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Simulation of electrical system protection against the effects of a magnetic storm

IMilan Stork and ?Daniel Mayer

In the introduction of the presented work, the physical nature of the collapse of electrical energy transmission systems due to the influence of
a magnetic storm is recalled. A mechanism is described by which, due to the non-linearity of the magnetic circuit of the system's power
transformers, quasi-direct currents are induced into the high-voltage part of the system, which cause thermal overload of these transformers.
The article then suggests one of the possible ways to prevent these accidents. On the single-phase and then on the three-phase model, it is
shown how these currents can be compensated. Using laboratory models, the compensation process was simulated and verified by
measurements.
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1. Introduction

Solar activity is manifested by rapid variations in the Earth's external magnetic field. While during calm solar activity the
intensity of this magnetic field is 20 to 30 nT, during strong activity it increases and if it reaches hundreds of nT, we are talking
about a magnetic storm. No one in Central Europe remembers a magnetic storm with catastrophic effects on the transmission of
electricity, so it can be assumed that magnetic storms are rather one of the horror themes of science fiction literature than a real
and dangerous natural phenomenon. The energy experts of some Nordic countries, where magnetic storms caused severe
collapses of the energy grid, have a different opinion. Let us recall, for example, the crash of the power grid in the province of
Quebec (Canada) in 1989, where a magnetic storm with an intensity of 540 nT caused a power outage for 6 million inhabitants,
or the crash of the network for half a million consumers in the Malmé region (Sweden) in 2003. Magnetic storms cannot be
prevented, but they can at least be predicted in the short term [4], or their effects on the transmission system can be monitored
online [5].

In the presented papers, based on the model of the electrical system, one of the possible methods of protection against
a magnetic storm is indicated.

2. The impact of a geomagnetic storm on the transmission system

The source of the geomagnetic field is on the one hand physical processes inside the Earth, on the other hand physical events
in the ionosphere of the Sun. Thus, according to the source, we distinguish between internal and external geomagnetic fields.
Both magnetic fields are superimposed [1-5].

The internal geomagnetic field is physically explained by a model known as the geodynamo [6-8]. The complex turbulent
rotational flow of the Earth's liquid core in the Sun's magnetic field induces strong electric currents in it, which generate the
geomagnetic field. Its magnetic axis, and thus also the magnetic intensity on the earth's surface, changes with time — we speak
of secular variations. Secular variations are very slow, detected on a scale of tens of years, and have a value of about 44 uT at
central European latitudes. Due to their very slow time course, they have no effect on the electricity system.

The external magnetic field is a result of solar activity. This is manifested by solar eruptions during which intense
electromagnetic radiation is produced in a wide range of the spectrum. The solar mass, containing electrically charged particles
with high energies, is torn off, which then spreads at high speed through interplanetary space. This is called the solar wind. If
a wave of the solar wind arrives near the Earth, its internal geomagnetic field prevents the impact of electrically charged particles
on the Earth. Under the action of the Lorentz force, electrically charged particles move in the direction of the magnetic field lines
of the magnetosphere, surround the Earth and deform the original symmetrical shape of the internal geomagnetic field. The
Earth's magnetosphere thus shields the Earth from the solar wind and thus protects the Earth's biosphere. Part of the electrically
charged particles of the solar wind penetrates into the upper layers of the Earth's atmosphere, their movement represents an
electric current that induces an external magnetic field in its surroundings. Waves of the solar wind are reflected on Earth by
rapid variations of the external geomagnetic field. The magnetic induction at the Earth's surface changes on the order of seconds.
Their amplitude varies from small disturbances, 20 to 30 nT, to strong variations during a geomagnetic storm, reaching up to
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hundreds of nT. The frequency and intensity of magnetic storms is higher near the Earth's magnetic poles, i.e., in the Nordic
countries.

The external magnetic field B(#) acts both on the earth's crust and on the conductors of the high-voltage (HV) transmission
system. According to the law of electromagnetic induction, an electric field £(¢) is induced in this environment

0B
rotE = — T (D
and since it is an electrically conductive environment (= 0), currents of density J are induced in it:
J=yE. 2

These currents are denoted by the abbreviation GIC (Geomagnetically Induced Currents). Note that the size of the GIC
depends on the size of the derivative of the geomagnetic induction B(?), i.e., on the rate of variation of the external magnetic
field, not on its size [9-17].

The magnetic flux @(?) is coupled to the loop ¢, which consists of the winding of the HV transformer of the source, HV line
and winding of the HV transformer of the distribution network

0@t = [f, B(t).ds 3)
where S is the area bounded by this loop c. Voltage Vg/c is induced into the loop ¢
VGIC = f Edl (4)
[
and current /g;c passes through it,
1 do(t)
GIc = R "dt (5)

where R, is the ohmic resistance of the loop c. The current in the /g loop is the cause of the breakdown of power transformers
during geomagnetic storms, as we will show further.

The magnetic induction B(¢) and therefore the /gic current have a temporally random course (not periodic), and although we
talk about fast variations of the external magnetic field, they change relatively very slowly, compared to industrial frequency
currents. In magnetic storms, these are changes in units of nT/min. The time course of the /g;c currents is therefore quasi-
stationary — these currents essentially behave as direct currents. The Ig;c current in the wires of the HV transmission system is
limited only by the ohmic resistances of the loop and the inductances and capacities of the electrical network are not applied.

Quasi-stationary /g;c currents in the conductors of the HV transmission system and in the windings of HV transformers induce
direct current (DC) premagnetization of the magnetic circuits of power transformers. If the operating point of one half of the
operating current i(¢) shifts to the non-linear part of the magnetization characteristic, the inductance of the winding decreases
(for one half period) and the magnetizing current, which has an alternating (working) component i(?) and a direct component
Igic, increases significantly — the so-called semi-oversaturation occurs. The current i(£) + Igic has a higher effective value and
thus thermally endangers the HV windings of the transformers; in case of magnetic storms, the cause of the accident is Fig. 1,
which shows the normal operation of the transformer, without GIC (Fig. 1a) and the operation with the effect of GIC (Fig. 1b),
which is manifested by a shift in the magnetization characteristic, distortion and an increase in the effective value of the current,
which can thermally damage the transformer winding.
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Fig. 1. (a) Without the effect of GIC, the transformer works in the linear part of the characteristic, the current is sinusoidal.
(b) In the case of GIC, the transformer oversaturates, the current shape is distorted, has a DC component and a higher
effective value.
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3. The goal of this article

We have shown that magnetic storms induce /;c currents in the transmission system, which can cause a system crash due to
their thermal effect on the HV windings of power transformers. Various methods have been proposed to reduce or eliminate /gic
currents. One of them is to switch off the transmission system during a magnetic storm (the so-called artificial collapse), or to
use robust power transformers with low saturation of the magnetic circuit and thereby shift the state of semi-saturation for high
values of the /g;c current. Another way is to use filters that prevent (or limit) the entry of /g;c current into HV transformers [12,
13]. In this work, we will indicate another way of protecting HV transformers: using a transmission system model and we will
show that /s currents can be compensated using a controlled DC source.

4. Simplified models of electrical energy transfer under GIC action and GIC compensation options

The behavior of the transmission system and the formation of GIC can be studied, for example, using the model [14-18].
However, this section describes new models and possibilities for GIC compensation for a single-phase network and then for
a three-phase network.

4.1. Simulation of GIC influence and its compensation model with single-phase transformers

Figure 2 shows a simplified transmission system. Transformers 7; and 7> are supplied with 230 V mains voltage at the input,
and their secondary windings are connected to transformers 73 and 7 via resistors R;, R; and DC voltage sources Vgic. (Four
identical transformers 230/16 V, 2 A, R;, R, =1 Q, R, = 5.55 kQ were used). The output of transformers 73 and 7 is loaded with
resistor R;. The Vg voltage sources simulate the voltage induced by the GIC into the line connecting transformers 77, 7> and
T3, T4 For simplicity, the Vgic voltage is assumed to be DC. Current waveforms are read from resistors R; and R, with an
oscilloscope. There is Vgic compensation by voltage source Vcoup.
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Fig. 2. System simulation using transformers and DC voltage source Vgic representing induced voltage due to /gic. Alternating
current (AC) voltages and currents are: V,=V>=16V, Vs=V,~=15V, V35=V44=186 V, I;=I,=1 A, I;=0.067 A. For the system (R/=R>)
with Vgic sources and with the compensation of these voltages by the Vcowup source with internal resistor Rg=1 Q. If Veour =
Vaic, then Iic = Icomp = 0.

It can be seen in Fig. 2 that

4 4 4
I GIC + GIC 2 GIC , (6)
GIc = Roarr _ °R
2ALL ALL

where R;4rr = R2arr = Rarr are the resistors in the two branches. If the voltage Veowmr = Vaic, then the currents /e = 0.

Table 1 shows the voltage V; and current /; for gradually increasing rms values of Vg and thus also increasing rms values
of Igic current. The curves of voltage and current for Ve =3.9 V, Igic = 1.2 A are shown in Fig. 3.

Table 1. Effective voltage and current values

Vaic (V) lgic (A) 1; (A) RMS
2.2 0.7 1.6
3.2 0.9 2.0
3.9 1.2 2.4
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Fig. 3. Waveforms of voltage V; and current /; for Voic =39V, lgic=12 A, [;,;=2.4 A

4.2. Simulation of a three-phase network under the influence of GIC and the possibility of compensation

In this section, the results of the simulations on the three-phase model are presented. In Fig. 4 is a simplified diagram of
a three-phase electrical transmission network with a transformer 7/, lines replaced by resistors Ry, Ry and Rz under the action
of GIC represented by voltage sources Vgic. In the diagram, there are also resistors Ry and Ry through which the transformers
are grounded. If no compensation is used, the Vgic voltage in each phase will cause Ig;c current. Fig. 4 contain Vcoup voltage
source compensation. This source supplies the /coup current. The compensation source is connected to the transformer node 772
between the resistor Ry and ground via a switch S that allows the GIC compensation to be turned off and on.

Ry Veic laic

—+ —

1

-1 Veomp lcomp
GIC Compensation |—@——’~

Fig. 4. The principle of GIC compensation of a three-phase network using the Vcoup source. Switch S connected to the Ry resistor
allows the compensation source to be connected/disconnected. The switch is drawn in the disconnected compensation source

state.
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Fig. 5. Simulation of the course of currents in the case of a non-linear model of a three-phase transformer. Time is on the
horizontal axis, current is on the vertical axis, a) the course of the currents without the action of GIC, at time ¢ < 40 ms, b) the

distortion of the courses due to the action of GIC at time ¢ > 40 ms.

Figure 5 shows the simulation of the currents of a non-linear model of a three-phase transformer, where the DC voltage of
the GIC is superimposed on the three-phase voltage waveform. The distortion of the waveforms and the creation of a DC

component of the currents can be seen.
In the following simulations, linear models of the entire system are already used. Fig. 6 shows a simplified replacement

diagram of a three-phase network under the action of GIC. This scheme was used for the simulations. Transformer 77/ is replaced
by 3 voltage sources and transformer 772 is replaced by 3 resistors. The time course of the three-phase voltage is given by the

relations

E;(t) = V2 - 230 sin(27.50.t)
E,(t) = V2 - 230 sin(27.50.t + 2m/3)
E3(t) = V2 - 230 sin(2m.50.t + 4m/3)

Resistors Ry and Ry can be connected in series and the total value for the simulation is 0.1 Q, the replacement resistor is
marked as Run. Values of Veic, Vcour and Rx, Ry and Rz are given for individual simulations. Switch S allows the compensation

source to be connected/disconnected.

Fig. 6. A simplified replacement diagram of the three-phase network under GIC action, which is represented by the voltage
sources Vgic and the compensating source Veoup. A switch S connected to the Ry resistor allows the compensation source to be
connected/disconnected. The switch is drawn in state, when the compensation source is disconnected.
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Figure 7 shows the simulation results for an asymmetric load. In the left part of Fig. 7 (for # < 50 ms) it is shown current
progression without GIC compensation. In the right part of the picture, the time course of the currents after compensation is
shown, where a lower value of the compensation voltage Vcoup=70 V is deliberately chosen (i.e., non-ideal compensation). The
DC component of currents I.Rx, I.Ry, I.Rz is only partially removed, and the currents have therefore a small DC component.

Simulation of GIC compensation for a three-phase network - nonsymmetrical load - nonideal compensation

B I Rx

o[ TN PN TN AN
N N N N
/] ya

M IRy

N
—
/

N
(
N
(

IRV

-10-
B IRz

2_ PN TN AN PN paliaN

-: Ml .Rmn

o —n L N PN el

AN S N S N LS NS NS

o ~—7 ~—" N -
0 10 20 30 40 50 60 70 80 90 100

time [s]

Fig. 7. Simulation of no ideal GIC compensation for unbalanced loads, Rx=100 Q, Ry=50 Q, Rz=200 Q, Ryn=0.1 Q, V=100 V.
The course of currents without GIC compensation at time ¢ < 50 ms and the course of currents after GIC compensation at time
are shown 7 > 50 ms, while the compensation voltage Vcour=70 V (instead of 100 V), so the compensation is not ideal. This
results in a small DC component in the currents.

5. Conclusion

In this work, a method of GIC compensation using a source connected to a three-phase network node was described.
The principle was simulated, implemented and measured on a single-phase model and then simulated on a three-phase
connection. For compensation, it is necessary to know the Vg;c voltage values in order to set these voltages on the compensation
source. The Ve value can be determined during network operation, in the time of a magnetic storm, using an indicator that is
described in detail in [5]. If the voltage value is not available, one can proceed by adjusting the value of the compensation voltage
Vcoump so that the currents have a minimum DC component.

It should be pointed out that this is only one of the principles of the method to deal with breakdowns of distribution systems
due to magnetic storms. It is not addressed, for example, how to design a compensating voltage source.
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