island grid. However, the
frequency fluctuations will be higher since the load variations in a
small system will be relatively larger as compared to an extended sys-
tem. The island operation will also be labour intensive since an opera-
tor has to take care of the secondary frequency regulation; in some
cases also the primary frequency regulation.

9.2 Future work

This thesis has analysed some basic problems related to the restoration
process following a blackout in a large power system. However there
are still a number of areas which should be given more attention.

9.2.1 Cold load pick-up

Little is known about the cold load pick-up phenomenon. In case of a
restoration it is important to know the expected value of the recon-
nected loads to avoid a system overload. An even more interesting situ-
ation where cold load pick-up may have a strong influence on the
power system, is in a case of lack of power in the system and a rotating
disconnection of load (ROBO) is used. If the loads included in the
ROBO scheme consist largely of residential load the value of the
reconnected load may be much higher (2-3 times) than before the dis-
connection. In such a situation the ROBO system may initiate an over-
loading of the system which may result in severe consequences.

In order to get a better understanding of the cold load pick-up phenom-
enon it is essential to perform more studies in this area. For residential
load the studies can be performed on individual objects such as electri-
cal boilers, refrigerators and freezers. The effect from electrical heating
in houses and block of flats and the load consumption from offices,
shops etc. can be measured and investigated on individual houses and
buildings. Load compositions can then be made for different areas and
in order to verify the results it is important to make field measurements
on typical residential load areas. For the industry sector an extended
investigation is also of interest. The possibility to obtain measurements
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with a higher resolution has increased since many industries are imple-
menting new measurement equipment.

9.2.2 Island operation

In case of war situations or terrorist attacks which may cause severe
damage to the power system it might be necessary to run parts of the
system in island operation. Therefore it is necessary to investigate
which stations that have access to blackstart capability and also the fre-
quency regulation capacity of the stations. Much of this work can be
made without field studies but it is important to verify the results by
real test in the stations.

9.2.3 Operator training

Since blackouts seldom occur station and control centre personnel
have little experience in restoration work. In order to train the person-
nel role play can be performed with power system simulators such as
ARISTO. Different network scenarios can be prepared and thereby the
personnel can gain experience in handling unusual network situations.
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