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Abstract— Geomagnetically induced currents (GICs) caused by geomagnetic storms can flow in power
systems through a path consisting of neutral points of transformers, transmission lines and earth ground. The
GIC and the corresponding transformer exciting currents may cause detrimental effects to power systems
such as severe voltage depression, equipment damage (e.g. to transformers, generators, and capacitor banks),
improper relay operation, and even system collapse. This paper first gives good educational material for P&C
engineers by investigating the influences of GIC on transformers and other equipment, and particularly the
effect on the system protection will be discussed in detail. Then, the GIC effects on transformers and
capacitors are demonstrated by simulating GIC applied to the transformer. Based on analysis of the
simulated results, the principles of monitoring techniques are discussed. The mitigation techniques and
countermeasures in relays are presented as well.

Index Terms— Geomagnetically Induced Currents, Transformers, Relays

I. INTRODUCTION TO GEOMAGNETICALLY INDUCED CURRENTS

The generation of geomagnetically induced currents (GICs) can be summarized as the following
sequence [1], [2].

e A large coronal mass ejection (CME) occurs at the sun.

e The mass of charged solar energetic particles escapes from the sun’s halo and travels to the Earth in
15 hours to 4 days.

e At the earth, the charged particles from the CME interact with the earth’s
magnetosphere-ionosphere system, producing ionospheric currents called electrojets above the
Earth. Typically, these currents have millions of amperes in magnitude and vary with both position
and time.

e Electrojet currents above the earth produce changes in the geo-magnetic field.

e The slowly changing geo-magnetic field induces voltage in the vertical loop formed by the
transmission line and the current return path deep in the earth. This loop is closed by grounded-
wye transformer windings, which provide the conductive path between the transmission line and
earth.

e The induced voltage drives very low-frequency current, called geomagnetically-induced currents
(GIC) through the loop.

The conducting path for GICs in a power line is illustrated in Figure 1, where both ends of the
transmission line must be connected to wye-grounded transformers in order to form a current loop through
earth.
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Figure 1. Conducting path for GIC in a power line

The induced electric field created by severe geomagnetic disturbances (GMDs) can be on the order of
3-6 V/km. Some regions tend to be subjected to the larger electric fields, on the order of 6 VV/km or larger,
such as higher latitude regions that are close to the Earth’s magnetic north pole, and regions of low deep-
earth conductivity [3]. Low conductivity causes the effective current return depth, known as the Carson’s
return depth, to be greater. This, in turn, causes the conductive loop to be larger resulting in a larger
induced voltage.

GICs are quasi-dc currents in nature, varying very slowly, with the majority of the spectral content
typically less than 0.01 Hz. The magnitude of GIC is related to the magnitude of the induced voltage,
resistances of the line, transformer and earth ground. The induced voltage, and the line resistance impeding
GIC flow, both increase linearly with line length. If transformer and substation ground mat resistances are
neglected, the GIC would not be a function of line length. However, in the practical case with transformer
and substation resistances considered, GIC tends to increase with line length. An exception is series
capacitor compensated lines, where the flow of dc current is interrupted. In a network of transmission
lines, GIC tends to be concentrated in transformers located near system discontinuities, such as at
coastlines.

The presence of the quasi-dc GICs in the transformer windings drives the magnetic cores of
transformers into saturation during alternate half-cycles, called half-cycle saturation. It causes increased
amplitude of magnetizing current for only half a cycle, results in large magnitude of harmonic currents
flowing into power systems, and greatly increases reactive power consumption in transformers. In addition
to the direct impact of saturation in transformers, exciting currents drawn by the saturated transformer can
have significant impact on system performance and security. Many transformers can be saturated
simultaneously during a GMD event, compounding the system impact.

The exciting current of offset-saturated transformers, composed of both fundamental and even- and
odd-order harmonic components, can lead to voltage depression, severe distortion, and phase imbalance.
As a result of these conditions, the power system may be further disturbed by trip-outs caused either by
protection misoperation or by protection necessary to protect equipment [4].

As a result of a particularly severe geomagnetic storms on March 13, 1989, the Hydro Quebec power
system collapsed, tripping seven SVCs because of harmonic overload, losing 9450 MW of generation, and
leaving six million residents without power for about nine hours. At a nuclear plant in Sweden, a 5 °C
degree increase in the temperature of a rotor was measured.

During an intense geomagnetic storm on July 15, 2000, the Tennessee Valley Authority power system
experienced protective relay tripping of 161kV capacitor banks at six different substations located in
middle Tennessee, north-central Alabama, and northeast Mississippi. Monitoring equipment was limited,
but in each case the tripping was considered erroneous and due to harmonics generated by 500/161kV



power transformers undergoing some degree of half-cycle saturation. The protective relays that tripped
were residual ground overcurrent and neutral overvoltage relays that operate on RMS values rather than on
fundamental.

I1. IMPACT OF GIC TO POWER SYSTEMS

The half-cycle saturation of transformer cores initiated by GIC induces a large amount of harmonics
flowing into power systems. Additionally, the increasing magnetizing current in transformers also
significantly increases the reactive power demand of transformers. Increased reactive power demand can
affect voltage profile and stability in the system-wide scale. If there is insufficient reactive power support,
voltage will drop accordingly. Furthermore, the reactive power generated from capacitors and line charging
will be reduced as well. Tripping of capacitor banks and static compensators tends to occur during GMD
conditions, as is explained later. As a result of the increased reactive demand coincident with decreased
reactive supply, a severe GMD may eventually result in voltage collapse.

The following figure shows the neutral GIC, 3" and 6™ harmonics in the neutral current, and real and
reactive power losses in a 345/115 kV autotransformer during the peak period of a storm on May 10, 1992
[5]. It can be observed that the higher the magnitude of GIC, the higher the real and reactive power losses
of transformer, and the higher the harmonic distortion.
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Figure 2. GIC, 3rd and 6th harmonics, real and reactive power losses during a GMD [5]

The impact of GIC to power equipment and systems, especially to the system protection, is explained in
the following subsections.

A. Transformers
The GIC causes the following impacts on transformers.

Heating;

Vibration;

Noise;

Harmonics;

Increased reactive power demand.

Half-cycle saturation increases magnetizing current and stray flux, and in turn produces localized hot
spots, vibration, noise and more losses. Repeated hotspot heating may accelerate the aging process of



insulation, lead to incipient failure, shorten transformer lifespan, and increase gas content in transformer
oil.

The impact of GIC to transformer relays involves three aspects:

o Misoperation. The induced harmonics increase RMS value and peak value of currents. Some older
static or electromechanical type relays operate on RMS quantities, are particularly susceptible to
harmonics, and need to be studied carefully. Modern numeric relays are typically capable of
filtering out decaying dc components, even and odd harmonics, such that the harmonics are
properly removed to avoid potential undesired operation. However, if RMS or peak current is used
in internal calculations and as overcurrent protection setting, the transformer overcurrent protection
may misoperate. Transformer differential relays may improperly trip due to CT saturation caused
by GIC if the inrush restraint is not applied. Transformer neutral overcurrent relays may have false
trip because a large amount of harmonic is present in the neutral current.

o Failure to operate. Normally, harmonic restraint is employed to limit sensitivity to harmonics
generated during magnetizing inrush conditions. In the case of a GMD event, the presence of
harmonics could last for a considerable period of time. Therefore, the differential element may fail
to operate for an internal fault throughout the GMD event. Transformer differential relays may also
fail to operate for a transformer fault if CT saturation is caused by GIC at the same time.

e Slow operation. Relays may operate slower than desired because of the presence of remnant flux in
current transformer cores. The remnant flux reduces the time to saturation.

B. Capacitors and Static VAR Compensators

Harmonics are a primary cause for misoperation of reactive power compensation equipment protection
during GMD conditions.

The reactive power compensation equipment, such as capacitor banks and static VAR compensators
(SVCs), behave like harmonics sinks because their impedance decreases with increasing frequency. Also,
resonances can greatly amplify harmonic currents in capacitors. Therefore, more harmonic currents flow
into the compensation equipment, which in turn results in the equipment overload. Under this condition,
the overload protection relay may operate and trip the breaker, or external or internal fuses of individual
capacitor units may operate and then the bank imbalance protection will trip the banks. Overload will cause
overheating as well, which degrades the capacitor units.

The neutral current may be monitored by sensitive neutral overcurrent relays to detect the unbalance or
capacitor failures in grounded-wye-connected capacitor banks. The heavily distorted neutral current may
cause misoperation if the RMS value is used as the input to this element.

Additionally, the loss of reactive power support could further accelerate the process of voltage collapse,
potentially causing large scale blackouts.

C. Generators

GIC cannot directly flow through generator windings due to the delta connection of transformer at the
generator side. However, non-zero-sequence (generally second and fourth) harmonics may still flow into
generators. The effect of this harmonic current is similar to, but more severe than, negative sequence
fundamental current. These harmonic currents may produce vibration and overheating of rotors.

D. Communication & GPS

Communication and GPS may experience problems or outages during GMD conditions, such as
increased channel noise in wire-based communication systems and fading signal in microwave and carrier
communication systems. Fiber optics is generally considered immune to effects of GIC [6].

E. Transmission Line Protections

The CT saturation affects the performance of line differential relays, and loss of communication
deactivates the differential function.



F. Other Equipment
Harmonic currents tend to increase measurement errors in both potential and current transformers.

GIC may cause saturation in current transformers, which would affect the performance of current
differential relays.

GIC is blocked by capacitive voltage dividers in capacitive voltage transformers.

I1l. ANALYSIS OF EFFECTS OF GIC

A. Modeling and Analysis of Half-cycle Saturation

In the normal operating condition, transformers usually operate over a narrow range of the
magnetization curve and have relatively small magnetizing currents. However, during the half-cycle
saturation in transformers, the RMS value of the magnetizing current in the saturated half-cycles is
increased to two to three times the GIC per phase. When the larger GIC is injected into transformers, the
larger fundamental and harmonic components would be induced and the reactive power demand would
increase.

In order to analyze the effect of the half-cycle saturation induced by GIC, the GIC is modeled as a DC
voltage connected between the neutral point of wye-grounded transformer and ground as shown in the
following figure. The transformers with different core structures are simulated, i.e., three-phase bank,
three-phase three-limb, and three-phase five-limb transformers.

180 MVA
242/121 kV

GIC is modeled as a =
DC voltage source

Figure 3. Analysis model of half-cycle saturation in transformer

The magnetizing currents during the half-cycle saturation are shown in the following figures. It can be
found that the magnetizing currents in the saturated half-cycles significantly increase and are heavily
distorted, particularly in three-phase bank and five-limb transformers. However, the three-limb transformer
is least susceptible to core saturation. The reason is that DC flux behaves like zero-sequence flux, flowing
in the same direction, such that there is no return path in the core of a three-limb transformer. The flux can
only return in the tank, structural members, or air. However, if a larger GIC is presented, the core may also
experience half-cycle saturation due to the amount of flux forced through these paths outside of the core.
The magnetizing currents and harmonics of magnetizing currents are illustrated in the following figures. It
should be mentioned that the flux return path in a three-limb transformer is not fully modeled in the
simulation, so the purpose of showing below the rough behaviors of a three-limb transformer is to give a
comparable concept rather than an accurate description.
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Figure 4. Magnetizing currents in different type transformers (GIC=85A)
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Figure 5. Harmonics analysis for different type transformers

When the larger GIC is injected into transformers, the larger fundamental and harmonic components

would be induced in the three-phase bank and five-limb transformers. There are few harmonics induced in
the three-limb transformers.

The reactive power demand is illustrated in the following figure. It can be observed that the larger the
GIC, the larger the reactive power demand. Additionally, the reactive power demand has the nearly linear
relation to the magnitude of GIC in three-phase bank and five-limb transformers.
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Figure 6. Reactive power demand in different type transformers

B. Analysis of Effects on Transformers

The following system is formulated to simulate the effect of GIC on transformers. A five-limb
transformer is modeled and analyzed. The different GIC levels (0.018-0.083 pu/phase) and different load
currents (0.25, 0.43, 0.62 pu of transformer rated capacity) are simulated.
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Figure 7. GIC simulation system

Since the GMD event is a slow process, the currents at the steady state are studied. The RMS value,
magnitude of fundamental phasor, and effective value of all harmonics of phase A load current at the
steady state are shown in Figure 8. The range of harmonics is labeled in the right Y-axis in the red color.
The decrease in fundamental current with increasing GIC is due to the fact that the component of reactive

current flow due to the transformer saturation is opposite the direction of the reactive current flow to the

transmission line as seen from the HV terminals, resulting in a cancellation effect. It can be observed that
the larger GIC could cause the larger harmonics, which in turn increases the RMS value. Especially, when
the load current is relatively small, the RMS value would have relatively large increase.
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The behavior of transformer differential relay under the influence of GIC is studied as well. The
fundamental, second and fifth harmonics differential currents at the steady state are shown in the left
column in Figure 9. The fundamental and second harmonic differential current increase with the larger
GIC injected. Basically, the load current has no effect on the differential currents.

The ratios of the second and fifth harmonics differential currents to the fundamental differential current
are shown in the right column in Figure 9. The second harmonic differential current is usually used to
block 87T operation on magnetizing inrush conditions. The ratio of the second harmonic differential
current to the fundamental differential current ranges from 60% to 80%. Some differential relays use the
5th harmonic ratio for inhibiting its differential function during overexcitation conditions. The maximum
value of the 5th harmonic ratio is close to 35%.
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Figure 9. Differential currents at steady state

C. Analysis of Effects on Capacitor Banks

If a grounded capacitor bank is connected near the transformer, the quasi dc GIC cannot flow into
capacitors; however, some of the harmonics will flow into the neutral point.

The RMS value, magnitude of fundamental phasor, and effective value of all harmonics flowing into
capacitor are shown in Figure 10. The effective value of harmonics will increase with the larger GIC
injected. However, the increased reactive power demand causes the bus voltage drop, which in turn causes
the magnitude of the fundamental current to drop. It should be mentioned that this result is specific to the
simulated system and this would not be the case if the capacitor participated in a resonance near one of the
low-order harmonics. The harmonics in the capacitor neutral is shown in Figure 11, where a 0.055
pu/phase GIC is injected. There is a large amount of third harmonic and its multiples flowing into the
neutral point of the capacitor bank.
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Figure 10. Capacitor currents at steady state
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Figure 11. Harmonic components in neutral current (Capacitor)

IV. MONITORING OF GIC IN RELAYS

GIC is directly caused by the geomagnetic activity. Therefore, a comprehensive monitoring of GIC can
involve the monitoring of activity of geomagnetic field at magnetic observatories, and monitoring of phase,
neutral and DC currents, VAR consumption, and temperature of transformers at substations.

From the viewpoint of protection engineers, monitoring at substations is a better way to detect the
presence of GIC, which can be easily implemented in existing commercial relays.

Based on the analysis of the behavior of GIC and its effects on transformers, the following phenomena
can be observed in transformers during a GMD event.

e Presence of DC current in the neutral point of a wye-grounded transformer or in the common
winding of an autotransformer (this requires current transducers capable of measuring dc, such as
Hall effect devices or fiber optic CTs);

e Presence of the second harmonic current and second harmonic differential current;
e Presence of the fifth harmonic current and fifth harmonic differential current;

e Increased reactive power demand in transformers;

e Increased temperature on localized spots.

One or more above phenomena can be monitored in the transformer relays to be used as the detection
criteria of the presence of GIC. Each of the above, with the practical exception of the increased
temperatures, will also occur as a result of energization of the monitored transformer or other nearby
transformers (sympathetic inrush). The energization inrush, however, is a transient event so GIC can be
discriminated from inrush by its much longer persistence.

Taking the transformer used in Figure 7 as an example, a case is studied where the geomagnetically-
induced voltage starts ramping from 0 V/km and saturates at 6 VV/km after 8 seconds. The three-phase
currents, second harmonic currents at both sides and second harmonic differential currents are illustrated in
the following figures. It should be mentioned that GIC does not appear anywhere near as rapid as
simulated here. The purpose of showing the dynamic behavior is to present a rough outline of the effects
GIC, which is observed in relays.

11
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Second Harnonic Qurrents at Source S de

I f— N A IS
= M A Y
NARD CANI I,

-

IA ‘
i PV
o f
ol
=

Magni t ude (pu)

0
0

10 15
Tine (s)

Figure 14. Second harmonic currents at source side
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Figure 16. Second harmonic differential currents

Two solutions to monitor GIC are presented here. The first one is to monitor the second harmonic
differential current as shown in Figure 17, which is easy to implement in commercial relays. The second
one is to use a fiber optic CT or Hall Effect sensor to measure the neutral current and extract the DC
in conditions, an autotransformer can
y significant GIC flow through the

component, as show in Figure 18. It should be noted that under certa

be saturated by GIC flowing through the series winding without an
transformer neutral. For autotransformers, the second harmonic differential method is a more robust

method of GIC identification than neutral dc detection.
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The pickup setting in Figure 17 needs to be studied for the specified transformer. For example, the
analysis results in Figure 9 can be used for selecting a pickup level for the transformer simulated in Figure
7.

The GIC can be monitored in a wide-area scale and the detected signals from different substations can
be transmitted to the control center, where the presence of GIC can be confirmed from multiple detections
and the mitigation decision can be made by operators at the early GIC stage.

Multiple transformer damage incidents have been reported during previous GMD events. In order to
reduce the risk of transformer damage, the detection signal can also be used to trip the local affected
transformer. In order to avoid undesired operation, such as tripping at the small degree of GIC, the
temperature of a transformer can be monitored and used as a necessary detection condition. The impact of
tripping a transformer exposed to excessive GIC on the GIC loading of other nearby transformers, as well
as the system operational security with this transformer removed from operation, need to be studied in
depth before such a scheme should be implemented.

V. MITIGATION TECHNIQUES AND COUNTERMEASURES IN RELAYS

A. Mitigation Techniques
Mitigation techniques can be categorized as two levels, system operation level and equipment level.

The techniques in the system operation level are used to mitigate the adverse effects already caused or
to be caused by GIC, including [2]:

o All lines and transformers are in service or some of them are immediately available for service;

o Sufficient VAR compensation equipment is available for dynamic reactive power support;

e Settings of protection relays need to be carefully reviewed to avoid misoperation;

e Transformer cooling devices may be automatically controlled to avoid overheating in transformers;

e As a last resort, load shedding can be considered as a means to maintain the system stability and
avoid a total collapse of the system.

14



As a complement to techniques in the system operation level, the following techniques have been
suggested as means to eliminate or reduce GIC at the equipment level [2]:

e Connect a resistor between the neutral point of transformer and ground to reduce GIC;
e Connect a capacitor between the neutral point of transformer and ground to eliminate GIC;

e Connect a capacitor between the common winding of an auto-transformer and ground to eliminate
GIC in the common winding;

e Install series compensation capacitor in transmission line.

A control unit may be used to rapidly switch in the blocking device once the GMD event is detected.
However, while this technique can reduce or eliminate GIC in transformers with blocking device installed,
it may also cause the larger impact to the other transformers without blocking devices. Additionally, the
protective relay settings may have to be reviewed due to the connected resistor or capacitor and fast
switching operation. The implications of any of the blocking schemes on system and equipment integrity
need to be studied extensively prior to implementation.

B. Countermeasures in Relays

In order to avoid relay misoperation or failure to operate caused by GIC, the following issues need to be
considered for P&C engineers and manufacturers:

e  Older static or electromechanical type relays need to be reviewed carefully.

e The techniques of GIC monitoring and detection can be applied in modern numerical relays.
e The detection techniques of CT saturation during unfaulted conditions can be applied.

e The fundamental quantities can be used in protection elements wherever possible.

e The second and fifth harmonic quantities in transformer differential relays need to be coordinated
with the detection result of GIC.

e If a blocking device is installed, the settings need to be reviewed carefully, especially in the case
that a fast switching device is also installed.

VI. CONCLUSION

The impact of GIC to power systems, especially to the protection systems, is first investigated in this
paper. The transformers are modeled and studied during the GMD event. The GIC effects on transformers
and capacitors are analyzed and demonstrated by simulations. Based on the analysis, monitoring
technigues implemented using relays are presented. The mitigation techniques and countermeasures in
relays are discussed as well.
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