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Chapter 1

Introduction

lectricity is nowadays necessary, centuries ago it was discovered and then
commercialized and its use has been increasing ever since. The transport of

electricity relies on the correct working of generators, lines and transformers.

High-impact low-frequency (HILF) events present a threat to the power system. There
are two main HILF events of relevance here, those being high-altitude electromagnetic
pulse detonation (HEMP) and geomagnetic disturbances (GMDs) due to space weather
[1]. This project will focus on the study of the effect of GMDs on the transmission

system.

The GMD, if large enough, can disrupt grid operation, causing initial blackouts and also
pose a threat for permanent damage to large transformers, which can lead to restoration
delays for the grid operation; a single event can make the system collapse and not be
restored for weeks, with the consequent economic losses. Because the problem has been
identified and options exist for reduction, elimination, and/or management of the GMD
threat, much of the severe impact to the power grid from these threat environments

should be viewed as preventable.

The fluctuation of the magnetic field in the magnetosphere caused by GMD can induce
currents along all kind of electric conductors, such as pipes, railways or transmission
lines. These currents will be called Geomagnetic Induced Currents (GICs). The ability
to resist such events resides in the elements that compose the grid. The goal of this
research is to study the different mitigation systems and its impact on the grid, in

particular how distribution of GIC in the network is affected.

In order to secure the reliability of the power system certain mitigation strategies are
necessary. The simulation of GIC through software will allow the user to study deeply
the behaviour of the induced currents and how to minimize them and mitigate their

effects.

This project will be focused on the different methods of mitigation of GMD events in

transmission lines, as case study three countries will be analysed, Sweden, Finland and



the United States of America. These three countries have different system conditions

and are interesting to compare.

A first assessment will be done in a small four bus system and then the found statements
will be proved in a bigger and more realistic grid. The goal of this project is to compare

the different systems and find an appropriate solution for each case.

Recently GIC calculations have been integrated with a standard power flow analysis
software. This will enable exploration of short term and long term mitigation strategies
of GMD scenarios and their impact on the power grid. The software used for this task
will be the PowerWorld simulator, a programme able to simulate all stages and possible

situations related to GIC currents.



Chapter 2

Theoretical background

Solar weather can severely affect electric systems, solar storms will produce
Geomagnetic disturbances when in contact with the magnetosphere and these, in turn
will induce currents along the lines of the system, possibly preventing from the proper

functioning of it.

Geomagnetic disturbances

The geomagnetic disturbances are caused by are solar storms, or solar flares. Coronal
mass ejections happening on the surface of the sun cause solar flares which are made
out of mainly protons and neutrons. The magnetic field of the Earth captures the
particles roughly one or two days after the flare happens in the sun [7].Caused by the
capture of energized plasma, severe changes happen in the magnetic field of the Earth.
Solar cycles last for 11-years, with solar activity increasing as the cycle approaches its
end; that is, the end of the cycle is more intense than the beginning [7]. The current
solar cycle, solar cycle 24, started in 2008, and the number of storms per year has also

been increasing [7].

Geomagnetic storms are mainly caused by interplanetary disturbances driven by fast
coronal mass ejections [3]. Some recurrent storms are increased by solar wind
disturbances produced only by coronal mass ejections. Many coronal mass ejections do
not produce large disturbances either in the solar wind or in the magnetic field of the
Earth. Certain evidences prove that approximately 1 out of 6 coronal mass ejection-
driven disturbances hitting the magnetic field of the Earth ends up driving a large

geomagnetic storm [4].

Space weather and its consequent effects may affect technical systems that are needed
for nowadays’ society. The most frequently addressed are electric power systems,
electronic communication systems and global navigation satellite systems (GNSS),

Figure 1. Other affected systems include, for example, air traffic and shipping [2].
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Figure 1 Solar activity affects society through technical systems for electricity supply, electronic communication
and global satellite navigation (GNSS). [2]

The solar storm of 1859 known as the “Carrington event” was the largest solar storm
noted, it occurred during solar cycle 10, and was caused by a massive solar flare hitting
the magnetic field of the Earth. The largest recorded geomagnetic storm occurred on the
beginning of September, 1859. Aurorae were seen around the world, even as far south
as the Caribbean [5]. Solar storms may occur in different stages of the solar cycle, but
they are more likely to happen during the solar maximum, i.e. the time when solar
activity is more intense. Along with other solar storms, the one of 1989 Québec was

especially important due to its effects on electric systems and the grid.[5]

A coronal mass ejection caused this geomagnetic storm on March 9, 1989. Some days
before, on March 6th, a very large solar flare also happened. Three and a half days after
that, on March 13, a severe geomagnetic storm hit the Earth’s
magnetosphere. Extraordinarily intense auroras at the poles were seen at the beginning

of the storm [5].



The image at the left depicts the peak of the
geomagnetic disturbances caused by the storm

with a magnitude of 500 nT/min.

A 100 ton static VAR compensator (SVC) at
Chibougamau sub-station, Québec, Canada,
tripped and went offline due to GIC causing a

protective relay to sense overload conditions. [6]

The tripped VAR capacitor caused a chain of

failures throughout the Québec power grid; most

Figure 2 1989 Solar storm [5] notably five transmission lines from James Bay
were tripped causing a loss of 9,450 MW. The

total load in the grid at the time was about 21,350 MW. 75 seconds after the first
capacitor went down most of Québec was left without power. Some towns and regions
were disconnected as an attempt to restore balance in the power system but failing, the
power was not restored. This chain of failures was much too fast for the operators to use
any significant form of manual intervention. 6 million of Hydro-Québec’s customers

were left without power for up to 9 hours [6].

The electric company was forced to implement various mitigation strategies after the
power failure, including raising the trip level of relay protection, installing series
compensation on high voltage lines and upgrading several monitoring and operational
procedures. Other TSOs in various countries around the world implemented programs

to reduce the risks associated with geomagnetic induced currents [5].

Geomagnetic induced currents (GIC), modifying the regular working of electric lines
and the system, are a manifestation of space weather. Electric currents in the
magnetosphere and ionosphere, when in case of space weather events, experience large
variations, which are revealed also in the magnetosphere of the Earth. These

variations induce currents (GIC) in conductors operated on the surface of Earth.

According to Faraday’s law of induction; a changing magnetic field seen by an electric
conductor results in an induced electromagnetic field. A geomagnetic storm interacting
with the Earth’s magnetosphere induces geoelectric fields at the surface of the Earth and

in the ground. The geoelectric fields induce currents in all electric conductors on the



ground such as high voltage transmission lines, railway equipment, communication

cables, and pipeline networks [7].

Geomagnetic induced currents

GIC are approximately direct currents as their frequencies are usually in the order of
0.0001 ~ 0.1 Hz which are smaller than the normal frequency of the power system (50
Hz or 60 Hz). The duration of these incidents can be in the order of several minutes to
several hours [6]. A DC current flowing through the windings of a power transformers
generates a DC flux in the core which magnitude depends on the magnitude of the DC
current, number of turns in the windings carrying the current and reluctance of the DC
flux path [20]. The overlapped DC flux shifts the operating point of the transformer
approaching its saturation point and this, consequently causes half cycle saturation in
the core resulting in harmonic currents, forcing the flux to flow outside the core and

increased reactive power consumption.

The behaviour of the GICs in the electric transmission system depends on the induced
DC current in the power lines and the resistance of the different elements of the system.
Since the GICs are essentially DC, the induced flow does not depend on the reactances
of the different elements. Behaviour of GICs depend on the resistance of the
transmission lines, the resistance of the coils of grounded transformers, the resistance of
the series windings of autotransformers (and their common winding if grounded), and

the substation grounding resistance instead.[16]

In order to study a DC power system, the main aspects that must be taken into
consideration are the topology of the core, the nonlinearity of ferromagnetic materials,

the coupling and connection of coils, and the system series resistances.

The nonlinear behaviour of a saturated transformer is dependent on the DC flux offset.
The path through the transformer GIC to create this compensation is unrelated to the
effects observed by the transformer. The transformer reactive power consumption is
directly related with the net DC flux in the transformer. According to this fact, and
understanding the basic behaviour of geomagnetic induced currents along the system,

reactive power consumption can be used as a trace of GIC levels in the system.



The GIC field varies depending on the latitude and on space weather; the magnetic field
has been recorded by partners in the European project EURISGIC for many years. On
Figure 3 it can be observed the maximum electric field for the countries of Finland and
Sweden in the period 1996-2008. The maximum field recorded was 5 V/km. The
realistic estimations about GIC tell us no more than 5 V/km [19], the study will

however be done up to 10 V/km to cover slightly more severe fields.
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Figure 3 Maximum Electric fields in Northern Europe 1996-2008 [11]

GIC has an important effect on high voltage transmission lines as well as power
transformers, if DC induced currents increase then reactive losses in the transformers
will rise. The reactive power consumed by the line increases with the square of the
line’s current but the reactive power consumed by the transformer increase in a non-
linear way, until it reaches saturation. At this point the transformer starts to exhibit
different behaviour and it can compromise the proper functioning of the entire grid.
Another collateral effect is that one over the generators, as the reactive losses increase;
the demand of reactive power is greater. The generators must be able to provide this

additional amount of reactive power required by the system.

10



In the following chapters the different methods to prevent and mitigate the effects of

GIC will be amply discussed.
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Chapter 3

Power system components

Geomagnetic Induced currents can get into the system through any grounded
component of the grid, but the main elements affected are the iron core components.
Saturation of transformers can be considered as the main cause of all effects that GICs
produce in the power system. [8], i.e. transformers are a good starting point for an

investigation of risk for the power system regarding GIC.

Transformers

The aim of the transformers in power systems is to transfer electricity from on AC
voltage system to another. Ohm’s law states that the current through a conductor
between two points is directly proportional to the potential difference across the two
points. And the power is directly proportional to the voltage times the current. By
raising up the voltage the current will decrease for a constant power flow and,
consequently, the final losses due to Joule heating can be diminished. The main
principle behind this is the Faraday’s law, basic law of electromagnetism which states
that a time varying magnetic field will interact with an electric circuit to produce an

electromotive force (EMF).

Nowadays transformers have been developed so they need a small amount of exciting
current; this current is required to generate the flux for the voltage transformation. The
amount and the direction of the flux generated is related to the core material which, in
the case of the power transformers of interest here, is steel. The steel core’s performance

is non-linear and compared to that under the effects of GIC as seen in Figure 4:

12



Figure 4 B-H transformer curve [14].

The injection of DC causes a vertical shift of the loop which means a DC component of

the magnetic field B(t). In the case of a large vertical shift, the transformer can reach its

saturation point.

B A

/ )
\- / Magnetization current

Figure 5 B-H hysteresis curve of TUT with resistive load, 3 cycles shown [14].
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Under the effects of GIC, DC current flow through the transformer, it causes a shift on
the B-H curve. When operating out of the proper area of functioning it consumes more
reactive power than usual. In the case of several transformers being affected by GIC the
reactive power demand of the system raises considerably. Voltage drops caused by the
larger reactive power demand may affect the normal operation of the system.
Simultaneously, the transformer operating near its saturation point changes its size, this
change in size states at 100 times a second (at 50 Hz) causing heating and vibration,

which at the same time causes noise. [18]

GICs are typically perceived by persons in a transformer station by the noises the

transformer causes when vibrating.

Single Phase

Figure 2 Three single phase transformers [10]

In the case of three phase three single phase transformers, the flux will flow through
each one of the transformers; therefore the path it follows is easier as it goes through an

iron way (less resistance than air path)

Three legged Transformer

Figure 3 Three legged transformer [10]

DC flux impressed in the windings is in the same direction for all legs, therefore the

flux will flow through the zero sequence flux (ZSF) path. In the case of three-phase

14



three-leg constructions, the ZSF goes outside the core, flows through the air gap and

tank and returns to the core.

Five legged transformer

Figure 4 Five legged transformer [10]

For five-leg constructions, the lateral legs act as return paths for ZSF. As long as they
do not saturate, the air-paths and the tank will have no considerable effect. For high
level of GIC the lateral legs saturate and part of the flux flows outside the core through

the oil and the tank leading to increased losses and the temperature rise in the tank.

Three-phase Shell Transformer

Figure 5 Three-phase shell transformer [5]

Three phase shell transformers act like single phase transformers as the return path for
ZSF are the outer legs of the transformer, that makes it easy for the currents to circulate

and therefore it is not a good transformer when in events of GIC.

15



Autotransformer

Autotransformer

load

Figure 6 Autotransformer [12]

In autotransformers some GIC current can flow through the series (common) winding

into the lower voltage network and terminate at other transformers and substations.

Blocking devices

Certain mitigation strategies can be implemented through the application of certain
devices that block or diminish the flow of geomagnetic induced currents in a power
grid. Operational modifications can be considered, but the state of the system operation
may constrain the efficacy of the ability to mitigate the failure and restore the system to
its proper functioning. As a result, the whole infrastructure will generally be more

reliable in reducing GIC-based threats to the power grid. [14]

Capacitors

The Geomagnetic current that flows through the grounding of the transformer will be
blocked if a low frequency capacitor is connected, in a simple two bus system it would
be sufficient to block all GIC flows; however in real grids the circuit would consist of
multiple loops and capacitors in all substations would be needed to block all GIC. [14]
This will be checked in the following chapters.

These devices operate in lower voltages and are conceptually smaller and simpler.
Therefore they will be cheaper than those needed for transmission line series. This is
because they are mainly at lower potential and do not carry three-phase load current

[14].

16
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Figure 6 low voltage capacitors connected to ground of transformers [16]

Grounding resistance

Low ohmic resistors applied on the grounding of the transformer would reduce the flow
of GIC. These would be applied in the grounding of the transformers as shown in Figure
7. While the flow of GIC would not be totally impeded, the induced current that flows

through the transformer will be lower due to the larger resistive impedance. [14]

A EARTH SURFACE B

!
l Geo-Electric Field

-

Figure 7 low ohmic resistors connected to ground of Transformers [16]
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Chapter 4

Modelling Geomagnetically induced currents

As mentioned before, the sun emits charged particles that may reach the Earth, in event
of a solar storm this interaction becomes stronger and it induces disturbances in the
magnetosphere of the Earth. This GMD drive induced currents along the electric
systems. In the chapter to follow it will be explained the electric modelling of the GIC

created by geomagnetic disturbances.

From GMD to induced currents

As explained before the disturbances caused in the magnetosphere of the Earth due to
solar activity have the potential to induce currents. According to the Faraday’s law,
states that the voltage induced in a closed circuit is directly proportional to the speed
with which changes in time the magnetic flux through any surface with the circuit as

edge [7]:

L d(y —
3§E- l=——fB-dA 1
Cc dtS

Where, as indicated in the figure:

S is a surface bounded by the closed contour C.
E is the electric field, B is the magnetic field.
dl is an infinitesimal vector element of the contour C.

dA is an infinitesimal vector element of surface S. If its direction is orthogonal to that

surface patch, the magnitude is the area of an infinitesimal patch of surface.

18



The disturbance makes the Earth’s magnetic field go through severe fluctuations. A
non-uniform geomagnetic storm profile, characterized by the rate of change of the

magnetic field density vector, B, in units of nT/min, serves as an input to the model.

The main interaction between the magnetosphere of the Earth and the geomagnetic
disturbance is assumed to occur 250 km above the surface of the Earth. By integrating
the rate of change of the magnetic field density vector over the differential area, the

induced geoelectric field can be obtained.[7]

To calculate the GMD-induced voltage on transmission line k, Uk, the electric field is

just integrated over the length of the transmission line [8].

Uszﬁ-ii )
Cc

In case that the electric field is uniform along the transmission line, in this project it will
be assumed uniform field, the expression above can be simplified by splitting into two

terms according to its coordinates

Ux =Exn Ly + Exg - Lig (3)

when expressed in regular coordinates, or if polar coordinates are used:

Uy = Ey - Ly - cos(O g — Oy 1) “4)

In (3) Ek,N is the electric field direction north (V/km) over line k, Ek,E is the electric
field direction east (V/km), Lk,N is the distance of the line direction north (km), and LE
is the distance direction east (km). In (4) Ek is the magnitude of the electric field
(V/km), 0k,E is its compass direction in degrees (with north defined as 0 degrees), the
distance between the two terminal busses of the line is Lk, and 0k,L is the compass

direction from the substation 1 to the second substation defined as j. [8]

As an example fictional busses will be used to illustrate the calculation of the induced
electromagnetic force. A supposed constant field of 2V/km will be used in the
application of the formulas. The fictional coordinates represented in both longitude and
latitude will be based on different busses of the Swedish and Finish grids and shown in

Table 1:

19



Line From Bus (lat, lon) To Bus (lat, lon)
1 (55,13) (58,12)
2 (56,14) (57,16)
3 (58,12) (63,15)
4 (60,25) (64,28)

Table 1 Coordinates for different busses for case example.

Two sorts of calculations will be done for the induced voltage, The spherical law of

cosines and haversine, the second takes into account the fact that the Earth is round, it

is, therefore, more accurate. This error is due to the flat projection of the Earth, for

preliminary studies this approach is valid. Both results will be shown in the table 2

depicted below:

Line | Distance [km] Distance (hav) [km] | Error [%] Induced Volts [V]
1 339,167 km 336.96 km 0.655 678,4

2 165,610 km 163.996 km 0.984 331,2

3 579,576 km 580.808 km 0.212 1159,2

4 471,418 km 465.104 km 1.3575 942,8

Table 2 Calculation of distances and voltages for case example.

The distance that has been found using the spherical law of cosines doesn’t differ too

much that that found using the harvesine equation. This approximation is reasonable for

shorter distances (under 1000 km) but for longer distances it is needed to use the

haversine equation.

The calculation of the induced volts in this case come from the formula explained

before. It is the multiplication of the distance for the electric field. As the electric field is

2 V/km the induced voltages per line (in volts) will be 2 times the distance (in km) of

the said line.

20




GIC Power Flow Modelling

The previous explanation can be used to define the electromagnetic force induced in a
circuit. As the induced currents are quasi-direct current it can be calculated by Ohm’s

law:

V=611 (5)
Where V is the voltage vector for every node of the system, G the matrix of admittances

between the respective nodes of the grid.

The vector I models the impact of the GMD-induced electric fields as Norton equivalent
dc current injections. Two main methods have been proposed for representing
Geomagnetic Induced Currents in the power grid: either as dc voltage sources in the
ground in series with the substation grounding resistance or as dc voltage sources in

series with the transmission line resistances [8].

4-bus test system

The first case to study will be the shown in Figure 7, the electrical system to be used is
made up of four buses, connecting two generators, two transformers and the

transmission line between them.

Substation A with R=0.2 ohm Substation B with R=0.2 ohm
Neutral = -25,0 Volts Neutral = 25,0 Volts
Bus 3 Bus 1 Bus 2 Bus 4
DC =-25,0 Volts DC =-37,5 Volts DC = 37,5 Volts DC = 25,0 Volts
0,994 pu 0,992 pu 765 kV Line 0,994 pu 1,000 pu

3 ohms Per Phase

A Y GIC/Phase = 41,6 Amps M A
\4' High Side = 0.3 ohms/ Phase GIC Input = 200,0 Volts High Side of 0.3 ohms/ Phase
GIC Losses = 41,3 Mvar GIC Losses = 20,7 Mvar

Figure 7 4-bus test system [6].

21



As a sketch of the previous system the picture below, Figure 8, depicts the electric path
the GIC currents are following. The three-phase system divides the line into three
different lines with the same resistance and the same induced voltage per phase. The
system will close in the grounding of the substations; the grounding of the substations is

set at voltage zero, i.e. the soil.

Figure 8 GIC flow in sample case [6].

The GMD induces a current in the system according to the resistances on the elements
of the circuit; as the frequency of the GICs are very small, around (0.0001 Hz) it can be
assumed that they are direct current, and therefore, the reactances of the circuit can be
neglected when calculating the GIC currents. The system works electrically as a voltage
direct current source. The current will follow the resistance path through the
transformers and generators until ground and it will return for the other side of the

circuit.

This system is really simple, and as long as there is no load on it, all the power flow is
the inducted current due to the GIC field. The base case for this system will be a 765
kV line, the rest of the details are explained below. The system has been tested under
the influence of a 1.17V/km electromagnetic field. The transmission line between the
buses one and two is 170.8 km long (yielding 200V) and has a per phase resistance of 3

22



Q. The brown arrows represent the direction and magnitude of the sum of all three

phases’ flow of GIC current along the system.

The first simulation is an example of the disturbances that GIC currents may cause in an
electric system. The resistances of the high side of both transformers are 0.3Q/phase,
and the grounding of the generators has a resistance of 0.2Q). As the system is a three-
phase one and the corresponding resistances are in parallel, thus gives the total

resistance as (3/3) =1Q for the line and (0.3/3) =0.1Q for both transformers.

The GIC flow can be calculated solving the dc system as explained before.

. B 200V — 1254
GIC,3phase — (1 1 01+01+02+ 02)!2 =

The DC current is 125 A or 41.7 A/phase

The DC magnitudes can easily be calculated at this point, if we consider the resistances

of the different elements that compose the grid:
Vpepuss = 1254+ 0.20 = 25V
Vpcpust = 1254 - (0.2 + 0.1)02 = 37.5V

And respectively it can be done with all the busses of the system, it can also be done

using an admittance matrix, which is more convenient for larger systems.

As we can see, the reactive losses also produce a drop in the voltage; the drop

will be higher the higher the reactive losses are.

As long as there is no load in the system, the generators provide only the required power
for the transformers in terms of losses; this is a high reactive power and very small (in

comparison) active power.

The two transformers are grounded; their configurations are Gwye — Delta. This will be
of vital importance when applying blocking devices, as the transformers are grounded,

the GIC currents have a path to flow to earth.

In this case, the input used is 200 Volts, which is the induced voltage created by a 1.7
Volts/km in a 171 km line, calculated ass before.

23



Substation A with R=0.2 ohm Substation B with R=0.2 ohm

Neutral = -215,7 Volts Neutral = 215,7 Volts
Bus 3 Bus 1 Bus 2 Bus 4

DC =-215,7 Volts ~ DC =-323,5 Volts DC =323,5 Volts DC =215,7 Volts
0,941pu 0,939 pu 765 kV Line 0,974pu 1,000 pu

3 ohms Per Phase

A Y GIC/Phase =  359,4 Amps Yo A

% High Side = 0.3 ohms/ Phase GIC Input = 1726,1 Volts High Side of 0.3 ohms/ Phase
GIC Losses = 337,4 Mvar GIC Losses = 175,0 Mvar

Figure 8 4 bus test system under 10 V/km GIC.

Keeping the same parameters, only modifying the maximum field of GIC (up to 10
Volts/km), and the new simulation changes. The losses are higher, as explained before,
most of the losses are reactive power; therefore, the generators don’t have to provide
much additional active power. The losses of reactive power could be compensated by

installing shunt devices such as capacitors in the transformers.

If the field of GIC increases, the saturation of the transformers can be reached,
saturation increases reactive losses and excessive such losses may cause a blackout

preventing the proper operation of the system.

The flow of electricity can also vary if the direction of the GIC field changes, in this
system there is no load, therefore the energy provided by the generators is consumed in

the losses, if the GIC field is rotated 180°, the electricity will flow in the other way.
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Chapter 5

Parametric analysis

One aim of this project is to compare different ways of eliminating GIC and study the
different mitigation strategies. As GMD events mainly occur either at high or low
latitudes due to the magnetic poles of the earth, it is reasonable to compare between
countries located to the north, three countries that have studied are North America,
Sweden and Finland; the last two are located near the arctic circle, and North America is
a very big continent, so the northern parts lay in a territory susceptible of being under
the effects of GMD in certain occasions. Then it will be discussed the different

configurations of transformers and blocking devices used.

Different countries

North America

In North America, the typical transformer configuration is a shell core transformer. The
United States is a much bigger country than the other two, but the GIC events occur
mainly in the northern part of it, and also Canada, where the Québec event took place.
Additionally, the different sections of the grid are not totally interconnected, that makes

North American grid a conglomeration of nearly independent power grids.

Sweden

In Sweden it is common to use a five legged transformer. If we look at the map of
Sweden, it is noticeable that it is a long country. Series capacitors are used in the major
north-south lines to increase transfer capacity. These also block Geomagnetically
Induced Currents. Therefore, the line length used in the case study will be that of the

West coast to East coast distance (approximately 300 kilometres).

Finland

Finnish engineers claim their system to be immune to the GIC currents, the typical
configuration used there is three-legged transformer [9]. Finland is a country located in
latitude above parallel 60° and even part of it lies northern than the Arctic Circle.

Therefore, GIC events are expected to occur frequently. Although the design of the
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transformers used there is meant to be able to handle all possibly GIC events there will

blocking devices be used in Finland as well.

Comparison between transformers

In order to start the comparison between the three countries parameters need to be
established. The circuit will be the same as in the previous simulation, in this case the
voltage level will be 765kV and no blocking devices will be used. The comparison will
be between the configurations of the transformers in the 3 countries. The reactive losses
are meant to heighten gradually along with the increase of GIC field, and so the
transformers will reach their saturation point. The critical transformer is expected to be
the first one (Busses 1 and 3) as the other transformer is located next to a slack bus

which sets the voltage to 1 p.u. at any time.

The simulations will be done with different fields of GIC, starting from 0 V/km to to
field levels that causes blackout blackout in each case, the preliminary observations
point out that the Finnish system will be the most reliable in case of GIC events
according to its transformers (3-legged). Even if the measurements of the last years
indicate that the biggest field that can occur is 5 V/km [3], the simulations will be done

up to blackout for the three different configurations of transformer.

Substation A with R=0.2 ohm Substation B with R=0.2 ohm
Neutral = -3499,6 Volts Neutral = 3499,6 Volts
Bus 3 Bus 1 Bus 2 Bus 4
DC =-3499,6 Volts  DC =-5249,3 Volts DC =5249,3 Volts ~ DC =3499,6 Volts
0,415pu 0,418 pu 765 kV Line 0,751pu 1,000 pu

3 ohms Per Phase

AN GIC/Phase =  5832,6 Amps % A

et High Side = 0.3 ochms/ Phase GIC Input = 28009,4 VoltsHigh Side of 0.3 ohms/ Phase
GIC Losses = 1082,4 Mvar GIC Losses = 1943,1 Mvar

Simulations with 3-legged transformers and 164V/km GIC.
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Study of Reactive losses

The following simulations will be done under different GIC conditions, for the same
system it will give different induced currents. Therefore this will produce reactive losses

in the transformers due to saturation of the core.

o
o
o
o
o
o
o

N
o

745 827,8 194,9 545,3 85,8 243,4

1167,7 1514,7 401,5 1063,8 171,2 480,8

Blackout! Blackout! 666,7 1571,1 258 712,7

Blackout! Blackout! 348,7 940

3

446,6 1163,8

=

557,3 1385,9

692,9 1610,3

904,3 1853

Table 9 reactive losses vs GIC field for the two transformers in the systems representing the three countries

The reactive losses in both transformers have been recorded in this table; it is easy to
realize that the losses in the system of the United States increase faster than the other
two per unit of GIC field. The most reliable system is the Finnish one, as expected; it
can resist twice the amount of GIC field without collapsing. In all cases the critical
transformer is the second one, the one in the bus opposite to the slack; this bus is also

the one with greater drops of voltages.
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Figure 10 graph reactive losses vs GIC field between countries, transformer 2.

In the previous graph it can be observed that the reactive losses increase on a linear way
as the GIC field increases except when approaching blackout. The blackout point is
approximately the same for all three systems; this is due to the fact that is the same
transformer (same resistance, reactance, nominal power, etc.) in all three cases, the only
difference is the configuration. In all cases the voltage is 0.418 p.u. in the bus 3, this
value of voltage is unacceptable in an electric system, even a not so high level such as 5

V/km of GIC field might jeopardize the stability of the entire system.

57,5 1097,6 1944,2

164 1082,4 1943,1

Table 11. Maximum GIC field for each country. 2 transformers per country.

As a conclusion it can be noticed the strong relation between the type of the transformer
and the robustness of the system to GIC events. The one that performs the best is the
three legged one, the one typically used in Finland. The other two are far behind
regarding max field of GIC that can hold. The five legged transformer, typically used in
Sweden can hold up to 72 V/km, being the second better in this test. The worse
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performing in this case is the shell core transformer, the one typically used in

NorthAmerica.

Study of voltages

We have proved that for the maximum values of GIC found in real events all test

systems are stable, that means they don’t collapse into blackout. As real transformers

use also blocking devices, the number already found are conservative values, the real

transformers with blocking devices will be able to work without collapsing up to a

higher value of GIC. From now on the research will be focused on the proper operation

of the system more than in the stability of it.

As previously inquired, the maximum GIC event that may take place is about 5 V/km,

that is why once the threshold is found out for the blackout it is necessary to take a

closer look into the lower levels of GIC.

GIC Field [V/km]|V Bus 1[V] [V Bus2[V] | VBus3[V] |V Bus4[V]
0 1 1 1 1
1 0,99 0,993 0,993 1
2 0,982 0,989 0,985 1
3 0,974 0,986 0,976 1
4 0,965 0,982 0,968 1
5 0,957 0,978 0,959 1
6 0,949 0,975 0,951 1
7 0,94 0,971 0,943 1
8 0,932 0,967 0,934 1
9 0,923 0,963 0,926 1

10 0,915 0,96 0,918 1

Table 12 Three phase shell transformers voltage drop, typical US transformer.
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GIC Fiels [V/km]|V Bus 1[V] [VBus2[V] | VBus3[V] |V Bus4|[V]
0 1 1 1 1
1 0,992 0,994 0,995 1
2 0,985 0,991 0,988 1
3 0,979 0,988 0,981 1
4 0,972 0,985 0,975 1
5 0,965 0,982 0,968 1
6 0,959 0,979 0,961 1
7 0,952 0,976 0,954 1
8 0,945 0,973 0,948 1
9 0,939 0,97 0,941 1
10 0,932 0,967 0,934 1
Table 13 5 legged core transformers voltage drop, typical Swedish transformer
GIC Fiels [V/km]|V Bus 1[V] [VBus2[V] | VBus3[V] |V Bus4l[V]
0 1 1 1 1
1 0,996 0,996 0,998 1
2 0,993 0,994 0,995 1
3 0,99 0,992 0,993 1
4 0,987 0,992 0,989 1
5 0,984 0,99 0,987 1
6 0,981 0,989 0,984 1
7 0,978 0,988 0,981 1
8 0,975 0,986 0,978 1
9 0,972 0,985 0,975 1
10 0,969 0,984 0,972 1

Table 14 3 legged core transformers voltage drop, typical Finish transformer.

The latest comparison between voltage drops was done between the voltage drops of the
third bus, thus being the entire voltage drop between the ends of the four bus system. As
it happened with the reactive losses, the three legged shell core transformer is the one
with higher drop, which works perfectly under no GIC field but under GIC field it can

threaten the stability of the entire system.

Reactive losses and voltage reduction are relevant in this work, since the reactive power
will indicate us the need of utilization of capacitors, the voltage will show the correct

operation of the distribution system.
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Figure 15 Comparison between countries, Voltage reduction.

As a conclusion of the first comparison, what has been done without using blocking
devices, it can be concluded that the system of the USA (three legged shell core) is a
priori worse than the other two in terms of stability. As GIC increases the voltage drops
faster than with the other transformers and the reactive losses increase faster. Although
it is not realistic to discuss about blackout in this system because the usual levels of
field are much below the blackout threshold in all the cases; the shell core transformer
system will cause collapse before the other two. The Finnish solution seems to be the
best in this comparison, both voltage drop and reactive losses are better with the three

legged transformer system; this meaning greater margins to blackout.

All of the done comparisons are still conservative, because the lack of blocking devices
is not realistic; in the next pages the use of these devices will be taken into account.
This first system is simple and resilient, it can manage great amounts of GIC levels

without collapsing, but it is not only collapsing what it is meant to avoid in the system.

From both economic and technical points of view it is necessary to keep the magnitudes
in reasonable values, as seen the reactive losses increases, this means that the generators
must provide more energy than necessary, wasting money and energy. As the voltage
drops also the losses increase, the current increases for the same power and that makes
the losses for heating increase. The voltage and the reactive power must be maintained

inside a certain range.
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The next comparison will be done applying blocking devices to the said system, that
makes the simulation more realistic and, at the same time it makes the system safer.

Blocking devices can block partially or totally the induced currents.

Different blocking devices

The same test will be passed using blocking devices.

The use of blocking devices will make the system more reliable against GMD events;
the induced currents due to electromagnetic disturbances will be lower because of the

higher resistance of the whole circuit.

In order to compare the different blocking devices, the test will be done in different
stages for different dimensions. Every kind of core transformer will be proved under

various conditions of GIC field.

Grounding resistance

In the software tool that is currently used there is no possibility to explicitly define
grounding resistance of the transformer. Therefore the simulations will be done
modifying the grounding of the substations. This procedure is electrically equivalent as
it replaces one series resistance by another of the same value. The previously done
simulations all had a ground resistance of 0.2 Q, and when this grounding resistance
increases, the DC induced current that flows along the transmission line will decrease
and, consequently, the losses will decrease as well and the voltage drop won’t be so

severe as before.

As done before, the following figures will focus on the reactive losses and the voltage
drop for the different configurations of transformers. The first transformer to be tested
will be the three legged transformer, which is used in Finland. In the previous test it
gave the best performance. It is expected that the losses will decrease but not as much as

in the case of the other transformers.
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Figure 16 Reactive losses for different grounding resistance in a three legged transformer.

As expected, the reactive losses for those systems in which it has been applied a

grounding resistance are lower; the greater the grounding resistance, the lower the

losses will be. If the resistance increases as much as possible, then it will become an

open circuit, such as with the capacitor, this has some other disadvantages because of

earth faults. This kind of transformer, three legged transformer was the one with a better

performance in the previous test, it has been proved that using a blocking device the

losses can greatly decrease, up to 30%.
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Figure 17 Voltage drop for different grounding resistance in a three legged transformer.
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In the case of the voltage drop happens the same; the greater is the grounding resistance
the better the response to GIC field will be. The voltage drop was also the better in the
case of the three legged transformer but with a blocking device the voltage drop can

decrease up to 40%.

In the following graphs it is depicted the performance of the different configurations of

transformers for different blocking devices under different electric fields.

The second transformer to be tested will be the five legged transformer. In the previous
simulations the performance was neither the best nor the worst.In the case of the five
legged transformer, the one used in Sweden, the performance against electric field
improve when a blocking device is applied. It can be noticed that when the grounding
resistance is increased the reactive losses don’t decrease at the same rate. This means
that a maximum can be reached, the theoretical maximum will be the same as a

capacitor; this is an open circuit, in which no DC current could flow.
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Figure 18 Reactive losses for different grounding resistance in a five legged transformer.
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Figure 19 Voltage drop for different grounding resistance in a five legged transformer.

The voltage drop is also smaller with a greater grounding resistance, but the final

performance is still worse than with the three legged transformer.

In the case of the three legged shell core transformer depicted bellow both magnitudes

also improve theirs performances. It is important to point out that this transformer was

the least robust in case of GMD events.
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Figure 20 Reactive losses for different grounding resistance in a three legged shell transformer.

35



1,01

0,99

0,98 -

0,97 AN —020
0,96 \\ \ —0.40
0,95 NN 0.60
0,94 NN —0.80Q

’ \ \

0,93

0,92 N

“SGICField [V/km]

0,91 T T T T T
0 2 4 6 8 10

Voltage [pu]

Figure 21 Voltage drop for different grounding resistance in a three legged transformer shell.

The final conclusion is that every system has improved its performance after applying a
grounding resistance in both transformers. The bigger the resistance is the less reactive
losses the systems will have, and the smaller will be the voltage drop. It is expected that
at the time of applying it in the greater, more realistic system, these blocking devices
will increase the reliability of the entire system with respect to geomagnetic induced

currents.

Capacitor

The software tool that has been used for the simulations does not allow the user to apply
capacitors in the grounding of the transformers. The procedure to obtain a similar case
was to change the connection of the transformers. The connection now is Ground path
delta-grounded wye; with the delta connection the DC current cannot return to ground
and no current can circulate, the open circuit then establishes a DC voltage drop

between the ends of the transmission line.
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Substation A with R=0.2 ohm Substation B with R=0.2 ohm
Neutral = -0,0 Volts Neutral = 0,0 Volts
Bus 3 Bus 1 Bus 2 Bus 4
DC = -0,0 Volts DC =-341,6 Volts DC = 0,0 Volts DC = 0,0 Volts
1,001pu 0,999 pu 765 kV Line 0,997 pu 1,000 pu
3 ohms Per Phase
VAN GIC/Phase = 0,0 Amps Y A
\Z‘ High Side = 0.3 ohms/ Phase GIC Input = 341,6 Volts High Side of 0.3 ohms/ Phase
GIC Losses = 0,0 Mvar GIC Losses = 0,0 Mvar

Figure 22 Delta connection working as a capacitor in the grounding of the transformer; delta connection cannot
be seen due to the specifications of the software.

As can be seen in Figure 22; the open circuit in the transformer, in this case the
transformer with delta connection was the one between buses one and three, prevents
from the flow of direct current along the line. All the current in the previous simulations
was induced due to the GMD); therefore in this case there is no current flowing. The
GMD field can be perceived by watching the voltage in bus one, all the voltage input in
the system appears between buses one and two, between the grounding of the
transformer in bus 2 (being voltage zero) and the open circuit in bus 1 (being voltage

341.6 V).

As a conclusion, it can be acknowledged that the use of any blocking device improve

the reliability of the system.

Since both blocking devices act in different ways, they should be applied in a different
manner. Grounding resistances prevent the system of generating induced currents under
the same conditions of geomagnetic disturbances while capacitors applied on the
grounding of transformers impede the flow of induced currents along the system. The

blocking devices will be tested in a more realistic system in the following chapter.
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Chapter 6

GIC distribution

In order to better study Geomagnetic Induced Currents, the next step will be to test the
blocking devices in a bigger and more realistic system. The system will be a twenty bus
system with seven generator and nine transformers. The system will be tested under

different fields of GIC.

GICina 21 bus system

The system to use will be the following, a 21 bus system comprised in 8 substations, the
system has been modelled by PowerWorld [16]. In Figure 23 a geographical draft is

depicted with the different substation according to their geographical coordinates.
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/ \ \btt' 3 /; Substation 8
upstation
/N </ )
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Substationd

\\ | /
\\ | /
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Figure 23 Geographical representation of the 21 bus system

The base system to study will be the one depicted in Figure 24, where the generators are
producing active and reactive power to supply the loads at the ends of the different

busses. In this base-case figure GIC is set to zero.
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Figure 24 21 bus system under no GIC field

There are five loads that consume mainly active power; there is a component of reactive
power that the generators must compensate and two groups of capacitors that will
generate reactive power. As long as the electric field increases the reactive losses will
rise, the generators will be required to additionally generate the amount of reactive

power that the transformers consume due to the GIC currents.

The system has three different levels of voltages, the generators operate at 22kV, the
transformers raise the voltage up to 345 kV and 500 kV for transmission. The voltages
of the different lines are not meant to affect the GIC, since the induced currents are

direct current and the system is alternating current.

The flow of active power along the system (MW) is meant to be approximately constant
regardless the Geomagnetic Disturbances, this is because the GIC affect mainly to the
reactive power. The active losses in the transformers will be slightly greater with

increasing GIC field, but these losses are negligible in comparison to reactive ones.

Nevertheless, the flow of reactive power is expected to change correlated to the induced
currents. The greater the currents, the larger the losses in the transformers and,

therefore, the flow of reactive power will increase.
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This can be solved installing capacitors in specific points of the system, the critical
ones. The flow of reactive power along the system will cause variations on the voltages
of the different busses. As explained before, reactive power flows from higher voltages

to lower ones.

When increasing the electric field, the induced currents will increase and, consequently
the reactive flow too. All of this will make the voltage in the different busses decrease,

if the voltage decreases too much it can reach untenable levels.

If the low voltages are not restored or if these voltage decrease further, the system can

be no longer able to supply load and it will collapse.

The arrows in the picture above represent the flow of active and reactive power, green
and blue respectively. As there are no induced currents along the lines, the reactive
power is just the necessary to supply the loads that are not supplied by the installed
capacitors and the transformers will consume a little amount of reactive power as well,;

after all, this is not a large amount of reactive power.

The first step in the study will be to increase the amount of GIC field and reckon the
critical busses in the circuit, there will likely be areas in the system where the voltage is

critically low due to the reactive losses.

Under a GIC field of 7 V/km it can be seen that there are three regions where the
voltage drops to not optimal levels, this being 0.95 p.u., those are busses 3, 16 and 21.
The red colour indicates low voltage, i.e. the lower bein 0.90 p.u., while the blue colour

indicates high voltage, i.e. 1.1 p.u., both compared to 1 pu, which is white colour.
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Figure 25 21 Bus system under 7 V/km

The techniques developed in earlier chapter will be applied in the more realistic 21 bus
system. First the critical busses will be protected with the blocking devices already

explained, grounding resistance and capacitors.

As can be seen in Figure 25, the busses 16, 3 and 21 are the critical ones; the voltage in
these busses has dropped below 1 pu, to 0.95. The first attempt will be to ensure the
critical busses with blocking devices. Using capacitors in the transformers next to the
busses the GIC current will not be able to go through and the reactive losses in the

transformers will be less.

41



Total GIC Losses 1445,3 Mva

Figure 26 21 Bus system applying capacitors in three buses, substations 3, 6 and 5

Under the same GIC field, it can be noticed that the new has lower overall voltage drop.
Capacitors have been applied in the transformers in substations 3 and 4. The new
voltages of the busses are higher, close to 1 p.u. which would be ideal, the lowest
voltage in this case is 0.97 pu. The total reactive losses decrease although not so much,

other elements in the circuit must be taken into account.

It has been proved that the application of capacitors in the transformers of the critical
busses make the system more reliable by controlling the critical voltage. Capacitors
impede the flow of GIC and, therefore, the reactive power on the busses is not so high
maintaining the voltage of the different busses in stable levels. Although this solution is
a good solution for the reliability of the entire system, the reactive losses are still high

so another way to tackle this problem must be found.

Changing grounding resistance

By studying the system it can be observed that the GIC flows are different depending on

the amount of GMD and the direction of said field. These currents can be larger or
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smaller depending on the configuration of the system. As said in chapters above, by
modifying the grounding resistance of the different elements it is possible to decrease

the induced currents.

In this case, the grounding resistances are in all cases 0.2 Q. The induced currents are
expected to decrease when this resistance is increased. There should be a consensus
about the maximum grounding resistance to be attached. A larger grounding resistance

will worsen the performance of the system against asymmetric faults.

The study will be done increasing gradually the grounding resistance of all substations.
The resistance by default of some of them is larger than that of other substations, i.e.
0.1Q in substation 6 and substation 5, while substation 4 has 1 Q; this will be taken into

account by increasing more the larger ones in the same pattern.

Under a constant field of 5V/km with a direction 90° (Eastwards) the whole system has
been tested applying different grounding resistances in the substations. The resistances
by default vary between 0.2Q and 0.8Q. The procedure will be to increase these
resistances up to 0.8Q. It is expected that all currents will decrease and, consequently,

the reactive losses will decrease as well.
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Figure 27 Induced currents in 21 bus system applying grounding resistances

In Figure 27 the variation of the different currents can be noticed. As expected, all the
currents decrease their magnitude in absolute value, except substation 5 that does not

follow this trend, this is because this substation is in the centre of the net and when
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decreasing in other substations it may increase. Applying grounding resistances to a
system can make it be more reliable by reducing the consequent induced currents. This
blocking device neither improves the performance of any specific device nor ensures the

system; it makes the induced currents be smaller as they would have been otherwise.
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Figure 28 Neutral voltages in different buses when applying grounding resistance

However, as can be seen in Figure 28, the voltages of the substations increase. A priori
that might not be a problem since it is the neutral voltage the one that increases and it

does not affect the proper functioning of the entire system.

The problem comes when facing asymmetrical faults, a high neutral voltage can make
the fault a more severe one, and also it will become more difficult to restore. Neutral
DC voltage due to GIC is different from neutral AC voltage due to unsymmetrical fault
That is the reason why a very high grounding resistance cannot be applied; there must
be a compromise between the diminishing of reactive losses under Geomagnetically
induced currents and the reliability of the system when an asymmetrical fault to ground
occurs, as mentioned before, Finnish engineers have found a solution using resistive

grounding reactors.

The total reactive losses of the system when applying different grounding resistances

can be seen in Figure 29:
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Figure 29 Reactive losses in 21 bus system when increasing grounding resistance everywhere

Over all the reactive losses decrease, meaning that the performance of the whole system

has improved. The losses decrease faster in the beginning of the curve and decrease

slower when approaching the end of the curve.

The conclusion will be not to apply a very high value of grounding resistance because it

could cause problems in case of asymmetric fault and the differential gain is not as

great.

Grounding resistance in different busses

In the chapter before described a study about the application of grounding resistances to

the entire system, here the focus is to analyse the effect of these blocking devices on

individual substations.

0,2 83,71 83,67 155,11 155,11 58,42 58,42
0,4 69,2 69,15 124,21 124,21 54,71 54,71
0,6 58,97 58,93 103,57 103,57 51,44 51,44
0,8 51,38 51,34 88,82 88,82 48,55 48,55

Table 30 GIC in different transformers when increasing grounding resistance in each substation.
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If the grounding resistance were too large, the substation can be severely affected by
asymmetric faults. In case of an asymmetric fault and a large grounding resistance, the
corresponding protections will not be able to act in order to protect the substation. For

this reason a compromise must be found.

If the grounding resistances were to be attached in the other substation, not the ending
ones, the effect would be the same; the induced current will be lesser and hence the
reactive losses in the transformers next to them will decrease. The global performance
will improve as well, since the induced currents due to disturbances are lesser in this

case too.

As can be seen in the previous table, in which that only one resistance is changed at a
time and that only one transformer is monitored at a time; all transformers of
substations reduce their reactive losses when a blocking device is applied in the

generator next to them.

That demonstrates that each transformer is better protected when a blocking device is
active. The enhancement of the global performance is also remarkable, just a single
blocking device can secure the entire system under certain conditions of GMD

(direction and magnitude).

Effect of grounding resistance on GIC

distribution

As an improvement to the previous study, the effect of modifying the grounding

resistance of a single substation over the rest of the substations will be analysed.

The substations used for this study are substation 2 and substation 3, the grounding
resistance will be increased from default level, i.e. 0.2 Q, until 1Q. It is expected that
the induced currents in all the substations will be lower, since the circuit in which they

flow is more resistive, the currents will be lower.
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Figure 31 Induced current in different busses when modifying resistance in substation 2, equal scales.
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Figure 32 Induced current in different busses when modifying resistance in substation 2, magnified.

In the following picture the absolute results will be overlapped to the general picture, so

the reader can have a clearer image of the change.
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Figure 33 Induced current in different busses when modifying resistance in substation 2 [A]

The study shows us that the different currents have different behaviour depending of the

physical position of the substation.

In the case of substations 3 and 5, when grounding resistance in substation 2 increases,
the induced current increases but in substations 4,6 and 8 they decrease instead.
Substations 4,6 and 8 are endings of circuit, that explains the behaviour of the current, it
decreases almost inversely proportional to the increase of grounding resistance. The

greater the resistance, the lower the induced current will be.

In the case of substations 3 and 5 happen something not intuitive, the induced currents
in both substations increase. Even if they decrease at the endings of the circuit, they

seem to increase in the inner substations.
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Figure 34 Induced current in different busses when modifying resistance in substation 3, full scale.
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Figure 35 Induced current in different busses when modifying resistance in substation 3
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Figure 36 Induced current in different busses when modifying resistance in substation 3 [A]

In the case of modifying the grounding resistance of substation 3, the behaviour of the
induced currents can be observed in the graphs above. The analogous procedure has

been applied and the results are similar than those in the previous study.

Effect of switching lines/transformers on GIC

In case of modifying the system, the induced currents will be altered. These currents are
induced along the transmission lines, if some lines are disconnected, the corresponding
GIC sources are also disconnected and then the currents will not be induced. On the

other hand, the transmission capacity of the grid will decrease.

In the case of the transformers being disconnected, the induced currents will be the
same, but the reactive losses due to those currents will be lesser. Most of the losses
produced by the GIC occur in the transformers, in our system there are various

transformers located in parallel.
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otal GIC Losses 1122,9 Mva

Figure 37 21 Bus system without one of the transformers in parallel.

In Figure 37 it can be observed that in substation 4 one of the transformers has been

disconnected.

The total losses of the new system have decreased, from 1124.5 Mvar to 1122.9 Mvar,
the drop is not as big as expected because the induced currents are redirected through

the remaining transformers.

The losses in the skipped transformer were 63 Mvar while the improvement in
performance is just 1.6 Mvar, the rest of the losses are in the other three transformers

which have increased their losses.

The DC current that flows through the said substation is the same even if one
transformer is disconnected; therefore the system behaviour overall is not altered by the
change, the generators will be required to provide less active and reactive power since
there is no transformer that consumes them. Same total DC (GIC) in fewer transformers
means more in each, which leads to a situation closer to saturation and less margin to
blackout. The voltages at the ends of the substation will switch slightly, mostly in value
due to the lesser reactive power flowing, the angle will remain at the same level as

before.
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otal GIC Losses 1118,7 Mva

Figure 38 21 Bus system without two of the transformers in parallel.

If the disconnected transformers are two instead of one, the losses are even lower.
Again, the losses decrease not as much as expected due to the redirection of the currents
in substation 4, from 1122.9 Mvar to 1118.7 Mvar. This is applicable for the whole
system; those substations that comprise more than one transformer in parallel can get rid

of some of them.

Although the reactive losses decrease when switching lines or transformers, the capacity
of the system also decreases, when two transformers are disconnected, the current that
can flow through this substation is less that the current that could flow before; this can

negatively affect the proper functioning of the grid.

In the following picture all the possible transformers and lines that were in parallel with
others have been disconnected, therefore the reactive losses have decrease while the
capacity of the lines decreases as well. The system as a whole can be considered equal
or equivalent since the voltages, the currents, the loads and the generators remain

constant.
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Total GIC Losses 1124,5 Mvar
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Figure 39 21 Bus system, all transformers and lines.
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Figure 40 21 Bus system without all the possible skipped elements.

Both situations can be easily compared, in the case of the line between substations 3 and

6, it reaches almost half of its capacity, while in the first case it was about a quarter.

A similar situation is given on the substations 3 and 4, the current that flows through

both transformers is increased, but still they do not reach their maximum capacity.
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As a conclusion it can be said that disconnecting lines and/or transformers may improve
the safety of the system against Geomagnetic disturbances because GIC are not induced
(case of disconnecting lines) or the losses are lower (case of transformers). The new
system comprised of fewer elements will be able to carry less power and it will not be

reliable in case of raise of demand, it will need to be upgraded if so.

Also under greater fields of GMD the system with less elements is less reliable because

the voltage can drop easily.
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Chapter 7

Conclusions

The primary aim of this project was to study the impact of different parameters on GIC
distribution and transformer/system performance in case of Geomagnetic Disturbances
caused by solar activity and the secondary aim was to learn capabilities of the

PowerWorld simulator.

The four bus system provides useful information about how geomagnetic disturbances
become induced currents in the system. Two distinctive flows must be differentiated,
one being the AC flow supplied by the generators to the loads in the system, the other
one being the direct current flow induced by the GMD events that may occur in the

atmosphere.

Studying the four bus system, also called one-dimensional system, the trends of the
currents under different conditions can be predicted. In this first case no alternating
current was to run along the single line, only direct current due to GIC in noticed. This
current can be diminished or totally prevented by using various devices or changing the

configuration of the transformers.

The core type of the transformer decides how it is affected by GIC. The transformer
losses (as affected by GIC) have large influence on system Mvar losses. This does not

improve the performance of the entire system, but secures the transformer itself.

As capacitors are not a convenient solution and modifying the core of the transformers
secures mainly the transformer itself, the focus will be on setting the grounding

resistance of different busses and its effects on the entire system.

Capacitors act as interruptions for direct current, therefore it blocks induced current
where they are placed, a priori a real solution; however this solution is not optimal
because it constrains the safety of the system under the effects of asymmetrical faults.

Current goes through neutral only at asymmetrical conditions.

Following the study to a greater system, such as the 21 bus system, more realistic results

and conclusions can be achieved.
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Capacitors installed in transformers do not allow the DC currents to go through that
line, but they are useful to lower the AC voltage in the busses in order to maintain the

voltage below its limits.

Increasing the grounding resistance the induced currents are diminished; however a
non-expected response on the other busses was reached. AC wise the system remains
constant but in the case of direct current, GIC can increase in other substations when
increasing grounding resistance of a transformer. This happens because of the flow in
different current loops, it must increase in certain nodes in order to compensate the lack

of current in others, according to the law of Kirchhoff.

Overall this is the best solution, is, as it ensures both the good functioning of the system
and individual transformers when used in all substations of the system and it does not

constrain the security in case of asymmetrical faults.

Finland combines best transformer core with resistive earthing (actually in reactors). A
comparison of typical transformer/earthing solutions in Sweden, Finland and USA

revealed that out of these three Finland was best.

As further development of this research, a more realistic system can be modelled.
Taking as example one country such as Sweden that works with geomagnetic induced
currents, a model can be done in order to secure a certain system, in this case an entire

country.
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Chapter 9

Appendix 1.

Where to find GIC commands in
PowerWorld

This appendix is done to help the reader using PowerWorld.

First of all, the GIC add on can be found in the upper menu, in which direction and magnitude
of the geomagnetic field can be modified. The option selected and the resulting pop-up
window can both be seen in the picture below. The black arrow indicates where to press to
obtain such result.

Case: EpriCase_Mar2012.pwb Status: Paused | Simulator 17 GSO
Case Information Draw Onelines Tools Options Add Ons Window
() — |
Edit Mode | 2 Abort Primal LP ﬁ C{] =3 gg &P iﬁ %
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ngle Snapshot
() Time Varying Inputs
Select Step Field/Veltage Input
+~| FieldVoltage Input
4 -Options Voltage Input Parameters
i+ DC Current Calculation Electric Field Model Parameters Restrict Lines to which to model DC Voltages Units of Distance
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Figure 41 PowerWorld window GIC Analysis Form

The next option that requires explanation will be the grounding resistance of the different
substations, it can be done in few steps. It is needed to deploy the substation view first. The
picture below shows how to do it:
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Substation View for - Case: EpriCase_Mar2012.pwb Status: Paused | Simulator 17 GSO
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Figure 42 Powerworld Substation view

Once the substation view is open, substation option can be selected. After clicking the chosen
substation bar, a new pop-up will be displayed, containing all the information and possible

modifiable parameters, shown in the picture below:

Substation Information N T
Substation Mumber : Find By Mumber Find ...
Substation Mame  Substation 2 Find By Name
Substation ID Substation 2 Find By Sub ID View All Flows at Substation
Labels ... | nolabels
Information | Buses | Gens | Loads | Switched Shunts | Tie Lines | Custom | Geography | GIC
Load and Generation Bus Voltages
M Muar MNumber of Buses 3 Mumber of Dead Buses 0
Load 0,0 0,0
Generation | 1200,0 721 Max Voltage Level (kv) | 345,00 Min Voltage Level (kV) 22,00
Shunts 0,0 0,0 Max Voltage (p.u.) 1,0567 Min Yoltage (p.u.) 1,0500
Losses 19,69 323,00 Max Angle (deg) 3,38 Min Angle (deq) 7,38
Interchange| 1180,3 -50,9 Available Gen MW Mvar Ranges
Max, Gen AGC Increase (MW) ) 0,0
Max. Gen AGC Decrease (MW) 0,0
Available Gen Mvar (Increase) 527,9
Available Gen Mvar (Decrease) 872,1
Save x Cancel ? Help Print

Figure 43 PowerWorld substation information

Clicking the GIC tab, a new menu will be displayed and the grounding resistance of the

substations could be chosen.
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