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SUMMARY 

Geomagnetic disturbances (GMD) occur when solar activity increases and solar 

wind interacts with the earth’s magnetic field. This interaction affects power systems in 

the form of geomagnetically induced current (GIC), which refers to a quasi-DC current 

flowing through transmission lines and transformer windings. Although different 

electronic devices in the system are affected, the bulk transmission system is more 

vulnerable to disturbance due to usually large geographical distances. A longer distance 

means a higher potential difference between grounds, introducing larger GIC into the 

system. When geomagnetic disturbances occur, the quasi-DC current may flow in the 

transformer windings leading to severe half-cycle saturation. This saturation leads to 

distorted magnetizing current and accompanying harmonics flowing into the transmission 

lines. The DC component and harmonics generated by GIC threaten the normal operation 

of the power grid. Past solar events have resulted in overheating and structure damages in 

transformers, mis-operation in protective relays, and even blackout of the grid. 

Experimental results have validated the observed response of power systems to GIC. 

To understand the GIC impact and protect transformers and other power system 

equipment, a time domain simulation based analysis is presented in this dissertation. This 

analysis starts with developing the device models in time domain considering the effect 

of GIC, such as transformers saturation and harmonics flowing through transmission 

lines. A set of physically based models are developed in this dissertation including a low-

frequency broadband model and transformer models with detailed magnetic circuits. The 
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union of these models provides an accurate computation of quasi-DC current flow and 

harmonics during a GIC event in the time domain.   

The results of the time domain simulation are utilized towards a further analysis 

of the impacts of GIC. The directional sensitivity of power grids to GMD and the 

transients of GIC are investigated. The performance of the protection scheme and 

instrumentation channel error during GMD are examined. The results demonstrate the 

advantage of the time domain based GIC analysis, which captures all the relevant 

transients, while conventional GIC analysis ignores detailed transients occurring during 

GMD activities, including the rise of GIC at the beginning of GMD, the variation of the 

flux in different transformer configurations, the increase of instrumentation channel 

errors, and the mis-operations of legacy protective relays.  
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CHAPTER 1. INTRODUCTION 

1.1 Problem Statement 

Geomagnetic disturbances (GMD) occur when solar activity increases, resulting in 

an increased influence on the earth's magnetic field by charged particles released from the 

Sun. According to Faraday’s law of induction, the variation of magnetic field density 

through a specific area results in an induced electromotive force (EMF). Although 

different electronic devices in the system are affected, the bulk transmission system is 

more vulnerable to this disturbance due to usually large geographical distances. A longer 

distance means a higher potential difference along the transmission line. This 

phenomenon affects power systems in the form of geomagnetically induced current 

(GIC), which refers to the induced current flowing through transmission lines and 

transformer windings.  In practice, the frequency relevant to GIC is in the range from 

0.0001 Hz to 1 Hz, which is a quasi-DC component. During GMD events, the quasi-DC 

current may be injected into the neutral of transformers, reactors, etc. The iron core will 

suffer half-cycle saturation, and the equivalent magnetic reluctance drastically increases. 

As a result, the magnetizing currents significantly increase. Besides, the waveforms are 

severely distorted and rich in harmonics. These harmonics and related overheating may 

destroy the transformers (melt the windings) as it has happened at the Salem nuclear plant 

in NJ during the GMD in 1989 [1]. In addition, if protective relays are not designed to 

tackle this situation, mis-operation will occur due to the unexpected harmonics, which led 

to a blackout of the Hydro-Québec power system in 1989[2].  
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Models that accurately represent the effects of GMD on the power system are 

important for a realistic assessment of GICs. While individual components have been 

extensively studied under GICs, similar comprehensive models for system-wide studies 

are not as well developed. Many approaches use a DC network model to compute the 

flow of the DC component into the system and then project the effect of DC on the 

system. Although these simplifications reduce the computation burden, only a rough 

estimation of the GIC impact is generated and the accuracy of the simulation is 

compromised.  The detailed magnetization characteristics of iron core devices and high 

order harmonic components are discarded. These approaches cannot capture the 

interaction of DC, fundamental and harmonics on a network-wide basis. The lack of this 

valuable information prevents a thorough investigation of GIC. For instance, the 

equivalent magnetizing inductances of transformers vary during GMD due to saturation, 

which in turn affects the distribution of GIC. In addition, without the system-level 

harmonic analysis, the propagation of the harmonics throughout the system and 

performance analysis of multiple protective relays may not be trustworthy. Instead, the 

time domain based analysis method can fully capture the system dynamics during GMD 

events. Such a method should model the study system in the time domain and consider 

the harmonics generated by GIC.  

1.2 Research Objectives 

The objective of the proposed research is to develop a time domain analysis scheme 

for GIC analysis. Compared with existing methods that are based on simplified power 

flow, the time domain method is able to capture the transients during the onset and retreat 

of GMD. It is also capable of precisely analyzing the harmonic component resulting from 
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the saturation of iron cores in transformers and reactors. One major issue in the time 

domain analysis is the accuracy of the device models. During GMD, the DC components 

and harmonics flow through the grid. Therefore, a set of high-fidelity power device 

models is required to conduct an accurate analysis. For instance, the impedance of the 

transmission lines depends on the frequency of the current flowing through them. A 

constant impedance line model will introduce substantial errors during the GMD study. 

In this study, a detailed time domain analysis scheme is developed, which consists of 

frequency-dependent circuit models, magnetic circuit models with nonlinear reluctance 

for iron core devices. This scheme is utilized to study several fundamental aspects during 

GMD events, including the harmonic spectrum of transformer current, the increase of 

reactive power consumption, and the instrumentation channel error due to DC offset. 

1.3 Thesis Outline 

The dissertation is organized as follows. 

Chapter 2 presents the literature related to the background of GMD and GIC. The 

related devices modeling such as transmission lines and transformers are discussed. In 

addition, the modeling of GIC and the impact of GIC on power systems are reviewed. 

Chapter 3 contains an overview of the proposed time domain analysis method for 

GIC related studies, which includes a set of time domain devices with accurate responses 

to GMD. 

Chapter 4 describes the low-frequency broadband transmission line. This line 

model is capable of reproducing the frequency characteristics from 0.0001Hz to 1200Hz, 



 

 4 

which covers the important frequency range for GIC analysis. The accuracy of the 

proposed model is examined via numerical simulations. 

Chapter 5 develops the transient model for transformers with magnetic circuits. 

During a GIC event, the saturation of transformers is the major source of abnormality, 

and the configurations of transformers also determine the vulnerability of the 

transmission system. Multiple transformer models with different winding configurations 

and iron core structures are compared. 

Chapter 6 presents a combination of the time domain models developed in 

previous chapters and constructs the grid-level test cases. These test cases enable the 

investigation of the transients of GIC during GMD events through time domain 

simulation, at different locations in the grid. Besides, the voltage/current measurements at 

the terminals of transmission lines can be utilized to estimate the magnitude of GMD. 

Chapter 7 presents the modeling approach and provides results of the levels of 

harmonics generated by GIC as well as the propagation of the harmonics throughout the 

system. Comparisons of the proposed model to other methods reported in the literature 

are provided. These comparisons indicate that the level of harmonics can be 

miscalculated if simpler models are used. 

Chapter 8 investigates the performance of protective relays during GMD. The 

performance of a state estimation based protection scheme (EBP) is examined and 

compared with conventional relays. In addition, instrumentation channel error during 

GMD is studied and an error correction method is implemented, which further improves 

the performance of EBP and is especially applicable when GMD occurs. 
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Chapter 9 summarizes the research work and outlines the results and contributions 

of this dissertation. In addition, several possible future work directions are discussed. 
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CHAPTER 2. LITERATURE REVIEW 

In this chapter, we present a literature review in the study of GIC. The 

background knowledge for geomagnetically induced current (GIC) and geomagnetic 

disturbance (GMD) is introduced in section 2.1. Next, section 2.2 to section 2.5 

investigate the power equipment related to GIC, including transmission lines, 

transformers, instrumentation channels, and protective relays. GIC analysis methods for 

power systems are studied in section 2.6. Finally, section 2.7 summarizes the literature 

review. 

2.1 Geomagnetically Induced Current 

 

Figure 2.1 The Chain from Solar to Earth[3] 

Geomagnetic disturbances (GMD) refer to the terrestrial geomagnetic field 

variations resulting from the outflow of solar atmospheric charged particles when solar 
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activity increases[3]. This interaction affects power systems in the form of geomagnetic 

induced current (GIC), which refers to the induced current flowing through transmission 

lines and transformer windings. The occurrence of GMD follows a specific 11-year cycle 

related to solar activities [4], and peaks in storminess occur every 11 years. In addition, 

the sunspots align in a reversed direction in the adjacent cycle, so the odd-numbered 

cycle is more impactful when sunspot and the earth's magnetic field are anti-parallel. The 

detailed reasoning of GIC is complicated, but aurora substorms, geomagnetic pulsations 

and sudden geomagnetic commencements are the major reasons[5] of the occurrence of 

GIC. During the same GMD event, regions at high geomagnetic latitudes are more 

vulnerable to GIC, such as North America and Scandinavia[1]. The earth structure[6] also 

decides the severity of GIC. In general, regions with high earth conductivity are more 

vulnerable to GIC [7], [8]. There exist several indices[9]–[11] for large-area geomagnetic 

disturbance, such as Kp index, Ap index. These indices are derived from measurements at 

global geomagnetic observatory sites. These indices indicate worldwide geomagnetic 

activities and provide information for GIC related studies. However, due to their large 

sample intervals (usually one or three hours), it is difficult to relate them with the 

magnitude of GIC. In addition, some researchers[11] believe that Kp and Ap indexes are 

not appropriate for predict GIC since these indexes become saturated during large storm 

events. Instead of indices, they use comparisons of storm morphology to achieve a better 

understanding of GIC. Figure 4.1 presents the chain from solar activities to the impact of 

GIC on the power system, and this proposal is related to link A to link C. 

Although different electronic devices on earth are affected during GMD events, 

the bulk transmission system is more vulnerable to disturbance due to its growing 

geographical distance. A longer distance means a higher potential difference between 

grounds, introducing larger GIC currents to the system. The frequency of GIC is 

relatively low, ranging from 10−4Hz to 1Hz. Therefore, it is usually treated as a quasi-
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DC component[12]. There are many reports of geomagnetic effects on the power system 

in the last century, especially during the 22nd cycle. For example, the Hydro-Quebec 

power system collapsed during magnetic storms in 1989[2], [13], after several static Var 

compensators were tripped due to harmonics generated by saturated transformers. 6 

million residents were affected for over 9 hours, and total economic impact was $13.2 

million, including $6.5 million from repair and replacement of transformers, thyristors 

and surge arresters.  The same year in the U.S., a GSU transformer in Salem Nuclear 

Plant[1], [14] needed replacement due to the thermal damage during large intensity but 

short duration GIC event. The stray flux during transformer saturation heated hotspots in 

external core structures. The replacement energy cost was $400,000 per day. In October 

2003[5], a GIC event led to a large scale blackout in the southern region in Sweden. 

During this one-hour blackout, about 50,000 customers were affected.  

2.2 Frequency-Dependent Transmission Line Models 

During the GIC event, the harmonics in circuits become complicated. GIC itself 

introduces DC current, and half-cycle saturation distorts magnetizing current in 

transformers. Paper [15]–[17] shows that harmonics range from 2nd order to 20th order 

during the GIC event. Therefore, a frequency-dependent transmission line model is 

needed to simulate the evolution of the system accurately. Conventionally, basic 

transmission line models serve the fundamental frequency (60Hz in the U.S.). However, 

due to skin effect, the equivalent impedance of a conductor is not constant as frequency 

varies. One approach to consider the frequency dependence of transmission line 

parameters is to perform the analysis in the frequency domain and transform the 

responses back to the time domain using inverse Fourier transformation [18], [19]. This 

approach is accurate in theory and has been integrated into some power system transient 

solvers. However, this approach is laced with a heavy computational burden because they 

require the computation of convolution integrals in each time step. Reference [20] 
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discusses the integration of frequency-dependent grounding impedances into a frequency-

dependent power line model, and inverse Fourier transforms were used for impulse 

response in time domain.  

Meanwhile, there are many attempts to reproduce this frequency property directly 

in the time domain, which reduces the computational burden. Many of them use a 

fictional impedance network, such as the R-L ladder, Cauer or Foster network, to 

represent the frequency-dependent conductor. Usually, researchers divide the conductors 

into many filaments or layers, and the elements in the network are associated with 

resistance and inductance of layers. There exist multiple ways to divide the conductors. 

Based on the differential equation derived from the physics of skin effect, Yen et al. [21] 

propose a method to divide conductor into rings. The thickness of the rings is chosen to 

achieve a constant resistance ratio between rings. Although the authors report a good 

agreement of the model with the experiment in a wide frequency range, the calculation of 

inductance lacks clear physical meaning in their model. Kim et al. [22] modify Yen’s 

method by introducing a ratio between inductance. However, in order to make sure the 

equivalent inductance consistent with exact value, a complex polynomial is solved for the 

inductances, and it becomes restrictive as the number of layers grows. Sen et al. [23] 

work on an even larger frequency range (up to a few GHz). They directly give a list of 

recommended resistance and inductance for the innermost branch, and the other branches 

are formulated by multiplying an empirical value. The computation burden is largely 

reduced, but the resulting network has low accuracy and insufficient physical meaning. 

Paper [24] considers the mutual inductance between layers, calculating from magnetic 

energy, but only the adjacent layers are considered. Paper [25] introduces a dual Cauer 

circuit, using a magnetic circuit to represent the inductance of layers. Meanwhile, other 

authors prefer modeling rectangular conductors. In [26], [27], authors divide the section 

into a large number small rectangular sections, and [27] also proposes a method to reduce 
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the dimension of the equivalent network to achieve a balance between accuracy and 

computation burden. However, conductors used in transmission lines possess the 

geometric shape closer to circles. Also, the process is much more complicated than the 

division into rings mentioned earlier. In addition to these approaches, other researchers 

do not depend on physical explanation [28], [29], they try to reproduce the frequency 

property using optimization or fitting method. In Table 2.1, the impedance networks used 

in aforementioned literature are classified according to their topology. A detailed 

classification of Cauer Foster network is available in [30] . 

Table 2.1 Classification of Frequency-Dependent Models in terms of Topologies 

Type Topology Reference 

Physical Cauer 

 

[21], [22], 

[28] 

Series Foster 

 

[29] 

Parallel Foster 

 

[23], [31] 

Parallel Foster with 

mutual inductance 

 

[26], [27] 
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Parallel Foster with 

mutual inductance 

for adjacent layers 

 

[24] 

Dual Cauer circuit 

 

[25] 

2.3 Transformer Models 

During a GIC event, transformers are usually the source of abnormality[7], and 

the configurations of transformers [32] also determine the vulnerability of the 

transmission system.  When geomagnetic disturbances occur, a DC excitation will be 

applied to the transformer, leading to severe half-cycle saturation[14]. The resulting DC 

component in flux usually brings transformers working under abnormal states. Possible 

outcomes include: reactive power consumption increase[15], [33]; magnetizing current 

growth and distortion[34]. These changes will challenge transformer cooling and 

protection[10]. Literature reports the temperature rise in tie plates[35], tank walls [1], and 

windings[36]. Researchers in [37] claim that the temperature rise itself will not affect the 

operation of the transformer. Instead, the occurrence of overheating and winding damage 

is a result of system instability experienced during or after the GIC event. However, other 

researches [38] claim that, due to flux distortion, GIC events have a severe thermal 

impact on transformers, even at areas considered to have low GIC risk. In [39], the 

authors point out the GSU transformers in GIC vulnerable areas are more likely to fail 

than those in other areas. After investigating the annual failure of large transformer in 
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Greece and the solar activity pattern, reference [40] concludes these transformers got a 

“considerable” influence from solar activity.   

To alleviate the GIC impact and protect transformers, many researchers have 

conducted experiments on transformers with GIC. Change on real power transference, 

impedance, losses, and temperature are observed in a scaled-down transformer under 

GIC[41]. Test results on small-scale transformer models with different iron core 

structures are reported in [42]. They found that single-phase three-legged cores were 

most susceptible among different configurations. Reference [43] tests a 30kVA 

distribution transformer, reports the magnitude of the excitation current rises to 30 times 

the normal value. Some researchers consider voltage control and harmonics effect in an 

experiment of two 463 MVA system transformer under GIC. In [15], researchers estimate 

and validate harmonic currents and reactive power of transformers, with their nameplate 

and core design information. FEM method is used in [44] to assess the susceptibility of 

transformers with different transformer core designs, while [34] uses magnetic circuits to 

analyze different core structures. Paper [17] claims that during saturation, the tank is a 

major path for flux, and a magnetic model with the tank is needed. Authors in [45] find 

the existence of air path inductance in the five-leg transformer model will affect the result 

significantly.  

2.4 Instrumentation Channel Error during GMD 

During a GMD event, the DC offset in voltage and current will challenge the 

operation of instrumentation transformers. References [46] points out that the error in 

current transformer (CT) secondary current will increase when the GIC presents, and the 

magnitude of error can be reduced by choosing CT with a higher ratio and burden with 

lower impedance. In addition, the authors pointed out that the transient performance of 

CT degrades. The time-to-saturation decreases if pre-fault GIC flow exists and the flow is 
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in the same direction as the fault offset. Another similar research is reported in reference 

[47]. Simulation results show that the CT error introduced by GIC in the steady state is 

not obvious. Meanwhile, very small dc currents introduce significant error during the first 

half cycle of a fault. Though the authors believe these errors will not threaten the 

protective relay operation.  

2.5 Protective Relays Performance during GMD 

Paper [48] presents a detailed discussion about protective relay under GIC. For 

capacitor bank unbalance protection, the high amplitude of neutral current during GMD 

imposes thermal stress on CT burden resistor. CTs with higher continuous current factors 

should be adopted to prevent CT failure. During GMD events, saturated transformers will 

generate harmonics in current, and harmonically restrained differential protection for 

transformers will be blocked.  Therefore, the protection scheme may fail to operate 

during faults. In October 2003[5], the GIC event leads to a large scale blackout in the 

southern region in Sweden. The major reason was the loss of a 130kV transmission line, 

which was tripped by an overcurrent relay. Investigation showed that the relay had higher 

sensitivity at third-order harmonic than the fundamental frequency current. In this case, 

the relay characteristic value for third harmonics was much lower than the fundamental 

frequency. After the accident, the involved relay was replaced by a relay that is less 

sensitive at 150 Hz than at 50 Hz. 

2.6 Modeling Methods for the Impact of GMD  

Reference [49] discusses two different approaches to model the GIC as equivalent 

sources in power system: placing voltage sources in the transmission lines or at system 

ground points. The authors propose that for uniform fields, these two methods are 

identical; however, sources at the system ground point cannot represent the non-uniform 
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field because the integration of the non-conservative field is path-dependent. In contrast, 

placing voltage sources in the transmission lines is able to model the non-uniform fields. 

In reference [50], [51], authors present methods to simulate the impact of GIC on the 

power flow of large scale power systems. The simulation is conducted using the DC 

network, and the network consists of resistance components such as transmission line 

resistance, substation grounding resistance and transformer winding resistance. Applying 

the GMD equivalent source to the network yields the GIC flowing into the system. 

Meanwhile, the reactive power consumption of transformers is calculated using a linear 

model, which is in terms of the magnitude of voltage and GIC. Researchers in [52] follow 

a two-step method to assess the GIC. First, the induced geoelectric fields are calculated 

from magnetometer measurements. Second, the GIC is computed by a DC network with 

equivalent geoelectric sources. Some researchers investigate the relationship between the 

level of GIC and the different characteristics of power systems [53]. The authors point 

out that the resistance of transmission lines, the types of transformers, the grounding 

resistance and the topology of the system are important factors in determining the 

magnitude of GIC. The authors also find the capacitors installed at the neutrals of 

transformers may not be a perfect solution to mitigate GIC, because it only reduces GIC 

locally, but the GIC at neighbor locations becomes larger. In reference [54],  the authors 

develop a 100-year extreme GMD test case based on actual observed storm events, 

considering ground conductivity structures and geomagnetic latitudes. Their artificial 

100-year extreme scenarios show that at high-latitude areas, the extreme geoelectric field 

achieves 5 V/km for well-conducting ground areas, and up to 20 V/km, for poorly 

conducting areas. Meanwhile, in low-latitude areas, the geoelectric field amplitudes range 

from 0.5V/km to 2V/km depending on the resistance of the earth structure. The boundary 

locates at about 50° of geomagnetic latitude.  
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2.7 Summary 

In this chapter, literature related to GMD and the impact of GIC on the power 

system is reviewed. Transformers play a significant role in the dynamics of the power 

system during GMD events because they become generators of harmonics which amplify 

the effects of GIC on power systems. The harmonics generated by iron core saturation 

challenge the normal operation of the system. The arising problems include increasing 

reactive power consumption, instrumentation channel error, protective relay mis-

operation, etc. The accuracy of the existing DC network simulation methods is limited 

since the harmonics are not modeled directly. Therefore, a time domain simulation 

method considering the DC component and harmonics is introduced in this proposal. This 

method also enables the study of the dynamic interaction of harmonics with other parts of 

the system, including the performance of transformers, instrumentation channels and 

protection relays. These devices are designed to work well under nominal frequency (60 

Hz). Therefore, the unexpected status of these devices with harmonics penetration can be 

revealed by the proposed method. 
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CHAPTER 3. RESEARCH OVERVIEW  

The objective of the research in this dissertation is to develop a comprehensive 

time domain simulation scheme considering the DC and harmonic components 

introduced by GIC and use the time domain results to conduct GIC related analysis. This 

chapter describes an overview of the proposed research. 

 

Figure 3.1 Overview of the Research 

3.1 Method Overview 

Figure 3.1 presents an overview of the proposed approach. The approach starts 

with time domain models developed for GIC related study, i.e. device models with 

accurate frequency characteristics within GIC related frequency range. These models 

include the low broadband transmission line model and the transformer model with 

magnetic circuits: The transmission line model considers the frequency-dependent 

parameters of overhead conductors and soils. The targeted frequency range is zero to 1.2 

kHz which is sufficient for geomagnetically induced current analysis in transmission 

circuits. The accuracy of the line model in this frequency range is documented by 
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comparing it to Carson’s equations. At the same time, transformers are saturated during 

GIC, which is determined by the nonlinear relationship between magnetic flux and 

magnetizing current. When there is a DC flow in transformer winding, the transformer is 

forced to work in the nonlinear region for part of a half cycle, resulting in distortion in 

magnetizing currents, which is represented by a detailed magnetic circuit in the proposed 

model. In summary, these proposed time domain models achieve high accuracy with a 

minimal computational burden. The use of the models is illustrated with the GIC test case 

analysis. 

After the device-level model is developed, the power grid can be represented by a 

combination of devices. Given a specific GMD time series, the response of the system in 

the time domain is available immediately. This scheme facilitates further study such as 

the transients of GIC, harmonic analysis, and protective relay performance analysis.  

When a specific GMD occurs, the corresponding induced current, i.e. GIC 

appears. The conventional GIC analysis methods mainly focus on the steady state value 

of the induced current. The transients of GIC are ignored due to the simplification of the 

method, which models the network as a purely resistive network. Nevertheless, the 

proposed time domain simulation results enable complete modeling of the network with 

resistance and inductance, even nonlinear inductance inside transformers. Therefore, 

much more information can be obtained from the resulting transients of GIC. In addition, 

the time domain results are transformed into the frequency domain, and the harmonics 

generated by GIC are also available. The pattern of harmonics and the impact on the 

operation of the grid are investigated. Another application of the time domain method is 

the protective relay performance. Due to the GIC and corresponding harmonics, the 
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measurements observed by relays are distorted. Therefore, mis-operations could occur 

and the reliability of relays is also worth investigating. The performance of several 

conventional protective relays and an estimation based protection scheme are studied. In 

the meantime, the instrumentation error introduced by GIC is also investigated as it may 

drastically impact the inputs of relays. 

3.2 Summary 

An overview of the proposed time domain analysis method for GIC is provided in 

this chapter. The main advantages of the research proposed are given as follows. This 

time domain method consists of device models with accurate characteristics during GIC. 

Therefore, the simulation results can capture the impact of GIC better. In addition, this 

time domain method yields results with much more details, compared with the simplified 

DC approach. These details enable the related analysis, such as the transients of GIC, the 

harmonics analysis, and the protective relay performance analysis.  
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CHAPTER 4. LOW-FREQUENCY BROADBAND 

TRANSMISSION LINE MODEL 

Transmission circuits play an important role in the penetration of GIC into the 

power system. Under steady state without any fault or GIC, the current in transmission 

lines is mainly composed of the fundamental frequency. While during a GIC event, DC 

components are arising from GIC and harmonics due to the saturation of transformers. 

The constant impedance transmission line model used for steady state analysis is only 

valid for fundamental frequency, which may introduce large errors during GIC events, so 

a broadband transmission line model with the accurate response over a wider range of 

frequencies is needed to accurately perform parametric studies. This section proposes a 

low-frequency broadband transmission line model based on the physical properties of 

transmission line conductors. It captures the frequency dependence of both line 

conductors and the soil in the time domain. The proposed method consists of a multilayer 

conductor model and a multilayer soil model. This method is easy to implement and 

yields accurate results in the frequency range of interest for the GIC analysis, which is 

0.0001Hz to 1200Hz.  

4.1 Model Derivation  

4.1.1 Motivation  

The skin effect leads to higher AC current densities near the surface of a 

conductor. By solving Maxwell equations for a cylindrical conductor, the exact current 

distribution over the cross-section of the conductor can be obtained. The current density 
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at radius r is given in terms of modified Bessel functions [55]. Figure 4.1 (a) depicts the 

normalized magnitude of current density in the cross-section of a large cylindrical 

conductor at 60Hz. 

 

Figure 4.1 Illustrative Example of Skin Effect 

((a) current density in conductor (b) electric field in soil (c) soil zoom in view) 

In order to mimic the uneven distribution of current, we propose a multi-layer 

conductor model by dividing the conductor along the radius into several layers, and 

assuming the current density is uniformly distributed in each layer. Since the change of 

current density is more dramatic near the surface, the thickness of layers is decreased 

correspondingly. In specific, exponentially decreasing thicknesses of the layers are 

implemented in our model. By calculating the resistances and inductances of each layer 

and the mutual inductances between layers, a circuit network is formulated. Since each 

element in the network is derived directly from a physical entity, the network should 

reproduce the frequency characteristics of the original conductor to some extent. 
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In practice, overhead transmission lines are grounded, making the earth an 

additional path. Therefore, the soil also contributes substantially to the frequency 

response of transmission lines. The AC current tends to concentrate near the surface of 

the soil, increasing the equivalent resistance of the soil. Carson proposed a solution [56] 

of transmission line impedance above the earth. Equation (1) gives the electric field in the 

earth at the location (x,y) when y≤0, which is induced by the current I in an overhead 

conductor with the height of  iih . e   is the conductivity of the soil, which is assumed to 

be constant. Notice that the electric field depends on (x,y), and the equal potential lines in 

the soil are not perfect half circles. Figure 4.1 (b) and (c) give an example of electric field 

distribution in the soil at 60Hz. The half-circle assumption only appears accurate on a 

macroscopic level. Following the assumption of the multi-layer model for conductors, we 

model soil with multiple layers as well. The parameters of the soil layers are modified to 

minimize the discrepancy between the layered model and Carson’s equations.  
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4.1.2 Multi-layer Conductor Model 

We implemented a multi-layer conductor model to mimic the frequency-

dependent parameters of a real conductor. Specifically, the conductor is divided into 

several layers, and the current density in each layer is assumed to be constant. Its cross-

section is depicted in Figure 4.2. At a specific frequency, outer areas have a higher 

current density than inner ones. Then, each layer can be viewed as a fictional conductor, 
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and resistance and inductance (including self-inductance and mutual inductance) are 

calculated separately for each layer. 

 

Figure 4.2 Multi-layer Conductor Model 

((a)Conductor Cross Section, (b) Conductor Side view (c) Symbolic Circuit Representation) 

Figure 4.2 presents the cross-section of a cylindrical conductor with a radius of dr

, which is divided into 3 layers. First, the self-inductance of layer 2 is calculated as an 

example. When the current i is uniformly distributed, the magnetic field intensity follows 

equation (2). The magnetic flux linkage in a loop with length l and width D is calculated 

via the integration of the magnetic flux linkage of infinitesimal strips, resulting in (3), and 

the inductance per unit length is the ratio of flux and current in equation (4). 
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Next, we can calculate the mutual inductance between layers. The mutual 

inductance between layer 2 and layer 3 is given in equation (5). A similar procedure 

applies to other layers. 
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Assuming the overhead transmission line is placed over the soil with perfect 

conductivity ( )e =  , then 2 iD h= , ih  is the height of the conductor. In addition, the 

mutual inductance is determined by the outer layer, i.e. 13 31 23 32L L L L= = = . In general, 

an n-layer impedance network for a conductor is represented by the following equation 

(6),  
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Figure 4.3 Pi Model for Multilayer-conductor Example 

The resistance matrix R is composed of the resistance of each layer. i(t) is the 

vector of currents through each layer. The capacitance and conductance of the 

transmission line introduce shunt elements connected only to the outer layer of a 

conductor. To summarize, we represent a small length of a single-conductor transmission 

line with a π model as shown in Figure 4.3. The equivalent impedance at frequency   is 

denoted as )(eqZ  . Using a similar approach, we can construct the model of an n-

conductor transmission line. 

4.1.3 Multi-layer Soil Model 

Next, we continue to consider the impact of soil. Carson [24] explains a way to 

calculate the impact of soil on overhead lines, which is widely used to model 
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transmission lines with soil as a return path. Carson’s result accounts for different 

frequencies, i.e. it is a frequency-dependent model, and it is in the form of an infinite 

series. In order to develop a time domain model, the soil is also divided into several 

layers. For convenience, the geometric shape of the soil is approximated with rings as 

well. The equivalent circuit for the system is the following graph. The “inner rings” of 

soil represent the surface near the overhead transmission line, while the “outer rings” 

represent the soil in deeper areas.  

 

Figure 4.4 Multi-layer Soil Model 

Figure 4.4 shows an example of a single conductor in the soil ring. eD  is the 

equivalent thickness of the soil. When the frequency of the current in the overhead 

conductor is very low, the magnetic field in the soil spreads over an extremely large area. 

For practical reasons, we can choose eD  based on the frequency range we are interested 

in. In this approximate soil ring, the same calculation procedure for the inductance of 

conductor layers is applicable. This approximation is less reliable near the surface of the 

soil. We propose additional modifications to better represent the effect of the soil. 

Specifically, we replace R in equation (6) with αR . The scaling matrix α can transform 

the resistance of the soil rings to better fit the real characteristics of the soil. The 
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following empirical formula (7) used in this report yields satisfactory results. To further 

improve the fitting, an optimization procedure may help determine α. 

 2.5( 1) / ( 1) 1; 0,ii ijn i n ji = − + − =  +  (7) 

The low broadband transmission line model is constructed after calculating the 

self-inductance of each soil layer, the mutual inductance between soil layers, and the 

mutual inductance M between soil and conductor layers. Figure 4.5 shows the 

transmission line model with the multi-layer conductor and multi-layer soil. 

 

Figure 4.5 Pi model for Broadband Transmission Line Model Example 

 

4.2 Model Validation  

In this section, the accuracy of the proposed transmission line model is validated 

via numerical simulation. The analytical solutions (theoretical value) are presented as 

benchmarks.  
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4.2.1 Validation of Self-impedance 

An analytical solution of internal impedance exists for cylindrical conductors; the 

solution is expressed in terms of Bessel functions. Assuming current through a conductor 

is uniformly distributed in cross-section, then its resistance is dcr  and its internal flux 

linkage is i  . This uniform condition is accurate for DC current ( 0f =  ). When AC 

current flows, the following equation gives modification on dcr  and i  to get equivalent 

resistance acr  and internal flux linkage 'i . 
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In which, k =  , a is the radius of the conductor, ω is the angular frequency 

for the AC current, µ is the permeability of conductor material, σ is the conductivity of 

the conductor material. And 0 1 0 1, , ,M M    come from modified Bessel functions. The 

equations for related functions are: 
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In general, the equation for the modified Bessel function of the first kind, the 

order of v is: 
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Table 4.1 Test Transmission Line Parameters 

radius (m) 0.0254 (1 inch) 

electrical resistivity ρ(Ω·m) 2.82*10^-8 (Aluminum) 

relative permeability 1 

length(m) 1 

soil resistivity ρ(Ω·m) 100 

equivalent soil thickness(m) 6500 

horizontal distance x  (m) 5 

height 1 2,y y   (m) 10 

 

 

Figure 4.6 Equivalent Resistance Compared with Theoretical Value 

Next, the equivalent impedance of the multi-layer conductor at different 

frequencies is compared with the theoretical value. In Figure 4.6 and Figure 4.7, “ref” 

comes from the theoretical value of impedance at a given frequency, and “3, 5, 10 layers” 

are the equivalent impedance of the proposed model with different layer numbers. “1 

layer” is the constant impedance model determined at 60Hz. The parameters used for the 

comparison are available in Table 4.1. We can observe that with 5 or more layers, 
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excellent agreement is obtained between the multi-layer model and the exact analytical 

solution. The maximum relative error for resistance in the frequency range is about 1%. 

And for inductance, the relative error is lower than 0.1%. 

 

Figure 4.7 Equivalent Inductance Compared with Theoretical Value 

Next, we investigate the equivalent impedance of the conductor considering the 

soil’s effect. The parameters used for the comparison are available in Table 4.1. From 

Carson’s equation, we can calculate the self-impedance 𝑍𝑎𝑎  of conductor a from: 
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Where, ,aa aaP Q  is a series approximation of a specific integration proposed in 

Carson’s model. Carson’s result is utilized as a reference to validate the proposed model.  
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Figure 4.8 Equivalent Resistance Compared with Carson’s Equation 

 

Figure 4.9 Equivalent Inductance Compared with Carson’s Equation 

Figure 4.8 and Figure 4.9 provide the comparison result between the multi-layer 

model and Carson’s equations. “3, 5, 7 layers” are the equivalent impedance of the 

proposed soil model with different layer numbers. “1 layer” means Carson’s result at 

60Hz. The overall trend of the proposed model is consistent with Carson’s reference 

model. For the 7-layer model, the relative error of resistance is about 5% and the relative 

error of inductance is about 0.1%. To further improve the accuracy, some optimization 

methods to adjust the elements in the model can be implemented, and this needs more 

following work. Meanwhile, the constant impedance model, denoted by “60Hz”, presents 

a large error. The resistance of the constant impedance model has a 100% deviation from 
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reference value near 0Hz and 1200Hz. From this point of view, the multi-layer model has 

much-improved accuracy. 

 

Figure 4.10 Comparison of Mutual Resistance 

 

Figure 4.11 Comparison of Mutual Inductance 

4.2.2 Validation of Mutual Impedance 

The above sections concentrate on the self-impedance of conductors, but the 

mutual impedance is also an important part of transmission line models. When the soil is 

not an ideal conductor ( soil    ), the soil introduces extra mutual inductance and 

“mutual resistance”. The mutual impedance proposed in Carson’s paper is calculated by: 
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In this section, the mutual impedance of the multi-layer soil model is compared 

with Carson’s result. Table 4.1 provides parameters for the comparison, and we use 5 

layers for the conductors. Results are available in Figure 4.10 to Figure 4.11, which have 

similar implications as the self-impedance results. The relative error for mutual 

impedance is lower than 1% in the investigated frequency range, which is at the same 

level as self-impedance.  

4.3 Transmission Line Model with Geoelectric Field  

4.3.1 Geoelectric Field Modelling 

During GMD events, the variation of the geomagnetic field leads to the 

geomagnetically induced current in transmission lines, which can cause saturation of 

transformers and mis-operation of relays. To investigate the specific impact of GMD on 

the power system, the geoelectric field induced by the geomagnetic field is of interest. 

Near the surface of the earth, the geoelectric field can be decomposed into two directions: 

eastward and northward, which is calculated by the following equations [12]: 
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In which, EE  and NE  are the amplitudes of Eastward geoelectric field and 

Northward geoelectric field (V/m) correspondingly; EH  and NH  are the amplitude of 

Eastward geomagnetic field and Northward geomagnetic field (A/m) correspondingly; ω 
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is the angular frequency of the field, Z  is the earth field impedance (Ω), which is 

computed according to the earth conductivity model. 

In [49], the authors discussed two different approaches to model the GIC 

equivalent source in power system: placing voltage sources in the transmission lines or at 

system ground points. The authors concluded that for uniform fields, these two methods 

are identical; however, only placing voltage sources in the transmission lines is able to 

model the non-uniform fields, while sources at system ground point cannot because of the 

integration of the non-conservative field is path-dependent. Therefore, the geoelectric 

field is modeled as voltage sources in the transmission line.  

4.3.2 Transmission Line Modelling 

The π equivalent model for the transmission line used in this chapter is illustrated 

in Figure 4.12. For the sake of simplicity, only Phase A and Neutral line are depicted in 

the figure. This model also applies to the three-phase system. The ordinary differential 

equation (ODE) system for the model is shown in (9) ~(11). Equations (9) and (10)

describe the currents flowing through two terminals of the transmission line, and (11) 

describes the voltage difference between the terminals across the line. When the 

transmission line spans a long distance, the line can be divided into several sections to 

increase the accuracy of the model [57]–[59]. Therefore, the overall transmission line 

model consists of a series of single-section π equivalent models. ( )ED t  and ( )ND t  are 

the equivalent DC sources in each transmission line section, derived from the Eastward 

geoelectric field and Northward geoelectric field correspondingly. The magnitude of 

these sources is proportional to the projection of the transmission line, which is shown in 
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the equation (12), where l is the distance between the terminals of the transmission line, θ 

is the angle difference between the transmission line and reference axis (eastward 

direction), and 𝑛𝑠 is the number of sections in the transmission line model. 

 

Figure 4.12 Pi Equivalent Model for Transmission Line during GMD 

Other parameters in the model include: R is the series resistance matrix, L is the 

series inductance matrix, C is the shunt capacitance matrix and G is the shunt 

conductance matrix. The conductance matrix s
G  is included to increase numerical 

stability. These parameters are calculated based on the characteristics of the transmission 

line, such as the size of conductors and the structure of towers. During GMD events, the 

DC components and other harmonics such as second and third-order harmonic 

components increase. Due to the skin effect, the frequency response of the transmission 

line varies at different harmonics. Therefore, the constant-impedance model derived at 

the base frequency cannot accurately capture the dynamics during GMD events. The low-

frequency broadband transmission line model [60] developed in previous sections is used, 

which uses an impedance network to reproduce the frequency characteristics of the line. 
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In summary, the states ( )tx  of the transmission line model include: ( ) ( )1 2,t tv v , the 

voltages at terminals, ( )tL
i , the current flowing through the inductors, and ( ), ( )N EE t E t , 

the local geoelectric field in east direction and north direction.  

 ( ) ( ) ( ) ( ) ( )1 1 1     L s L

d d
t t t t t

dt dt
= + + +i Gv C v i G L i  (9) 

 ( ) ( ) ( ) ( ) ( )2 2 2     L s L

d d
t t t t t

dt dt
= + − −i Gv C v i G L i  (10)  

( ) ( ) ( ) ( )1 2 4 4 4 4 )0 ) ( )( (L s L L E N

d d
t t t t t D

dt d
D

t
t t 

 
= − + + + + − 


−


v v R i G L i L i I I  (11)  

where, 
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4.4 Time Domain Simulation Results 

The performance of the broadband transmission line model with GIC has been 

investigated. A transformer with magnetization characteristics connects a load and the 

transmission line. This transformer is highlighted in Figure 4.13. At 0.1s, the GMD is 
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initiated by closing the breaker. At 1.9s, the GMD is terminated. This scenario is selected 

to assess the time constants associated with GIC buildup. The neutral current of 

transformer 2 at bus MID2 (high voltage side) is investigated. As a reference, a similar 

system with constant impedance transmission line models is also simulated and the 

results are compared. The parameters of the example tests system are shown in Table 4.2. 

 

Figure 4.13 Broadband Transmission Test Case 

Table 4.2 Parameters for GIC Event Test 

Length of transmission Line 15km 

Simulation time step 100𝜇𝑠 

Simulation time range 0 ~ 𝑇 = 2000𝑚𝑠  (120 cycles) 

GIC equivalent source 120V (8V/km) 

Transformer 1 
13.8kV/115kV 

(bus SOURCE to bus MID1) 

Transformer 2 
115kV/13.8kV, modeled with a non-linear 

magnetizing inductor (bus MID2 to bus LOAD) 

Load 10MW 6MVar (power factor 0.86) 

 

Figure 4.14 to Figure 4.16 show the resulting waveforms at different time scales. 

In the graph, the three-phase current at the high voltage side for a transformer is 

presented. The neutral current and its DC component transformer 2 are also plotted. The 

waveform with “ref” denotes the corresponding data collected in the reference test 

system, i.e., the system with constant impedance transmission line.  
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Figure 4.14 Overall Simulation Results 

 

Figure 4.15 Zoomed-In View at the Beginning of GMD Event (at 0.1s) 

From the results in figures, we can observe that the difference between 

conventional models and the broadband transmission line models is substantial. The 

impact of GIC is larger when the transmission line is modeled with the broadband model. 

The measurement corresponds to the value at the time of the left cursor.  When 

considering the neutral current of transformer 2 at bus MID2 (high voltage side), the ratio 

between the test model and reference is 49.18/40.60≈1.21, so the relative difference is 

20%. In other words, in a steady state, there is 20% more DC current flowing in the 



 

 38 

neutral of the system if the frequency-dependent model replaces the constant impedance 

model. The constant impedance model underestimates the impact of GIC. 

 

Figure 4.16 Zoomed-In View at the Ending of GMD Event (at 1.9s) 

 

4.5 Conclusions 

In this chapter, the impedance of the low-frequency broadband model is compared 

with the analytical result. The result shows that the difference between the proposed 

model and the accurate value is minimal in the investigated frequency range, which 

indicates the suitableness to GIC related study. Numerical results compare the 

performance of the proposed model and the constant impedance model, showing that the 

constant impedance model may underestimate the value of GIC. 
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CHAPTER 5. TRANSFORMER MODELS WITH DETAILED 

MAGNETIC CIRCUITS 

During a GMD event, the role of large transformers is more concerning among 

the high voltage affected equipment. Transformers are large investments and are critical 

components of the power system for generation, transmission, and distribution. In 

addition, transformers are usually the source of abnormality[7], and the configurations of 

transformers [32] also determine the vulnerability of the transmission system. When 

geomagnetic disturbances occur, a DC excitation will be applied to the transformer, 

leading to severe half-cycle saturation[14]. The resulting DC component in flux usually 

brings transformers working under abnormal states. Possible outcomes include reactive 

power consumption increase; magnetizing current growth and distortion; temperature rise 

in tie plates, tank walls, and windings [34]–[36], [61]. In [39], the authors point out the 

GSU transformers in GIC vulnerable areas are more likely to fail than those in other 

areas. To alleviate the GIC impact and protect transformers, many researchers have 

conducted experiments on transformers with GIC. Test results on small-scale transformer 

models with different iron core structures are reported in [42]. They found that single-

phase three-legged cores were most susceptible among different configurations. 

Reference [43] tests a 30kVA distribution transformer, reports the magnitude of the 

excitation current rises to 30 times the normal value. FEM method is used in [44] to 

assess the susceptibility of transformers with different transformer core designs, while 

[34] uses magnetic circuits to analyze different core structures. Paper [17] claims that 

during saturation, the tank is a major path for flux, and a magnetic model with the tank is 
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needed. Authors in [45] find the existence of air path inductance in five-leg transformer 

model will affect the result significantly.  

The objective of this chapter is to compare the performances of transformers with 

different configurations during GMD events, especially the transient dynamics. To 

achieve this, accurate time domain models capturing the electrical and magnetic 

characteristics for transformers are needed. In this chapter, we develop time domain 

models of transformers with two windings and three windings. In addition, two different 

types of magnetic cores are modeled with detailed magnetic circuit models, including 

three-phase core type transformer and transformer bank with three single-phase 

transformers. A series of comparisons is conducted to analyze the transients of these 

transformers during GMD events. This chapter is organized as follows. Section 1 

introduces the time domain modeling method for transformers. Section 2 presents the 

simulation result and analysis. Conclusions are presented in Section 3. 
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5.1 Time Domain Modeling of Transformers 

During GMD events, the iron core structure is essential for the exact modeling of 

the transformer. For instance, when three-phase windings are wound on the same 

magnetic core, three-phase fluxes interact with each other. During normal operation, the 

fluxes are practically balanced, and the magnitude of flux is below saturation levels under 

most circumstances. By contrast, magnetic fluxes are not perfectly balanced when there 

are DC voltages applied to the transformer, such as GMD disturbances. These zero 

sequence components may saturate the iron core. In this case, air paths from the core to 

the tank and the tank material may become part of the magnetic circuit. Therefore, a 

magnetic circuit model considering the flux path of three-phase winding, air and tank 

wall is needed for accurate simulation during GIC. To fully describe the magnetization 

characteristics, the detailed magnetic circuit models of the transformer iron cores are 

formulated. These magnetic circuit models achieve a good balance between accuracy and 

computation burden for time domain simulation.  

 

Figure 5.1 Two Winding Y-Y Transformer Electric Circuit Model 
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Table 5.1 Symbols Used in Magnetic Circuit 

Symbols Explanation 

, ,A CB    flux through phase limb 

,AB CB   flux through yoke 

, ,OA OB OC    leakage flux in the air 

, ,TA TB TC    the flux between winding and tank 

T  flux through tank 

, , ,

, , ,

OA OB OC

TA TB TTC

R R R

R R R R
 constant reluctance for air and tank 

, , ,

, , , ,

LA LB LC

LAI LBI LCI AB CB

R R R

R R R R R

 

nonlinear reluctance for limbs and yokes 

, ,A B CF F F  
the magnetomotive force produced by the current in phase 

windings 

TF  
the magnetomotive force produced by the equivalent current in 

the tank 

To fully describe the magnetization characteristics, the detailed magnetic circuit 

model of the transformer is formulated. Figure 5.1 shows the equivalent electrical circuit 

for a three-phase Y-Y connected transformer. It consists of three identical single-phase 

circuits. All the variables in phase B and phase C have similar names as phase A. For 

example, , ,A B Cl l l  are leakage inductance in the primary side winding. , ,eA eB eCr r r  are the 

resistance of iron loss. , ,fA fB fCl l l  are the nonlinear magnetizing inductances. The 

nonlinear inductances are described in terms of the relationship between magnetic flux, 

induced voltage Ae  , and magnetizing current fAi . Figure 5.2 depicts the iron core structure 

and the winding configuration of a three-phase core form transformer. The magnetic 

circuit model for the transformer is shown in Figure 5.3. The solid lines represent the flux 

path in the iron core, which has lower reluctance if not saturated; while the dotted lines 

represent the path in air and tank, which have much larger reluctance. Under normal 
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circumstances, magnetic flux is concentrated in the iron core, so the equivalent reluctance 

is relatively low. By contrast, during GMD events, the air and tank become major paths 

for the flux, and the reluctance increases dramatically.  Table 5.1 defines the components 

of this model. 

 

Figure 5.2 Iron Core Structure of a Three Winding Core Form Transformer 

 

Figure 5.3 Magnetic Circuit for Three-Phase Core Form Transformer 

Transformer abnormal performance during GIC is determined by the nonlinear 

relationship between magnetic flux and magnetizing current, or from a materials 

perspective, a nonlinear relationship between magnetic flux density (B) and magnetic 
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field strength (H) of the iron core. When there is a DC flow in the transformer winding, 

the magnetic flux in the transformer is offset from the sinusoidal characteristics. This 

offset forces the transformer to work in the nonlinear region for part of a half cycle, 

resulting in spikes in magnetizing current and distortion of the phase current. There are 

different ways to capture this nonlinear characteristic. A common practice is to use a 

piecewise linear function to describe the transformer magnetizing reluctance, dividing it 

into either unsaturated or saturated status. The B-H curve is depicted in Figure 5.4(a). 

Another property of iron core—hysteresis—can be added to this model but it is not 

discussed here. In this study, a polynomial function[62] of high-degree in Equation (13), 

is used to describe the inductance. Where x  is the flux through a specific part in the iron 

core, 0  is the base value of flux. 0i  is the base value of magnetizing current. xR  is the 

reluctance of the corresponding part. n is the degree of the function. The nonlinear 

relationship with specific parameters is depicted in Figure 5.4(b). For typical power 

transformer core material, the exponent n is in the order of 12. Compared with a piece-

wise linear function, a polynomial function is differentiable everywhere, which eases the 

computation. 

 0

0 0

n

x
x

i
R



 

 
=  

 
  (13) 
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Figure 5.4 (a) Piece-wise linear B-H curve (b) Nonlinear Reluctance Model 

 

To integrate the magnetic circuit and the electrical circuit, the following equations 

are used. k=A, B, C, representing phase A, phase B, and phase C, and Tr is the equivalent 

resistance for the tank. 

 1

tank
ir

1

on core

0 0

0 ,0

0

k TCTA TB
k T

fk k T T T

T T

d dd d
e e

dt dt

i

N
dt dt

N i F e r i

F

  
= = − + + +

= −

−

= − +

= − +

 (14) 

Similarly, magnetic circuit models are proposed for single-phase transformers 

banks. In this case, each single-phase transformer possesses an individual iron core, 

which is depicted in Figure 5.5. Three identical single-phase magnetic circuits form the 

three-phase model, while there is no interference between any two phases in the magnetic 

circuit. The symbols used in magnetic circuits are listed in Table 5.1. 
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Figure 5.5 Single-Phase Transformer Model 
(left) Iron Core Structure; (right) Magnetic Circuit  

 

Figure 5.6 Three Winding Single-Phase Transformer Electric Circuit 

The electrical circuit for transformer models remains the same regardless of core 

structures. A three winding single-phase transformer circuit is shown in Figure 5.6. To 

formulate a three-phase transformer circuit, we connect three identical replicas of single-

phase circuits together. The bridge between the magnetic circuit and the electric circuit is 

the relationship between magnetizing current and flux, which is shown in (15).  

 
2 31 2 3A A a a

A
A

F N i N i N i

d
e

dt



= + +

=
  (15) 

5.1.1 Parameter Calculation 
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For each type of transformer, we determine a set of parameters to achieve similar 

performance under the normal operating condition with others. For instance, the power 

rating, the number of winding turns, and the per-unit electrical characteristics are the 

same for each model. Therefore, the leakage inductance, winding resistance and core 

conductance are the same for corresponding winding. For three winding transformers, the 

load connected to tertiary terminals is much less than that at the secondary terminal, so 

their performances are comparable to those of two winding transformers. 

The parameters in the magnetic circuit are also identical for different models, 

such as air reluctance 𝑅𝑂𝐴 and tank reluctance 𝑅𝑇. The iron core reluctance is not 

constant: when flux increases, the iron core is saturated, and reluctance will significantly 

increase. We use the high order polynomial in (13) to describe the nonlinearity of iron 

core. For all iron core reluctance, the same 𝜙0, 𝑖0, 𝑛 are used. In other word, 𝑥 =

𝐿𝐴, 𝐴𝐵, … 

5.2 Numerical Results 

In this section, the aforementioned transformer models are examined in numerical 

simulation of power system test cases and the performances are compared. 

5.2.1 Test Case Description 

We design an illustrative system with a generator, a step-up transformer, a 

transmission line and loads. Different types of transformer models are installed at the 

same location, one at a time. The overview of the system is shown in Figure 5.7. The 

transformer models under investigation are highlighted in the figure. Four different 
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transformers are considered, and their parameters are listed in Table 5.2. In practice, there 

are multiple three-phase shared iron core structures, but this study concentrates on the 

core form structure. 

 

Figure 5.7 Test Case Overview 

Table 5.2 Test Case Parameters 

Transmission Line Length :40km 

Transformer 1 
Two winding (core form, shared iron core): 

115kV/ 25kV, Y-Y 

Transformer 2 
Two winding banks (individual iron cores): 

115kV/ 25kV, Y-Y 

Transformer 3 
Three winding (core form, shared iron core): 

115kV/ 25kV/13.8kV Y-Y-Δ 

Transformer 4 
Three winding banks (individual iron cores): 

115kV/ 25kV/13.8kV, Y-Y-Δ 

Load 0 10MW+5MVar 

Load 1 1kW+0.5kVar 

GMD Event 5V/km, from 𝑡 = 5𝑠 to 𝑡 = 40𝑠 

 

5.2.2 Performance during Normal Operation 

In this section, we compare the magnetizing current of the transformers. When 

secondary winding and tertiary winding are connected to zero loads, the primary winding 
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current is the magnetizing current to formulate the flux inside the iron core. Figure 5.8 

shows three-phase currents in the primary winding with zero loads at other terminals. We 

can observe that, in shared core transformers, three-phase currents are not balanced, 

because the path for the flux of phase B is different from those of phase A and phase C. If 

the reluctances of iron core sections are the same constant, then the ratio of equivalent 

reluctances between phases is 𝑅𝐴: 𝑅𝐵: 𝑅𝐶 = 2.5: 2: 2.5. Therefore, phase B needs less 

magnetizing current to generate flux. 

 

Figure 5.8 Comparison of Primary Current with Zero Load 
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Figure 5.9 Flux Path for Phase A 

In addition, the maximum values of phase current in shared core transformer are 

low than those in the corresponding individual core, due to the interaction between three-

phase current in the shared core. For example, when phase A reaches the positive 

maximum, phase B and phase C are at saddle points in the negative direction. So the flux 

is formulated by the combination of magnetomotive force generated from all three phases 

current. An illustrative graph is depicted in Figure 5.9. Furthermore, the maximum value 

of current in three winding transformers is low than that in the corresponding two 

winding. This difference originates from the induced third-order harmonic current in the 

tertiary winding, which is shown in Figure 5.10. This current also contributes to the flux, 

and the peaks of tertiary winding current are aligned with the peaks in the primary 

winding current. The direction of tertiary current is the same with only one phase and is 

in the opposite of the remaining two phases. The flux in one phase is boosted while the 

flux in the other two phases is reduced. As a result, one phase current increases, while the 

other two decrease.  
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Figure 5.10 Third Order Harmonic in Tertiary Winding Current 

5.2.3 Performance during GMD events 

In this section, the performance of the transformers during GMD events is 

compared. The load is shown in Figure 5.7 0are connected to the transformer. The 

primary winding phase A current during normal operation is compared in Figure 5.11. 

The values from different transformers are approximately the same, which means 

transformers are operating at similar conditions. At 𝑡 = 5𝑠, the GMD event starts. Figure 

5.12 0shows that the DC component in phase current starts to accumulate. The steady 

state during GMD events is shown in Figure 5.13. It is obvious that there are distortions 

in the waveforms, especially for the transformer banks. These distortions reflect the 

sensitivity of transformers to DC excitation during GMD events. In other words, 

transformer banks are more saturated than three-phase core form transformers. 
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Figure 5.11 Primary Winding Phase A Current before the GMD 

 

Figure 5.12 Phase A Current after the Onset of the GMD 
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Figure 5.13 Primary Winding Phase A Current during the GMD 

 

Figure 5.14 RMS Value and Maximum Value of Primary Winding Phase A Current 

The RMS value and maximum value of phase A current are plotted in Figure 

5.14. It is clear that the transformers with shared core have lower magnetizing current 

than the transformer bank with individual cores. When three-phase windings share the 

same 3-leg iron core, there is no path for DC flux in the iron core. As a result, DC flux 
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needs to go through air and tank, which significantly increases the equivalent reluctance. 

An illustrative figure showing the path for DC flux is shown in Figure 5.15. By contrast, 

for transformer with individual cores for each phase winding, a large portion of DC flux 

still flows through the iron core. Therefore, the equivalent DC magnetizing inductance is 

larger in the individual core transformer. So more DC flux will accumulate, and the iron 

core gets more saturated. The comparison of flux in air and tank path is shown in Figure 

5.16. The increase in magnetizing current leads to a substantial increase in reactive 

power, which is depicted in Figure 5.17. The active power and reactive power of 

fundamentals are compared during the GMD. The rise in active power is minimal while 

the reactive power increases dramatically, especially for the transformers with individual 

cores. This observation is consistent with the transients of phase currents. Due to the 

significant increase in magnetizing current, the reactive power consumption increases by 

factor 7 in transformers banks.  

 

Figure 5.15 Path for DC Flux in Shared Core 
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Figure 5.16 DC Component of Flux in Air and Tank Path 

 

Figure 5.17 Active Power and Reactive Power Consumption for Fundamental 

Another difference is that the time constants during the onset of GMD in three 

winding transformers are much longer than those of two winding transformers. In other 

words, the time needs to accumulate flux and the time for magnetizing current increasing 

to stable value is longer in three winding transformers. When the tertiary winding 

connected in delta, there is a path for DC current. Therefore, the tertiary winding acts as a 

damping winding for DC excitation. In this damping winding, a DC current is induced 
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after the onset of GMD. This current will work against the current in the primary 

winding. As a result, the increase of DC flux will slow down. However, the flux will 

finally increase to a similar level as no tertiary. The dc flux and induced voltages are 

shown in Figure 5.18. This observation can be utilized to develop a mitigation method to 

reduce saturation, which is described in the next section. Meanwhile, there is no 

substantial difference between the DC component in currents for these transformers. 

Figure 5.19 illustrates that during the GMD event, the steady state value of DC phase 

currents and DC neutral currents are almost the same.  

The transients for harmonic components are also studied for these transformers. In 

Figure 5.20, the harmonics components in phase A current are normalized with respect to 

the fundamentals. The iron core saturation due to DC flux leads to the increase of these 

harmonics. Therefore, the harmonics transients are consistent with the rise of the DC flux 

in general, which is shown in Figure 5.18. Meanwhile, for transformers with tertiary 

windings, there is no obvious variation of the third-order harmonic in primary winding 

phase current during GMD events. This is because the tertiary winding is in delta 

connection, which is a path for third-order harmonic, which is illustrated in Figure 5.10. 



 

 57 

 

Figure 5.18 DC Component in Flux and Induced Voltage 

 

Figure 5.19 DC Component in Phase and Neutral Current 
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Figure 5.20 Normalized Harmonics Components in Primary winding Phase Current 

5.3 A Mitigation Method   

A mitigation method can be developed from the previous observation. The 

induced current in the tertiary winding slows down the accumulation of DC flux in the 

iron core. To preserve the induced current in the tertiary winding, we can manually 

provide such DC current. We can disconnect the tertiary winding at a terminal and create 

an opening in the delta connection. Then a DC current source is connected between the 

opening, which is shown in Figure 5.21. The magnitude of the current 𝐼𝑠 is determined by 

the turn ratio of the primary winding and tertiary winding (16).  

 1 1 3dc sN I N I=   (16) 

where 𝐼1𝑑𝑐 is the DC component in primary winding phase current, 𝑁1 and 𝑁3 is 

the number of turns for primary winding ad tertiary winding correspondingly. As a result, 

the DC component in primary winding current still exists, but the iron core is not 

saturated, and we avoid the distortion in the magnetizing current. This method is 
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examined with the same three-winding transformer bank used in the previous section. 

The tertiary winding is disconnected from the load and a DC current source with the 

magnitude 𝐼𝑆 is connected to the opening. The simulation result for the mitigation method 

is shown in Figure 5.22. Compared with the transformer without mitigation, the distortion 

of magnetizing current during GMD is substantially reduced and the RMS value of 

magnetizing current decreases.  

In practice, the implementation of this mitigation method can be more flexible. 

Under normal operation, the delta connection remains closed, the auxiliary DC current 

source is bypassed, and the DC component in primary current is monitored. When GMD 

activity starts, the DC component in the primary current will rise. Then the auxiliary DC 

current source is switched on and the delta connection becomes open. Since both the 

dynamic of GIC is slow enough, we have time to detect and switch between two 

topologies – open/closed delta.  

 

Figure 5.21 Tertiary Winding Connection for Mitigation Method 
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Figure 5.22 Examination of Mitigation Method 

5.4 Conclusions 

To analyze the dynamics of transformers during GMD events, this chapter 

proposed time domain models for four different configurations of transformers. The 

magnetic characteristics of iron cores are described with detailed magnetic circuits. The 

transient performance of these transformers is analyzed and compared via numerical 

simulation. The results show that there exists a large difference between transformers 

during GMD events. Single-phase transformers banks with individual iron cores have a 

much larger distortion in magnetization current, compared with transformers with a three-

phase shared core. A mitigation method to reduce saturation and harmonics is proposed 

and examined. The distortion of magnetizing current in transformers during GMD is 

substantially reduced, which enables more stable operation of the grid. 
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CHAPTER 6. GIC TRANSIENTS IN POWER GRIDS 

In this chapter, we combine the time domain models developed in previous 

chapters and construct the grid-level model and generate several test cases. All the 

transmission lines and transformers are modeled considering the impact of GIC.  Unlike 

the conventional GIC analysis tools with DC simplification, these test cases enable the 

investigation of the transients of GIC during GMD events through time domain 

simulation. The interaction of DC components with power devices and the propagation of 

harmonics are revealed. In other words, the dynamics of DC currents at different 

locations in the grid are monitored during the simulation. In addition to the steady state 

value of GIC, the results will also reveal the accumulation of GIC in terms of time.  

6.1 Directional Sensitivity in GIC Transients  

Due to the topology of the power grid, the direction of GMD will affect the 

magnitude of GIC observed at neutrals in substations. The directional sensitivity analysis 

reports the vulnerability of the grid at different GMD events. For instance, the GIC at a 

specific substation may reach maximum when the direction of the geoelectric field is 45 

degrees. The conventional analysis utilizes a simplified DC network, which outputs 

results valid for the steady state analysis. However, due to the difference in time 

constants at different locations, the transients of GIC may vary significantly. This section 

conducts a set of experiments to investigate the directional sensitivity considering the 

transients of GIC.  
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6.1.1 Test Case Overview 

A grid with 12 substations is used in this test case. Regarding the locations of the 

substations: the length of a degree of longitude is about 2.8 degrees (approximately 250 

km from west to east); the length of a degree of longitude is about 5 degrees 

(approximately 550 km). Inside the substations, transformers are modeled with magnetic 

circuits. Between the substations, most of the transmission lines are operating at 500kV, 

and the remaining are operating at 230 kV or 115 kV. All these transmission lines are 

represented with a low broadband frequency-dependent line model. More details of the 

devices in each substation are available in Table 6.1. In Figure 6.2, circuits inside 

substation RMT are depicted as an example, including the load and transformer. 

 

Figure 6.1 Test System Substations Overview 
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Figure 6.2 Substation RMT Configuration 

A series of experiments are conducted on this test system. The length of the 

simulation is 120s with time step ℎ = 500𝜇𝑠. The magnitude of the GMD is 5V/km, the 

GMD starts at 5s and remains constant until the simulation finished. The direction of the 

GMD varies from 0° to 360° with a step size of 15°. The direction angle is defined as the 

difference between GMD direction and the west-east direction, denoted as 𝜃 in Figure 

6.1. The results of a series of experiments will illustrate the directional sensitivity of the 

system during GMD events. In addition, the transients of the rise of GIC are available in 

the results. 
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Table 6.1 Devices in Test Case Substations 

Substation Devices 

RMT 
500kV:230kV Y-Y Transformer 

80MW,20MVAr Load 

TABLE 

500kV:230kV  Y-Y Transformer 

500kV:230kV  Y-Y Transformer 

3500 MVA Generator 

400MW, -100MVar Load 

100MVar Inductor Bank 

VACA 

500kV:230kV  Y-Y Transformer 

500kV:230kV  Y-Y Transformer 

230kV:115kV  Y-Y Transformer 

SUIJ 

230kV:115kV  Y-Y Transformer 

230kV:115kV  Y-Y Transformer 

80MW,20MVAr Load 

80MW,20MVAr Load 

TESLA 

500kV:230kV  Y-Y Transformer 

500kV:230kV  Y-Y Transformer 

2000 MVA Generator 

10000MW +1000MVAr Load 

TRACY 
500kV:230kV  Y-Y Transformer 

2000 MVA Generator 

MET 
500kV:230kV  Y-Y Transformer 

2000 MVA Generator 

MOSS 
500kV:230kV  Y-Y Transformer 

2000 MVA Generator 

LOS 
500kV:230kV  Y-Y Transformer 

2000 MVA Generator 

GATE 

500kV:230kV  Y-Y Transformer 

500kV:230kV  Y-Y Transformer 

230kV:115kV  Y-Y Transformer 

2000 MVA Generator 

800MW +200MVAr Load 

350MW -80MVAr Load 

DIABLO 
230kV:115kV  Y-Y Transformer 

2000 MVA Generator 

MIDW 

500kV:230kV  Y-Y Transformer 

300MW, -100MVar Load 

100MVar Inductor Bank 
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6.1.2 Numerical Results 

 

Figure 6.3 Neutral Currents at Substation RMT 

Once the GMD is introduced to the grid, the DC currents in transmission lines, 

transformer windings, and neutrals start to rise. Conventional GIC related analyses focus 

on the steady state value of these DC currents. By contrast, the time domain simulation 

method can record the dynamics of the DC currents during the onset of GMD. For 

example, Figure 6.3 depicts the waveform of DC current in substation RMT neutral 

during different GMD events. In order to make the figure less busy, only a subset of 

simulation results is shown in the figure. Under all GMD events, the neutral currents will 

converge to steady state value. It is worth noting that the rise of GIC shows different 

patterns. Some of them show “overshooting”. This indicates that the neutral may endure a 

short time higher current threatening the equipment, which is ignored in conventional 

GIC related study. Meanwhile, the directional sensitivity of the GIC is also apparent in 
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the figure. When the direction of GMD is between 105° and 120°, the GIC reaches the 

maximum. When the direction is around 195°, the GIC reaches the minimum.  

To further investigated the dynamics of GIC during GMD with different 

directions, the time domain waveforms are plotted in polar coordinates, which is shown 

in Figure 6.4 to Figure 6.7. The DC component of neutral current at different time steps is 

plotted in these figures. For some substations with multiple voltage levels, the neutrals at 

different voltage levels are monitored separately, such as GATE-500 and GATE-230. For 

each data point, the angle is the direction of GMD and radius is the magnitude of DC 

current in neutral. These points are colored according to the time step. Therefore, these 

graphs present two pieces of valuable information at the same time, the directional 

sensitivity to the GMD and the dynamic of the GIC. According to the different patterns in 

these two aspects, the results can be classified into four categories. 

1) The directional sensitivity does not change significantly in terms of time, and the 

steady state value of GIC is approximately larger or equal to most points during 

transients. This case includes Sub RMT, Sub VACA-500, VACA-115, SUIJ 

MET, MOSS, TRACY, MIDW. In summary, about half of substation neutrals are 

classified as this group. The dynamics of this group are relatively simple: the GIC 

gradually increases monotonically (or almost monotonically), and the directional 

sensitivity remains the same. Therefore, the analysis of the largest possible GIC at 

these substations is equivalent to the calculation of the steady value of GIC 

caused by the GMD with direction aligned with the most sensitive direction. In  

2) The directional sensitivity does not change significantly in terms of time, but the 

steady state value of GIC is apparently lower than some points during transients. 
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This case includes TABLE, GATE-500. The dynamics of this group are more 

complicated: the GIC gradually increases quickly after the introduction of GMD, 

and decreases gradually after about 1 second; the directional sensitivity remains 

the same. Therefore, the analysis of the largest possible GIC at these substations 

is not equivalent to the calculation of the steady value of GIC caused by the GMD 

with direction aligned with the most sensitive direction. Instead, the whole 

transients of the GIC need to be considered because the steady value is not the 

largest. 

3) The directional sensitivity changes significantly in terms of time, and the steady 

state value of GIC is apparently lower than some points during transients. This 

case includes TESLA, DIABLO, LOS, GATE-230. The dynamics of this group 

are the most complicated: the GIC gradually increases quickly after the 

introduction of GMD, and decreases gradually after about 1 second; the 

directional sensitivity changes during the meantime. Therefore, the analysis of the 

largest possible GIC at these substations requires the consideration of the whole 

transients and all directions of GMD. In other words, if the analysis only 

considers the steady state value of GIC derived from a specific direction of GMD, 

the result is a significant underestimate of possible GIC. 

4) The neutral is not affected by GMD and no substantial GIC is observed: VACA-

230. There is no transmission line directly connecting to this bus, so the neutral 

current will not have the DC component during GMD.  
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Figure 6.4 Neutral Current at Substation Groundings during GIC events, Part 1 
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Figure 6.5 Neutral Current at Substation Groundings during GIC events, Part 2 
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Figure 6.6 Neutral Current at Substation Groundings during GIC events, Part 3 
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Figure 6.7 Neutral Current at Substation Groundings during GIC events, Part 4 
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6.2 GMD Field Estimation  

The measurements from a magnetometer network installed near the involved grid 

enable a direct method to assess the impact of GIC on the power system, which is not 

available under some circumstances. Therefore, there exist several approaches attempting 

to quantify GMD [9]–[11] with large-area geomagnetic measurements, such as the Kp 

index and Ap index. These indices are derived from measurements at global geomagnetic 

observatory sites. These indices indicate worldwide geomagnetic activities and provide 

information for GIC related studies. However, due to their large sample intervals (usually 

one or three hours), it is difficult to directly relate them with the magnitude of GIC. In 

addition, some researchers [11] believe that Kp and Ap indices are not appropriate for 

predicting GIC since the indices become saturated during large storm events. Instead of 

indices, they use comparisons of storm morphology to achieve a better understanding of 

GIC. Some other attempts [49] are made to forecast peak GIC depending on suitable 

local geomagnetic indices. These existing methods are not capable of assessing the local 

geomagnetic disturbances in real-time. Therefore, a method focusing on the real-time 

local grid is designed to estimate the geoelectric field during GMD events. 

This section proposes an approach to estimate the geoelectric field during GMD 

events using existing measurements from the power system [63], such as the terminal 

voltages and currents of the transmission lines. By modeling the induced geoelectric field 

during GMD as embedded voltage sources in transmission lines, the measurements of the 

electric quantities in power systems reveal the impact of GMD. Based on measurements 

from merging units, a time-domain state estimation process is developed to estimate the 

real-time magnitude of the geoelectric field. 
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6.2.1 Estimation Model Formulation 

Based on the transmission line model in chapter 4, we formulate the measurement 

model for the transmission line. The measurements include:  

a) Actual measurements: three-phase current measurements and three-phase line-to-
neutral voltage measurements, at both ends of the line. 

b) Virtual measurements: correspond to KVL laws in (11) 

c) Pseudo measurements: the voltages of neutrals, assumed to be very small values. 

A numerical integration method converts the differential equations (17) into 

algebraic equations with states in two consecutive time steps, tm, and t. tm  is the time step 

before time t [64]–[66]. Equation (18) presents an example of actual measurements 

related to the voltage of phase A to neutral. Equation (19) presents an example of pseudo 

measurements of voltages at neutral. Equation (20) presents the equation for actual 

measurements related to current measurements and virtual measurements related to KVL 

laws. h is the length of 2 time steps.  , the measurement error in the measurement 

models, is related to the standard deviation of each measurement. The value of the 

standard deviation is relatively less for a more reliable measurement. The virtual 

measurements derived from KVL laws have theoretically zero error. In the unconstraint 

state estimation problem, the virtual measurements are assigned the least standard 

deviation (error) among all measurements. Meanwhile, the less reliable measurements, 

such as pseudo measurements, are assigned a larger standard deviation. For actual 

measurements, the standard deviation is obtained from the meter specifications. In this 

chapter, the standard deviation is 0.001 per unit for virtual measurements, 0.01 per unit 

for actual measurements, and 0.1 per unit for pseudo measurements.  
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Based on the measurement data, the time domain state estimation scheme is 

applied to estimate the states in the model, including the magnitude of the geoelectric 

field. Following an object-oriented method [65],  all measurement models z are 

formulated by the following equation: 
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 ( )( ) ( )z t h x t = +  (21) 

In equation (21), x contains the states of the transmission line, ( )( )h x t  is the ideal 

model of measurements in terms of states and  is the measurement error vector. When 

the number of independent measurements exceeds the number of states, the solution for 

the minimization problem (22) is an appropriate estimation for the states. The solution 

minimizes the residuals between ( )( )th x  and ( )tz , and the weight vector is δ.  
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6.2.2 Numerical Results 

• Test Case 1: Two Perpendicular Transmission Lines 

The proposed approach is validated via an illustrative example in this section. A 

115kV transmission system including two transmission lines is used to simulate the 

impact of GMD events, which is presented in Figure 6.8. For each line, the voltages and 

currents at the terminals are measured and the error of instrumentation channels is not 

considered. The DC component should be preserved, which can be achieved by 

instrumentation channel error correction algorithms or instrumentation transformers 

based on Hall effect or optical sensors. The sampling rate is 4800Hz, which corresponds 

to 80 samples per cycle for the 60Hz system. Then, the local geoelectric field is estimated 

using these measurements. The transmission lines span eastward and northward 

separately, and perpendicular to each other. Therefore, each of the transmission lines only 
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suffers from GMD in one direction. The transformers in the system are Y-Y connected 

and are modeled with saturable iron cores. The magnetizing currents of transformers are 

calculated using non-linear functions in terms of magnetic flux [67]. These non-linear 

functions describe the magnetic property of iron core as high degree polynomials. During 

GMD, the DC offset of flux saturates the transformer core, increasing reluctance in the 

magnetic circuit and the decrease of equivalent magnetizing inductance. Therefore, the 

magnetizing current is distorted. A simulated GMD event with a stair-step waveform in 

Figure 6.11 is introduced to the system at time t=1s, and the field is assumed to be 

uniform in this area. A portion of the measurements from transmission line 1 and 

transmission line 2 is depicted in Figure 6.9 and Figure 6.10 correspondingly. Since the 

load is not heavy in the system, a large proportion of the current comes from the 

magnetizing current of the transformer. We can observe the distortion of the transformer 

magnetizing current during GMD events in these figures. In addition, the distortion of 

current in line 2 is less severe than that in line 1, which is consistent with the fact that the 

simulated geoelectric field in northward is less than that in eastward at that time.  

The estimation results of the geoelectric field using the proposed approach are 

shown in Figure 6.11. The DC components of the estimated geoelectric field magnitude 

are compared with the actual GMD event in the simulation. The results show that the 

proposed approach recovers the magnitude of the geoelectric field in both directions 

accurately. From t=0 to t=1s, there are no geomagnetic disturbances in the system, and 

the estimation results remain zero. After t=1, the actual geoelectric field varies after every 

one second, ranging from 1V/km to 4 V/km. The variation of the estimated geoelectric 

field is highly consistent.  
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Figure 6.8 Illustrative case 1: System Overview 

 

Figure 6.9 Illustrative case 1: Measurements of Transmission Line 1 
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Figure 6.10 Illustrative case 1: Measurements of Transmission Line 2 

 

Figure 6.11 Illustrative case 1: Results of Geoelectric Field Estimation  
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• Test Case 2: Transmission Lines in Mesh Network 

In test case 2, a more complex system in a meshed network is presented in Figure 

6.12, where four buses and five transmission lines are considered. The coordinates of the 

buses are listed in Table 6.2. The coordinate data do not correspond to real-world 

locations. The length and direction of the lines are calculated from the coordinates. Other 

parameters are available in Table 6.3.  

 

Figure 6.12 Illustrative case 2: System Overview 

Table 6.2 Coordinates of Buses 

 Longitude Latitude 

BUS1 60.00°W 60.00°N 

BUS2 60.26°W 59.83°N 

BUS3 61.88°W 60.00°N 

BUS4 61.59°W 60.00°N 
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Table 6.3 Parameters for Test Case 2 

Generator 138 kV, 100 MVA 

Load 2 21.0 MW, 12.7 MVar 

Load 3 30.0 MW, 1.0 MVar 

Load 4 7.0 MW, 1.0 MVar 

Transformer 2 

Transformer 3 

Transformer 4 

138kV:25kV, 100 MVA, Y-Y 

Magnetizing current: 0.005pu 

The exponent of non-linear magnetizing current function :13 

Similar to test case 1, the measurements of terminal voltages and currents for each 

line are collected. The proposed approach then estimates the geoelectric field assuming a 

uniform field. Two different GMD events are applied to the system. In the first event, a 

randomly generated 60s GMD event is introduced to the system. The estimation results 

are shown in Figure 6.13. In the second event, a GMD event in (23) containing harmonics 

in 0.01Hz and 0.05Hz is introduced to the system. In addition, measurement noise is 

considered in this case. Gaussian noise with zero mean and standard deviation of 0.002 

(per unit value) is introduced to all measurements. The estimation results are shown in 

Figure 6.14. The estimated geoelectric field is compared against the actual field, and the 

results show that in both events the estimation results track the variation of actual values 

accurately. 
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Figure 6.13 Illustrative case 2: Results of Geoelectric Field Estimation, Case 1 

 

Figure 6.14 Illustrative case 2: Results of Geoelectric Field Estimation, Case 2 
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6.3 Conclusions 

In this chapter, the transients of GIC during the GMD events are investigated with 

a larger scale power grid modeled in time domain. A series of GMD events with different 

directions are applied to the grid. The resulting dynamics of GIC vary drastically at 

different locations. In addition, the results present short-term peaks of GIC, indicating the 

steady state value of GIC is not a complete indicator of the impact of GIC. There exist 

many cases displaying GIC with short duration but of high magnitude, which is ignored 

by simplified DC analysis for GIC. In addition, we propose an approach that estimates 

the geoelectric field during GMD events using measurements from power system 

devices, such as the measurements of terminal voltages and currents of the transmission 

lines. The geoelectric field induced by variation of the magnetic field is modeled as 

voltage sources embedded in transmission lines, and the measurements of the electric 

quantities in power systems reveal the impact of GMD. Based on time domain 

measurements, the unconstrained state estimation process is developed to estimate the 

real-time magnitude of the geoelectric field. The results show that our proposed method 

is able to estimate the changing geoelectric field accurately, which can be used to assess 

the intensity of GMD. 
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CHAPTER 7. HARMONIC ANALYSIS DURING GMD 

During geomagnetic disturbances, the magnetic core of the transformer will 

experience half-cycle saturation, and magnetizing current will drastically increase which 

is rich in harmonics. The harmonic levels generated by this process can reach levels that 

may destroy (melt the windings) the transformer as it has happened at the Salem nuclear 

plant in NJ during the GMD in March 1989 [1]. Prior research has reported harmonics 

ranging from second to 20th order with a pattern that includes both even and odd 

harmonics in descending magnitude with the harmonic order [15], [16]. Reference [15] 

indicates a significant level of even-order harmonics with the second harmonic higher 

than the third harmonic, the fourth harmonic higher than the fifth harmonic and so on. All 

harmonics increase in a nonlinear relation to GIC, although the slope is different for each 

harmonic. Reference [34] claims that harmonic magnitudes are sensitive to the air core 

reactance of transformers. When transformers are saturated, substantial levels of flux 

flow through the air and the air path reluctance affects the performance of saturated 

transformers. Reference [37] claims that transformers with three-limb cores have 

harmonics concentrating on lower order, while single-phase transformers will have 

substantial harmonics of higher orders. During these conditions, transformers will 

consume more reactive power as the magnetizing current is distorted, affecting the 

voltage stability of the system [16]. Harmonics may also adversely affect protective 

relaying algorithms leading to mis-operation. There are documented instances of the 

effects of harmonics on the protection of static VAR compensators on the Hydro-Quebec 

system during the March 1989 GMD event [13]. In this case, relay mis-operation due to 
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the GMD led to the Hydro-Quebec blackout. Another case of similar effects occurred in 

2003; a power outage occurred in Malmö, Sweden during a geomagnetic storm [5]. The 

major reason was the loss of a 130kV transmission line, which was tripped by an 

overcurrent relay. Investigation showed that the relay had higher sensitivity at third-order 

harmonic than the fundamental frequency current. In this case, the relay characteristic 

value for third harmonics was much lower than the fundamental frequency. Another 

concern is related to current transformers which can saturate during GMD with serious 

effects on the protection scheme [46], [48], [47]. Reference [46] claims that harmonic 

restrained relays, such as transformer percentage differential relays, may fail to detect 

faults current during a GIC event. Reference [48] reports the usage of harmonics as an 

indicator of GIC impact on transformers. Reference [47] concludes based on simulations, 

that although there exist CT saturation even in small GIC level, modern relays with 

proper algorithms can discriminate against GIC generated harmonics. 

Previous GMD events, as well as GMD studies, clearly show that the effects can 

be quite damaging to the power system. For this reason, models that accurately represent 

the effects of GMD on the power system are important for a realistic assessment of the 

effects of GMDs. While individual components have been extensively studied under 

GICs, similar comprehensive models for system-wide studies are not as well developed. 

Many approaches use a DC network model to compute the flow of the dc component into 

the system and then project the effect of the dc on the system. These approaches do not 

capture the interaction of dc, fundamental and harmonics on a network-wide basis. This 

section presents a method that does capture these interactions in GMD impact studies. 

The proposed modeling approach for the power system network integrates dynamic 
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models of transformers, power lines, grounding, generators, etc. and captures the 

nonlinear magnetics as well as the frequency dependence of the various parameters of 

power lines, grounding systems, etc. This chapter presents the modeling approach and 

provides results of the levels of harmonics generated by GIC as well as the propagation 

of the harmonics throughout the system [68]. Comparisons of the proposed model to 

other methods reported in the literature are provided. These comparisons indicate that the 

level of harmonics can be miscalculated if simpler models are used. 

 

Figure 7.1 GMD Testing System Overview 
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7.1 Test Case Overview 

The system in Figure 7.1 is used to investigate the generation and propagation of 

harmonics due to GMD. The area of interest is the shaded area, which is shown in Figure 

7.2. There are two generators and two loads. Three 115kV transmission lines transfer 

power from sources to loads. The parameters of the various devices including the 

saturable core transformers are provided in Table 7.1.   

 

Figure 7.2 GMD Study Area  

Table 7.1 Example System Parameters 

Device Parameters 

Generator 1 34.5kV(L-L), balanced three-phase 

Generator 2 18.1kV(L-L), balanced three-phase 

Overhead transmission lines 

phase conductor 
ACSR DARKE 60km 30km 30km 

Overhead transmission lines 

shield 
5/16HS 

Transformer1 34.5kV/115 kV Δ-Y 

Transformer2 18kV/115 kV Δ-Y 

Transformer3,Transformer4 

115 kV/ 115 kV, 100MVA Y-Y,  

Three-phase core form, 

Nominal magnetizing current 0.005 pu 

nonlinear inductance: exponent n=10 

Load1 
30 MVA, power factor=0.99 

balanced three-phase 

Load2 
60 MVA, power factor=0.99 

balanced three-phase 
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Simulation time step 50μs 

GMD event 1 5V/km, GIC turns on at t=3s 

GMD event 2 10V/km, GIC turns on at t=3s 

GMD event 3 15V/km, GIC turns on at t=3s 

GMD Direction 
west-east aligned with transmission line  

in the study area 

7.2 Numerical Results 

The impact of GMD on the test system is investigated in this section. First, the 

GIC current flowing through the neutral of transformers is presented in Figure 7.3 for 

GMD event 1. As we can see, after GMD starts, the GIC gradually increases with a time 

constant of about 0.4 seconds. In steady-state, the GIC through transformer 4 is 65A, and 

the GIC through transformer 3 is 40A. In this test case, the direction of the GMD field is 

aligned with the two transmission lines from BUS1 to BUS4. As a comparison, we have 

computed the GIC using the DC network of this test system. The GIC through 

transformer neutral is 86A and 31.2A for transformers 4 and 3 respectively.  We can 

observe that using the DC network model, the ratio of GIC at the two transformers is 

about 3, which is the ratio of the corresponding line lengths. The linear relationship 

exhibited with the DC network model is invalid due to the nonlinearities of the system 

and the different saturation levels of the transformers. 

Next, the harmonics in the phases of the transformer are analyzed in Figure 7.4 

and Figure 7.5. The harmonic magnitudes are normalized with respect to the 

fundamental. The DC component increases as the transformer is in half-cycle saturation, 

and the magnetizing current has a non-zero DC offset. Note the profound generation of 

even-order harmonics due to the GMD. The figures provide the harmonics for three 

different levels of GMD: 5 V/km, 10 V/km, and 15 V/km. Even and odd harmonics exist 
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and the magnitude decreases with the harmonic order. The levels also increase as the 

GMD increases. 

 

Figure 7.3 DC Current at Neutral of Transformers  

 

Figure 7.4 Harmonic Analysis of Transformer 3 Phase Current 
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Figure 7.5 Harmonic Analysis of Transformer 4 Phase Currents 

Figure 7.6 and Figure 7.7 show neutral harmonics for transformers 3 and 4 

respectively. The DC component is the largest component. The percentage of second-

order and fourth-order harmonics is not large, though there are apparent increases in 

corresponding components in phase current. The reason is that these harmonics mainly 

consist of positive and negative sequences, so the sum of three-phase harmonics is small.  

 

Figure 7.6 Harmonic Analysis of Transformer 3 Neutral Current 
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Figure 7.7 Harmonic Analysis of Transformer 4 Neutral Current 

 

Figure 7.8 Symmetric Component of Harmonics in Transformer 3 

 

Figure 7.9 Symmetric Component of Harmonics in Transformer 4 
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Third and sixth order harmonics include more zero sequence components, which 

can be validated in Figure 7.8 and Figure 7.9. This is why the third and sixth harmonics 

are larger than the other components in the neutral. 

Harmonics from GMD may affect the operation of generators.  Figure 7.10 and 

Figure 7.11 show the harmonics at the terminals of generators. Since the step-up 

transformer is connected in Δ-Y, the DC component and the zero sequence components 

of the harmonics cannot flow through the transformer into generators. The even-order 

harmonics from saturated transformers do have a large impact on the generators. The 

second-order and fourth-order harmonics rise drastically. 

Another influence of GMD is the increased consumption of reactive power. 

Figure 7.12 shows the increase of base frequency reactive power production (MVar) in 

generators. The generator produces more reactive power during GMD activities. Figure 

7.13 shows the variation of harmonic reactive power production (kVar) in generators. 

These decreasing values indicate the generators consume more reactive power at 

harmonics frequency during GMD activities. In this case, the variations of reactive power 

at the base frequency and at harmonics are moderate. However, for transmission systems 

that may exhibit resonances and amplify certain harmonics, the increase may be 

substantial 
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Figure 7.10 Harmonic Analysis of Generator 1 Phase Current 

 

Figure 7.11 Harmonic Analysis of Generator 2 Phase Current 



 

 93 

 

Figure 7.12 Base Frequency Reactive Power Production of Generators 

 

Figure 7.13 Harmonics Reactive Power Production of Generators 
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7.3 Conclusions 

We presented a method for accurate simulation of the effects of GMD on power 

systems using a time domain method. The method relies on high fidelity models of 

transformers, transmission lines and grounding systems for accurate simulation of DC 

flow and harmonics. The models provide the level of harmonics at transformers and 

generators. The even-order harmonics such as second and fourth-order harmonics are the 

most obvious phenomenon during GMD. These harmonics can challenge the system 

operation. The half-cycle saturation of transformers is the major source of these 

harmonics. Increasing demand for reactive power is also observed in the system, which 

requires the corresponding action to ensure voltage stability.   
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CHAPTER 8. PROTECTION SYSTEM PERFORMANCE 

DURING GMD 

The frequency of GIC is relatively low (0.0001Hz to 1 Hz), which causes half-

cycle saturation of iron core circuits and subsequent distortion of the current and voltage 

waveforms with harmonics ranging from 2nd order to 20th order [16]. In addition to 

overheating transformers and other iron core circuits, increases in reactive power 

consumption, the waveform distortion may lead to relay mis-operations [48]. Many 

protective relays are calibrated at the base frequency, so the performance of these relays 

with distorted measurements is worth investigating. In October 2003 [5], a GIC event led 

to a large scale blackout in the southern region in Sweden. The major reason was the loss 

of a 130kV transmission line, which was tripped by an overcurrent relay. Investigation 

showed that the relay had a higher sensitivity at the third-order harmonic than the 

fundamental frequency current. In this case, the relay characteristic value for third 

harmonics was much lower than the fundamental frequency. The involved relay was 

replaced afterward by a relay that is less sensitive at 150 Hz than at 50 Hz. Meanwhile, 

GMD may lead to substantial instrumentation channel errors as well. For example, DC 

current in the primary of CTs causes half-cycle saturation of CTs and subsequent 

distorted data into the relays. These errors in measurement data further increase the 

possibility of relay mis-operation. 

Dynamic state estimation based protection (EBP) is an emerging protection 

technique [65], [69], which integrates all available measurements in zone protection to 

improve the reliability of the protection scheme and withstand hidden failures. EBP 
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scheme models the entire protection zone using an object-oriented method, which is 

referred to as quadratized dynamic model (QDM). EBP monitors the consistency between 

measurements and related physically-based models. For example, the measurements of 

voltage, current, and temperature from a protection zone should follow Kirchhoff's 

Current/Voltage Law (KCL/KVL) and thermodynamic laws. Once internal faults occur in 

the protection zone, the EBP is able to detect a violation of physical laws, and faulted 

devices can be tripped. Like other relay methods, accurate measurement input is essential 

to the reliable operation of the EBP. A state estimation based instrumentation channel 

error correction scheme [70] is applied to eliminate the effect of instrumentation channel 

transformer saturation. This enables the protection scheme to operate with accurate 

measurement data without the error introduced by GMD. 

 In this chapter, the performance of EBP during the GMD is investigated and 

compared with conventional relays. In addition, an EBP with instrumentation error 

correction is proposed, which further improves the performance of EBP and is especially 

applicable when GMDs occur [71]. The overview of the procedure is shown in Figure 

8.1. An estimation based error correction scheme removes the error introduced in 

instrumentation channels. Next, these corrected values are streamed to EBP. A protection 

model with the dynamics of devices considering different harmonics is provided at the 

same time. The dynamic state estimation (DSE) algorithm will issue a trip decision based 

on the consistency between the model and measurements. 

This chapter is organized as follows. Section 1 introduces the dynamic state 

estimation based protection method. Section 2 introduces the instrumentation channel 

error correction method. Section 3 describes the developed device model for a protection 
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scheme. Section 4 provides numerical results to demonstrate the effect of the proposed 

error correction method. Section 5 uses an example with transformers and capacitor 

banks to demonstrate the reliability of EBP during GMD, which is then compared against 

conventional protection schemes. And Section 6 summarizes this chapter. 

 

Figure 8.1 Overview of the Estimation Based Protection 

8.1 Dynamic State Estimation-Based Protection 

The EBP scheme is inspired by differential protection, which monitors the sum of 

currents flowing into the protection zone and ensures the KCL is not violated. In EBP, all 

existing measurements in the protection zone and related physical laws are integrated into 

a dynamic state estimation process, any violation of physical law indicates the occurrence 

of an internal fault. In this section, we introduce the standard modeling syntax for the 

protection zone, the standard measurement model and the state estimation algorithm in 

EBP. 

8.1.1 Quadratized Dynamic Model for Protection Zone 

In general, the devices in the protection zone are described by a set of differential 

equations derived from physical laws. In EBP, we formulate all device models according 

to a standard syntax in equation (1), which is referred to as Quadratized Dynamic Model 
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(QDM). This syntax is compatible with multiple physical laws[72], [73]. QDM includes 

the internal variables ( )x t , and the through variables ( ).i t  , eqx eqxY D  and 
eqcC  are the 

coefficients for the linear term, differential term, and constant term respectively. High 

order polynomials are quadratized to second-order terms by introducing auxiliary 

variables, and the coefficients are stored in 
eqxxF .  

 

1 1 1

2 2 2

3 3 3

( )
( ) ( )

( )
0 ( )

0 ( ) ( ) ( )

eqx eqxd eqc

eqx eqxd eqc

T i

eqx eqxx eqc

d t
i t Y t D C

dt

d t
Y t D C

dt

Y t t F t C

= + +

= + +

 
 

= + + 
 
 

x
x

x
x

x x x

 (24) 

Based on the QDM model of the protection zone, measurement models in the 

equation (25) are developed in terms of internal variables ( )x t . ( )z t  are measurements 

from the protection zone. These measurements derived from physical laws are referred to 

as virtual measurements[65]. In addition, we have three other measurements. Actual 

measurements represent measurements generated from actual meters and sensors; 

Derived measurements are quantities that are related to other quantities, for which an 

actual measurement is available; Pseudo measurements are quantities we have 

assumptions. For example, neutral voltages should be close to zero. 

 
( )

( ) ( ) ( ) ( )T i

x x x

d t
z t Y t t F t D C

dt

 
 

= + + + 
 
 

x
x x x  (25) 
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Using numerical integration methods[74], the differential terms are replaced with 

functions in terms of states at consecutive time steps. As a result, the protection zone 

models and measurement models are transformed into the Algebraic Quadratic 

Companion Form model (AQCF) in equation (26).  

 , ,( , ) ( , ) ( , ) ( , )T i

m x m x mm m m mz t t Y t t t t F t t C

 
 

= + + 
 
 

x x x  (26) 

8.1.2 Unconstraint Optimization Method for Dynamic State estimation 

( )( ) ( )
2

( )
1

min  (t)=
n

i i

x t
i i

h x t z t


=

 −
 
 
 

 (27) 

After the construction of the AQCF model, a weighted least square problem is 

formulated in EBP. Equation (27) is the general form for the unconstraint optimization 

method for DSE, where n is the total number of measurements, ( )iz t  is the measurement 

value, ( )ih t is the measurement i in terms of the states, and i  is the standard deviation of 

the corresponding measurement. To solve the problem (27) , a Gauss-Newton iterative 

algorithm is used: 

 
1 1( ) ( ( ) )v v T T vx x H WH H W h x z+ −= − −    (28) 

Where vx  refers to the estimate of the state vector x at iteration v, H is the 

Jacobian matrix of the measurement equations, and W is the weighting matrix. 

( )h x
H

x


=


,

2

1
( , , )

i

W diag


=      
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By solving the problem in (27) , the optimal estimation of the state variables is 

obtained. The estimated states are substitute into measurement models to get the 

estimated measurements. Assuming the error in measurements are independent random 

variables with standard normal, the objective value ζ in equation (27) is distributed 

according to chi-squared distribution 
2 . Based on this, a metric named as confidence 

level is available, which indicates the goodness of estimation[75]. The probability of 

2   , with   degrees of freedom is named confidence level, which is given by:  

2 2Pr 1 Pr 1 Pr( , )P v       =  = −  = −     

A high confidence level suggests the measurement is consistent with physical 

models, while a low confidence level implies the occurrence of internal faults. The trip 

decision is released based on a user-defined delay time and a reset time as shown in (29). 

 
( )( )1,  if 1

0,  otherwise                   

reset

t

delay
t t

P d t
trip

 
−

 − 
= 


  (29) 

8.2 Instrumentation Channel Error Correction 

The instrumentation channels interface the electric power system with high 

voltage/current and protective relays with low voltage/current. A typical instrumentation 

channel includes potential transformers (PT) or current transformers (CT), 

instrumentation cables, and merging units. Ideally, the secondary voltage and current of 

instrumentation channels should be exactly proportional to the primary quantities. 

However, the DC voltage generated by GMD would introduce DC flux in iron cores of 
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instrumentation transformers, leading to distorted magnetizing current. The non-

sinusoidal magnetizing current will increase significantly as the DC flux increases, 

leading to gross distortion in measurements from the burden resistor. In addition, other 

harmonic components would lead to additional error, because the frequency responses of 

instrumentation channels are different for different harmonics. These distorted 

measurements risk the operation of protective relays [76]. Many protective relays are 

calibrated at the base frequency, so the performance of these relays with distorted 

measurements is worth investigation.  

In this chapter, we propose a state estimation based error correction method for 

instrumentation channels. The proposed method relies on the physically-based 

instrumentation channel models, the measurements from burden resistors and the 

dynamic state estimation procedure mentioned in the previous section. The approach to 

model the instrumentation channels is elaborated in this section. 

8.2.1 Current Instrumentation Channel Measurement Models 

 

Figure 8.2 Equivalent Circuit of CT’s Primary Current Estimation 
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Figure 8.2 shows an equivalent circuit for the CT channel error correction, 

including the current transformer with a saturable iron core, copper instrumentation 

cables and burden resistor in merging units. Since the current transformer possesses an 

iron core, the magnetizing inductance mL  is modeled by the nonlinear equation in (7). 

Where mi  is the magnetizing current transformed to the secondary side,   is the 

instantaneous value of flux linkage. Parameters 0 0 0, ,i L  are the nominal values for 

magnetizing current, flux linkage, and linear inductance respectively. The order n defines 

the degree of nonlinearity of the model. 

 ( )0

0 0

( ) 1
0 ( )

n

m

t
i t i t

L






 
= − − 

 
 (30) 

We choose n=11 for the test case in the test case. Following the standard syntax of 

the QDM model, this equation is quadratized to yield the following quadratized 

measurement models. Auxiliary variables 1 2 3 4y y y y  are introduced to decrease the 

maximum order of equations to 2. 

( )

( )

( )

2

1

0

2

2

2

3 1

0

0

1

2

3

4

4

0

0 ( )

0 ( ) ( )

0 ( ) ( )

0 ( ) ( ) ( )

( ) 1
0 ( ) (

( )

)m

y t

y t y t

y t y t

y t y t y t

t
i t i y t t

L

t








= −

= −

= −

= − 

 
= − − 
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In addition, other physical laws such as KCL and KVL provide more 

measurement models for CT channels: 

KCL derived from CT: 

( ) ( ) ( )
( )

1

1 1 1

1
0 ( ) i

L

m m p L s

di t
g e t i t i t t g L

n dt
= − − + + +  

KCL at the boundary between CT and cable: 

( ) ( ) ( )
( ) ( )

( ) ( ) ( )
( ) ( )

32

2

3 2

3

2 2 23

3 3 23

1
0 ( ) i

1
0 ( ) i

LL

m m p L s

L L

m m p L s

di tdi t
g e t i t i t t g L M

n dt dt

di t di t
g e t i t i t t g L M

n dt dt

 
= + − − − −  

 

 
= − − + + + −  

 

 

KVL derived from CT: 

( ) ( )1

1 2 1 1

( ) 1
0 ( ) ( ) ( ) ( )

L

m m p

di t
v t v t e t L r g e t i t i t

dt n

 
= − + + + + + − 

 
 

KVL derived from cable: 

( )
( ) ( ) ( ) ( )

( )
( ) ( ) ( ) ( )

3 32 2

2

3 32 2

3

3 1 2 2 23 2 23

2 4 3 33 3

2

23 3 2

0 ( ) ( ) i

0 ( ) ( ) i

L LL L

L s

L LL L

L s

di t di tdi t di t
v t v t r t g L M L M

dt dt dt dt

di t di tdi t di t
v t v t r t g L M L M

dt dt dt dt

  
= − + + + − + −    

  

  
= − + + + − + −    

  

 

KCL at the boundary between burden resistor and cable: 
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( )
( ) ( )

( ) ( )( )

( )
( ) ( )

( ) ( )( )

32

2

3 2

3

2 2 23 3 4

3 3 23 4 3

0 i

0 i

LL

L s b

L L

L s b

di tdi t
t g L M g v t v t

dt dt

di t di t
t g L M g v t v t

dt dt

 
= + − + −  

 

 
= − − − + −  

 

 

Transformer magnetizing leg yields: 

( )
0 ( )

d t
e t

dt


= −  

The aforementioned 14 measurements derived from physical laws are referred to 

as virtual measurements. Apart from virtual measurements, we have the following 

measurements to improve the redundancy of the scheme. 

Actual Measurements (1): 

( ) ( ) ( )3 4outv t v t v t= −  

Pseudo Measurements (1): 

node 4 is grounded: 
40 ( )m v t=  

Derived Measurements (4): 

( ) ( ) ( ) ( )

( ) ( )
( )

( ) ( )
( ) ( )

( ) ( )
( ) ( )

1

1

32

2

3 2

3

1 1

2 2 23

3 3 23

1
i

i

i

i

m

b m m p

Lm

b L s

LLm

b L s

L Lm

b L s

i t g e t t i t
n

di t
i t t g L

dt

di tdi t
i t t g L M

dt dt

di t di t
i t t g L M

dt dt

= + −

= +

 
= + −  

 

 
= − − −  
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In which, ( ) ( ) ( )( )3 4

m

b bi t g v t v t= − −  

In summary, the current instrumentation channel model consists of 20 

measurements and 15 states. The state variables include: 

1 2 3 4 1 2 3 4 1 2 3[ ( ) ( ) ( ) ( ) ()( ) ( ) ( ) ( )( ( ) ( ( )) ( ) ( ) ) ]T

p m L L LX v t v t v t v t e t y y y y i t i tt i tt t it i t tt=

 

It's worth mentioning that the primary current ( )pi t  is a state variable, so the 

dynamic state estimation procedure will reveal the optimal estimation of ( )pi t , which are 

the corrected measurements for the current instrumentation channel. 

8.2.2 Voltage Instrumentation Channel Measurement Models 

Following a similar process, we can formulate the measurement models for PT. 

The parasitic capacitors in the primary winding and secondary winding are represented 

by 1 2,c c  and 3c . 

 

Figure 8.3 Equivalent Circuit of PT’s Primary Voltage Estimation 
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In this test case, there are 20 states and 21 measurements. The states of the model 
include: 

1 2

1 2 3

1 5

1 2

2 3 4

3

6

3 4

[ ( )   ( )    ( )    ( )    ( )    ( )    ( )  ( )   

( )  ( )  ( ) ( )   ( )    ( )   ( )   y ( ) ( ) ( )    ( )  ( )   ]T

c c

L

cc

L

c m L L

X v t v t v t v t v t v t i t i t

v t v t v t e t i t i t t t y t y t i t i t

=
 

The voltages at the primary side of PT ( ( )1v t  , ( )2v t ) are state variables, so the 

dynamic state estimation procedure will reveal the optimal estimation primary voltage, 

which is the corrected measurements for voltage instrumentation channel. The equations 

describing the measurement definitions for PT channel are listed in the following. 

Actual Measurements (1): 

5 6
( ) ( )( )out v t v tV t = −  

Pseudo Measurements (2): 

node 2 and node 4 are grounded: 

2
0 ( )v t= , 4

0 ( )v t=  

Virtual Measurements (18): 

KCL at node 1, node 2 and node 4 yields: 

1 2 4 60 ( ) ( ) ( ) ( )i t i t i t i t= + + +  , in which:  

( ) ( )
( ) ( ) ( )

( ) ( )
( ) ( )

( ) ( )
( ) ( )

( ) ( )

1 1 3

1 1 1 1 3

1 1

2 1 1 1

2

1 2

2

4 2 2 2

3 4
6 21 2 3 22 22 4 1 5 22 6 21 22 4

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

L c c

L s

L c

L s

c

s s s s

L

L

L s

i

di t dv t dv t
i t i t g L C C

dt dt dt

di t dv t
i t i t g L C

dt dt

di t

dv t dv t
t G G v t G

C

C

dv t
i

d

G v t G v

t

t G
d

t i

v t C i t
dt

t L
t d

t

g

= + + +

−

= − − −

= −

= + + + − + +

−

+

−

 

KCL at node 3 yields: 

3 50 ( ) ( )i t i t= +  , in which:  



 

 107 

( ) ( )
( ) ( ) ( )

( ) ( ) 3 4
5 11 11 3 12 2

2 2

1 4 11 5 12 6 11 1

2

3

3

2 3

2

3 2

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )s s s s

L c

L

L

c

s

i

di t dv t dv t
i t i t g L C

dv t dv t
t G G v t G G v t G

t

v t G v t i

C
dt t

C C t
d

d d

t dt
= + + + − − + +

= + + −

+

 

KCL at node 5 yields: 

7 90 ( ) ( )i t i t= +  , in which:  

( ) ( ) 5 6
7 11 11 5 12 12 6 11 3 12 4 11 12 3

9 5 6

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) / ( ) /

s s s s L

b b

i

i

dv t dv t
t G G v t G G v t G v t G v t C C i t

dt dt

t v t R v t R

= + + + − − + + −

= −

 

KCL at node 6 yields: 

8 100 ( ) ( )i t i t= +  , in which:  

( ) ( ) 5 6
8 21 21 5 22 22 6 21 3 22 4 21 22

1

4

5 60

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) / ( ) /

s s s s L

b b

i
dv t dv t

t G G v t G G v t G v t G v t C C i t
dt dt

i t v t R v t R

= + + + − − + + −

= − +

 

KVL derived from PT: 

( ) ( ) ( )
( )

( )
( )

( ) ( ) ( )
( )

( )
( )

1 1

1 2 1 1 1 1

2 2

3 4 2 2 2 2

0

1
0

L L

L s

L L

L s

di t di t
v t v t e t L r i t g L

dt dt

di t di t
v t v t e t L r i t g L

N dt dt

 
= − − − − + 

 

 
= − − − − + 

 

 

( ) ( ) ( )
( )

( ) ( ) ( )
( )

( ) ( ) ( )
( )

1

1 2 1 1 1

3

1 3 3 3 3

2

2 4 2 2 2

0

0

0

c

c s

c

c s

c

c s

dv t
v t v t v t r C

dt

dv t
v t v t v t r C

dt

dv t
v t v t v t r C

dt

= − − −

= − − −

= − − −
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( )
( )

( ) ( ) ( )

( ) ( )
( )

1

1 1

2

2 2

0

0

L

L s c m c

L

c L s

di t
i t g L i t i t g e t

dt

di t
Ni t i t g L

dt

= + − − −

= + +

 

KVL derived from cable: 

3 4
3 5 11 3 12 4 11

3 4
4 6

3

21 3 2 42 4 2

4

23

( ) ( )
0 ( ) ( ) ( ) ( )

( ) ( )
0 ( ) ( ) ( ) ( )

L L
L L

L L
L L

di t di t
v t v t R i t R i t L M

dt dt

di t di t
v t v t R i t R i t M L

dt dt

= − + + + + +

= − + + + + +

 

Transformer magnetizing leg yields: 

( )
( )

( )
( )

( )

( )
( )

( ) ( )

( ) ( )

0 3

0

2

1 2

0

2

2 1

2

0

3 2

0

(0

0

0

0

1
)m

d t
e t

dt

t
i t i y

t

t

y t

y t y t

y t

t
L

y t













= −

= −

=

−

= −

= −

−

 

 

8.3 Protected Device Modeling 

In this chapter, we utilize a high-fidelity model for simulating the effects of GIC 

on power systems. The model is based on a detailed representation of power system 

frequency-dependent grounding models, low broadband modeling of transmission lines 

and transformer models with detailed magnetization characteristics [60], [68], [77], 

which is described in previous sections. Using this model, we present examples of effects 
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of GMD on the relaying system with geomagnetically induced currents into the power 

system via the grounds.  

The model of a capacitor bank consists of the capacitor blocks inside the bank. A 

bank with 3 blocks in each phase is shown in Figure 8.4.  A 5-block capacitor bank is 

used in the following result section. The internal faults are introduced as short circuits 

between one or more blocks in a specific phase.  

 

Figure 8.4 Capacitor Bank Modeling  

 

8.4 Validation of Error Correction Results 

Example test results are provided here to illustrate the effectiveness of the error 

correction method for EBP protection of a system during a GMD event. The example test 

system is depicted in Figure 8.5. CTs and PTs are located at the three-phase buses LEFT, 

RIGHT and LOAD, measuring the three-phase currents and voltages. The parameters of 

the instrumentation channels are shown in Table 8.1. The instrumentation cable is #10 

copper cable with a length of 100 meters. The burden in CT channels is 0.1Ω and the 

burden in PT channels is 10 kΩ. To illustrate the effect of error correction on EBP 

protection, the protection zone including the transformer between busses RIGHT and 
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LOAD is examined. Several events of geomagnetic disturbance (GMD) and faults are 

considered. The response of the protection is computed with and without error correction 

of instrumentation channel errors.  

 

Figure 8.5 Test System for EBP with Error Correction  

Table 8.1 Instrumentation Channels Parameters 

Location CT ratio PT ratio 

Bus RIGHT 2000:5 66,400:115 

Bus LOAD 2000:5 14,400:115 

The transformer protection zone contains the 115kV/25kV WYE-WYE connected 

transformer and adjacent breakers. For this protection zone, the following events are 

considered. 
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Event A-1: At time t=0s, the circuit breaker at bus SRC is closed, and the 

generator and step-up transformer are connected to the grid, which energizes the 

transmission lines and transformers. Before 0s, there is no current flowing in the 

protection zones. This event focuses on the inrush current during transformer 

energization.  

Event A-2: At time t=8s, a GMD event is introduced to the system. The 

magnitude of the earth's electric field is 5V/km and the direction is aligned with the 

transmission line. The equivalent GMD DC voltage source locates between the 

groundings of transmission line from bus LEFT to bus RIGHT. The distance between the 

buses is 20km, so a 100V DC offset is introduced. The GMD event retreats at time t=18s.  

Event A-3: At time t=16s, a Phase A to neutral fault occurs at bus MID. The fault 

resistance is 0.1Ω  and this external fault exists until it is cleared at 16.2s. After 16.2s, the 

system is recovered, and phase A of the transformer is re-energized. This event focuses 

on this recovery process. During this event, the GMD event is still affecting the system.  

In each event, three different EBP relays operate individually to monitor the 

protection zone. Three-phase voltage measurements and three-phase current 

measurements at bus RIGHT and bus LOAD are streamed to the relays.  

1) The first EBP works with the direct measurements from the primary side, 

which is the exact value of the voltages and currents at buses. The behavior of this 

EBP relay is used as a reference.  
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2) The second EBP works with raw measurements from instrumentation 

channels, which are the measurements at burden multiplied by the instrumentation 

transformer ratios. These measurements are vulnerable to error introduced in 

instrumentation channels.  

3) The third EBP works with corrected measurements, which is the result of 

the proposed state estimation based error correction method. Compared with raw 

measurements, the corrected measurements should be more consistent with the exact 

value on the primary side of the gird.  

The three EBP modules use the same tripping decision function in equation (6), in 

which, 10delayt ms=  and 300msresett = . In the following results, three EBP relays are 

compared in terms of their performance. Figure 8.6 to Figure 8.8 provide sample 

waveforms during these events. The first trace is the voltage of phase A to the ground at 

bus RIGHT. The second trace is the current of phase A on the same bus. The third and 

fourth traces are the voltage and current of Phase A at bus LOAD. 
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Figure 8.6 Exact Measurements in Protection Zone 1: Event A-1 

 

Figure 8.7 Exact Measurements in Protection Zone 1: Event A-2 
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Figure 8.8 Exact Measurements in Protection Zone 1: Event A-3 

 

• Event A-1: Energization of the transformer (0~0.4s) 

At t=0s, the closer at bus SRC is closed, and the generator and step-up 

transformer are connected to the system. Due to the influence of the inrush current of the 

transformer in the protection zone, the EBP with simple measurements mis-operates 

during the beginning of the simulation. The status of EBP from 0 to 0.4s is shown in 

Figure 8.9. The increase of the chi-square value leads to a drop in confidence level. As a 

result, the EBP mistakenly detects an internal fault. In Figure 8.10 and Figure 8.11, the 

estimated current and voltages at bus RIGHT are compared with the primary value. Also, 

the measurements without correction are included in the comparison. It is apparent that 

the error introduced in the voltage channel leads to the mis-operation of EBP. 

93.59 kV
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Meanwhile, the EBP with corrected measurements does not issue a trip decision as 

expected. 

 

Figure 8.9 Validation of Error Correction: EBP Results Comparison, Event A-1 

 

Figure 8.10 Comparison of Currents in Event A-1 
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Figure 8.11 Comparison of Voltages in Event A-1 

 

• Event A-2: Onset of GMD events (8s~10s) 

To demonstrate the influence of GMD events on the instrumentation channel, a 

GMD event is introduced during the simulation. The GMD event starts at 8s and ends at 

time t=18s. The magnitude of the induced electric field is 5V/km, which is modeled as a 

DC voltage source between grounding at bus LEFT and RIGHT. During the beginning of 

the GMD events, the EBP with simple measurements generates a high chi-square and a 

low confidence level, which is shown in Figure 8.12. Though the drop in confidence level 

does not lead to a trip decision, this behavior decreases the reliability of EBP relay. In 

Figure 8.13 and Figure 8.14, the estimated current and voltages at bus RIGHT are 

compared with the primary value. In this case, the error in the voltage channel is the 

reason for the compromised performance. 
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Figure 8.12 Validation of Error Correction: EBP Results Comparison, Event A-2 

 

Figure 8.13 Comparison of Currents in Event A-2 
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Figure 8.14 Comparison of Voltages in Event A-2 

 

• Event A-3: Re-energization of the transformer after fault clearing (16.2s ~16.5s) 

At 16s, an external fault at bus MID is introduced, and the fault is cleared at 

16.2s. After the external fault was cleared, the EBP with simple measurements mis-

operates, which is shown in Figure 8.15. This mis-operation is similar to the one occurs at 

the beginning of the simulation. In both cases, the transformer in protection is energized 

from offline. In Figure 8.16 and Figure 8.17, the estimated current and voltages at bus 

RIGHT are compared with the primary value. The distorted voltage measurements lead to 

the mis-operation of EBP.  
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Figure 8.15 Validation of Error Correction: EBP Results Comparison, Event A-3 

 

Figure 8.16 Comparison of Currents in Event A-3 
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Figure 8.17 Comparison of Voltages in Event A-3 

This section analyzes the instrumentation channel errors during GMD events and 

the performance of the relays considering these errors. We also present an 

instrumentation channel error correction method that works seamlessly with EBP. The 

dynamic state estimation based error correction procedure utilizes the physically-based 

model of and measurement data to estimate the states in the instrumentation channel, and 

the corrected primary quantities are available. The simulation tests show that the 

measurement error introduced in the current instrumentation channel and voltage 

instrumentation channel is eliminated. The corrected measurements facilitate the reliable 

operation of EBP and avoid the mis-operation of EBP during GMD events.  

 

8.5 Comparison against Conventional Protection 
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After the performance of the error correction module is validated, the EBP 

approach for reliable protection during a GMD event is compared with conventional 

protection schemes in the numerical results provided in this section. The example test 

system is depicted in Figure 8.5. We focus on two protection zones: (a) The transformer 

between buses RIGHT and LOAD, and (b) the shunt capacitor bank connected to bus 

CAP. For this test system, the following events are considered. At time t=0s, the circuit 

breaker at bus SRC is closed, and the generator and step-up transformer are connected to 

the grid, which energizes the transmission lines and transformers. Before 0s, there is no 

current flowing in the protection zones. This event focuses on the inrush current during 

the transformer energization. At time t=5s, a GMD event is introduced to the system. The 

magnitude of the geoelectric field is 5V/km and the direction is aligned with the 

transmission line. The equivalent GMD DC voltage source locates between the 

groundings of the transmission line from bus LEFT to bus RIGHT. The distance between 

the buses is 20km, so a 100V DC offset is introduced. The GMD event retreats at 10s.  

The response of the protection schemes is computed with measurements 

processed by instrumentation channel error correction. In Figure 8.18, the 

instrumentation channel error correction result for PT channel at the transformer primary 

voltage 1ANV at bus TP is presented. The proposed error correction method is compared 

against the ratio-based method, and the accurate primary value is used as a reference. 

After the GMD starts at 5s, the errors of results from the ratio-based method increase 

substantially. Meanwhile, the proposed state estimation based method still generates 

results with high accuracy. The relay performance for transformer protection and 

capacitor bank protection are presented as follows.  
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Figure 8.18 PT Channel Error Correction Result 

 

8.5.1 Transformer Protection 

Protection zone 1 contains the 115kV/25kV WYE-WYE connected transformer 

and adjacent breakers. 6 CTs and 6 PTs are installed to collect the three-phase currents 

and voltages at the transformer terminals. In the simulation experiment, the faults listed 

in Table 8.2 are introduced to the system (in addition to the GMD described earlier) to 

compare the performance of the proposed EBP and the conventional differential 

protection. The EBP operates on the transformer model with the DSE algorithm 

described in previous sections. The differential protection is equipped with 2nd order 

harmonic restraining to prevent mis-operation during transformer energization and GMD. 

Table 8.2 Test Faults for Transformer 

Fault Time Fault Type 
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2.0~2.2s,7.0~7.2s 
Short Circuit Fault at LOAD0, 

Phase A to Neutral, 0.01Ωfr =  

3.0~3.2s, 8.0~8.2s 
Short Circuit Fault in Transformer 

Phase A 20% winding, 10Ωfr =  

4.0~4.2s, 9.0~9.2s 
Short Circuit Fault in Transformer 

Phase A 20% winding, 100Ωfr =  

In Figure 8.19, the performance of the differential protection method is presented. 

When the ratio between operating current dI  and restraining current SI  exceeds 0.2 (20% 

restraint), the relay will issue a trip decision. If the 2nd order harmonic restraining module 

is not active, the transformer will be disconnected from the grid. At t=0s, dI  increases 

due to the inrush current during transformer energization. The harmonic restraining 

module successfully blocks the trip; therefore, no mis-operation occurs. The relay also 

successfully handles the external fault at t=2s and the internal faults at t=3s and t=4s. 

However, during the GMD event, the operation of this relay is not consistent with the 

design. Due to the harmonics generated by the transformer half-cycle saturation, the 

restraining module is active throughout the GMD event. As a result, the internal faults at 

t=8s and t=9s  are not detected. These mis-operations cannot be avoided by tuning the 

parameters in the relay. If the harmonic restraining module is set with a higher threshold, 

then the relay may mistakenly disconnect the transformer when the GMD event starts. To 

avoid this, the characteristic value /d STI I  is required to increase. However, the relay will 

lose the capability to detect larger impedance internal faults in the transformer, such as 

the one at t=4s.  
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Figure 8.19 Differential Protection Performance for the Transformer  

The performance of proposed dynamic state estimation based protection is shown 

in Figure 8.20. The figure depicts the phase A primary side current measurement AI , the 

computed 
2  , confidence level in percentage, and the trip decision. The EBP method 

successfully trips the internal faults and discriminates between internal faults and external 

faults, regardless of the presence of GMD. The transformer magnetic circuit model 

described in the previous section enables the DSE module to track the saturation of the 

transformer during GMD. Therefore, the 
2  remains the same after GMD starts when 

there is no internal fault, indicating the consistency between measurements and the 

device model. 
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Figure 8.20 EBP Performance for Transformer Protection 

8.5.2 Capacitor Bank Protection  

Protection Zone 2 contains a 529 kVAr, WYE grounded capacitor bank and 

adjacent breakers. 3 CTs and 3 PTs are installed to collect three-phase currents and 

voltages at the capacitor bank terminals, and one CT is installed at neutral to measure the 

neutral current. The faults listed in Table 8.3 are introduced to the system (in addition to 

the GMD described earlier) to examine the performance of the proposed EBP and the 

neutral current differential protection. The relay should issue trip decisions during these 

internal faults.  

Table 8.3 Test Faults for Capacitor Bank 

Fault Time Fault Type 

3.0~3.2s, 

8.0~8.2s 

Short Circuit Fault in the capacitor bank 

Phase A 20% capacitor blocks, 0Ωfr =  
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4.0~4.2s, 

9.0~9.2s 

Short Circuit Fault in the capacitor bank 

Phase A 40% capacitor blocks, 0Ωfr =  

 

Figure 8.21 Neutral Current Relay Performance for Capacitor Bank 

The performance of the neutral current protection method is presented in Figure 

8.21. When the terminal voltage of the capacitor bank is balanced, the increase in the 

neutral current NI  indicates unbalanced currents in the capacitor branches. There are 

different criteria for a trip decision. The RMS value of NI , for example, is a simple 

choice. However, the GMD event will generate 3rd order harmonic currents, which appear 

as the zero-sequence component flowing into the ground through the neutral. The neutral 

current will rise despite the status of the capacitor bank, leading to a mis-operation of the 

relay, which is shown in the first trace in Figure 8.21. Therefore, the base frequency 

component in neutral is a more reliable metric to monitor the capacitor bank during 

GMD. The relay should be tuned to be only sensitive to the 60 Hz component, as the 
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second trace shows. By contrast, the performance of EBP is not affected by GMD events, 

which is shown in Figure 8.22. It is apparent that the 
2  value increases when the 

internal fault occurs and remains the same after the GMD starts. As a result, there is no 

mis-operation due to the onset of GMD, and the faults during GMD are successfully 

detected without extra tuning.  

 

Figure 8.22 EBP Performance for Capacitor Bank Protection 

 

8.6 Conclusions 

This chapter analyzes the performance of the dynamic state estimation based 

protection relay during GMD events. We also present an instrumentation channel error 

correction method that works seamlessly with EBP. The simulation tests show that the 

measurement errors introduced in the current and voltage instrumentation channels are 
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eliminated. The corrected measurements facilitate the reliable operation of EBP and 

avoid the mis-operation of EBP during GMD events. Several conventional relays are 

examined during GMD activities. Mis-operations are observed in differential protection 

for transformers and in neutral current protection for capacitor banks. Compared with 

conventional relays, EBP remains reliable without extra tuning during GMD events.   
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CHAPTER 9. CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions 

The contributions of this dissertation are as follows: 1) a time domain simulation 

method for high fidelity GIC analysis; 2) a set of time domain device models with 

accurate frequency characteristics over the frequency range of harmonics created by GIC; 

a low frequency (0.0001Hz to 1200Hz) broadband transmission line model has been 

developed and validated; two-winding/three-winding transformer models with detailed 

magnetic circuit has been developed and validated; 3) GIC transient analysis for large 

scale systems; 4) accurate harmonics analysis of power systems during GMD events; 5) 

protective relay performance analysis during GMD events, and 6) incorporation of 

instrumentation channels error correction into protective relaying systems.  

The frequency characteristics of the low-frequency broadband transmission line 

are compared with the analytical solution and good consistency is observed within the 

frequency range related to GIC.  Transformer models with different configurations are 

compared in time domain simulation.  The results show that there exists a large 

difference between these transformers during GMD events. A mitigation method to 

reduce saturation and harmonics is proposed and its effectiveness was quantified.  

The proposed time domain simulation method has been tested with a large scale 

test case and the dynamics of GIC are studied at different locations, revealing the 

transients which are not available in the conventional simplified DC analysis approach. 

The resulting dynamics of GIC are drastically different at different locations. In addition, 
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the results present short-term peaks of GIC, indicating the steady state value of GIC is not 

a complete indicator of the impact of GIC.  

The performance of protective relays during GIC events has been examined and 

the effect of instrumentation channel error is studied. A state estimation based protection 

(EBP) with instrumentation channel error correction is developed. Results show that the 

error correction module substantially increases the reliability of EBP. Several 

conventional protection schemes are also implemented for comparison purposes. The 

comparative results display the advantage of the EBP scheme during GMD. The 

performance of EBP is not affected by the harmonics and DC component generated by 

GIC, while conventional protection schemes could produce mis-operation.  

9.2 Future Work 

This dissertation focuses on the analysis of GIC in time domain, and it can be 

extended to the following related problems.  

1) The response of the system to GMD over a longer period, such as hours even 

days. Realistic GMD measurements can be applied to the system and analysis 

could follow a similar process presented in previous chapters.  

2) The response of power electronics devices to GIC, such as FACTS. On one 

hand, the power electronics devices generate high-order harmonics due to 

high frequency switching on/off, which may complicate the harmonics during 

GIC [78], [79].  On the other hand, the DC components and low order 

harmonics generate by GMD may threaten the operation of power electronic 

devices, including the valves, the control circuits and most importantly the 
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protection system. The analysis of this problem is quite complex and it will 

require a substantial research effort to investigate[80]. We believe that EBP 

relays could provide a robust solution.  

3) In the modern power grid, the existence of distributed energy resources such 

as solar panels and batteries is common. The interaction of these devices with 

GIC is of great interest and concern. An investigation of the issues associated 

with the distribution system with high penetration of DERs [81]–[86] is a 

natural extension of the work in this thesis. 
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