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Abstract—Geomagnetically induced currents (GICs) can flow
through transmission lines during geomagnetic disturbances, such
as solar flares or coronal mass ejections. These currents can
cause problems like transformer saturation and equipment
damage. The most common method of mitigating GICs involves
installing GIC neutral blocking devices (NBDs) in transformer
neutrals. However, the wide application of capacitive GIC
blocking devices may have unintended adverse effects on other
devices, such as distance protection relays. As the number of
inverter-based re- sources being connected to the transmission
and sub-transmission systems increases, the likelihood of a sub-
transmission line protected by a distance relay connected to a
transformer with NBDs is increasing. Therefore, distance relays
fed by IBRs and transmission lines with GIC-NBDs must be
studied. This paper studies the effect of GIC-NBDs on a 69kV
sub-transmission line of various lengths fed by a 25 MVA IBR
and synchronous source. This work focused on the behaviour of
the GIC-NBDs using the measured apparent phase-to-ground
and phase-to-phase impedance calculated by the relay and the
source impedance ratio (SIR) during various electrical faults.

Index Terms—Neutral blocking devices, Inverter-based re-
sources, Distance relay, source impedance ratio.

1. INTRODUCTION

Geomagnetically induced currents (GICs) are currents that
are induced in power systems during a geomagnetic distur-
bance, such as solar flares, coronal mass ejections, and other
geomagnetic events [1]. GICs have the potential to damage
transformers, transmission lines, and other critical components
of the bulk transmission system and cause a large outage [2],
[3]. An example of the effects of GICs on the power system is
the failure of the Hydro Quebec power transmission system in
March 1989, which led to widespread blackouts [3]. Several
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different mitigation methods have been developed to limit
GICs. The most common neutral blocking devices (NBDs)
are capacitor banks connected at the neutral ground point of
the transformer [3], [4].

The impact of GICs on transmission lines and transformers
has been studied in [S]-[7]. In [8]-[10], the impact of GIC-
NBDs on protection relay operations was studied. All [10], [8],
and [9] concluded that GIC-NBDs did not significantly impact
the operation of distance relays. However, these studies did not
consider the presence of Inverter-Based Resources (IBRs).

No analysis of the impact of NBDs on distance protection
in the presence of IBRs has been published. In this
analysis, the impact of NBDs on distance relays
monitoring a sub- transmission line fed by IBRs was
analyzed. The impact of IBRs that only output positive
sequence fault currents and IBRs that output positive and
negative sequence fault currents was studied by measuring the
apparent impedance calculated by a distance relay model.
Several electrical fault types were tested along power lines
with different lengths. Additionally, the single line-to-ground
source impedance ratios (SLG-SIRs) and three-phase source
impedance ratios (3PH-SIRs) were measured and compared
with the protection communication schemes suggested by
IEEE Standard C37.113-2015 [11], which classifies
transmission line lengths.

II. TEST SYSTEM

A test system consisting of two sources, three 13.8 to 69kV
delta-wye transformers, a 25+3j MVA load, and the 69kV
sub-transmission line was created in MATLAB Simulink. The
load is modeled as a balanced constant impedance load using
the “three-phase RLC load” model in MATLAB Simulink
[12]. The power lines were modeled as three-phase PI
sections. The power line parameters are shown in Table I. The
power line parameters were sourced from [13] and represent a
typical 69 kV sub- transmission line. The three-phase PI
section” available in MATLAB Simulink was used to
implement the balanced three-phase power line [12].

The three transformers are modeled using the ”Three-Phase
Transformer (Two Windings)” model in MATLAB Simulink
[12]. The neutral of the transformers can be connected to
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TABLE I

LINE PARAMETERS FOR TYPICAL 69KV LINE [13]

Positive sequence resistance, R1 0.34Q0/mile

Positive sequence reactance, X1 0.78Q/mile

Zero sequence reistance, RO 1.22Q/mile

Zero sequence reactance, X0 2.37Q/mile
Positive sequence susceptance, Bl 5.43uMho/mile
Zero sequence susceptance, BO 3.38uMho/mile

ground directly or switched to be connected through a capaci-
tor representing the GIC-NBD. A 2650 uF capacitor is used to
represent a typical 1Q GIC-NBD [10], [14], [15]. A distance
relay model and associated to the measured phase voltages
and currents is located at the sending end of the power
line near bus 2, as shown in Figure 1. The details of the
distance elements calculation for the relay are provided in
Section I1I-A.

A total of 6 cases were created to observe the impact of
GIC-NBDs in various conditions. In cases 1 and 2, the distance
relay is fed by a synchronous generator, as shown in Figure
1. In case 1, the system does not have NBDs present, and in
case 2, NBDs are connected to the neutral of the transformers
in the system. In cases 3 and 4, the distance relay is fed by
a 25 MVA IBR, which only supplies positive sequence fault
currents, as shown in Figure 2. In case 3, the system does
not have NBDs present, and in case 4, NBDs are connected
to the neutral of the transformers in the system. In cases 5
and 6, the distance relay is fed by a 25 MVA IBR, which
supplies both positive and negative sequence fault currents, as
shown in Figure 3. In case 5, the system does not have NBDs
present, and in case 6, NBDs are connected to the neutral of
the transformers in the system. The power line length was
varied for all cases from 25 miles to 100 miles. The phase A,
B and C to ground (ABCG), phase A and B to ground (ABG),
phase A to ground (AG), and phase A to B (AB) electrical
faults at bus 1 were tested for each case and power line
length.
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A. Grid Following IBR model

Fig. 4 shows the control diagram of the IBR used in this
study. The IBR operates as a current source, providing real
and reactive power based on a setpoint. The grid-following
control comprises droop, LVRT mode, and the current control
loop. The GFL droop control adjusts the real power setpoint
based on the frequency measured at the inverter terminal and
the reactive power setpoint based on the voltage measured
at the inverter terminal. This droop behavior enables voltage
regulation and automatic load sharing among multiple invert-
ers [16]. The power references are converted to dg current
references Id* and Iq*. During a fault or other disturbances,
the inverter terminal voltage drops below the LVRT threshold.
According to the IEEE 2800-2022 standard for interconnection
and interoperability of IBRs with transmission systems, an
IBR should prioritize reactive current (Q-priority) mode during
an LVRT event [17].
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Fig. 4. Control diagram of the IBR model.

Therefore, during a fault, the IBR current references are
calculated using equations (1) - (4). The IBR model can
operate in I1-only mode or supply both negative and positive
sequence fault current under LVRT conditions based on the
value of the gains Kj and K, in equations (2) and (4). For
I1-only mode, K3 = 2 and K5 = 0; for I11+I12 mode K; = 2
and K, = 2 were selected.

Idv = T2

limit Id*z (1)

gD =Ky o1 2 -V ) @
Id®~ = o (©))

[q(Z)*= V@ +K, @)

Here, 1) denotes positive sequence and @) denotes the nega-
tive sequence and * denotes reference value for the controllers.
The positive and negative sequence references are converted

to abc, combined, and fed to the current limiter to limit the



reference current, Ij;n;, which is taken as 1.2 pu of the
inverter rating. The current-limited reference currents are used
by the current control loop, which uses a proportional-resonant
(PR) controller to produce the modulation waveform required
for the control system.

III. TEST METHODOLOGY

To measure the impact of the GIC-NBDs in the presence of
IBRs, the apparent impedance observed by the distance relay
and the source impedance ratio (SIR) for each of the six cases
outlined in Section II were measured and compared.

A. Distance Relay calculation

Distance relays are one of the protection devices used to
protect transmission and sub-transmission lines. A distance
relay works by calculating the apparent fault impedance using
the measured voltage and current of the line and comparing
the measured impedance to a set the permitted thresholds. A
mho distance relay typically consists of six elements: three
phase-to-ground elements (Ag, Bg, Cg) and three phase-to-
phase elements (AB, BC, CA) [18]. The phase elements
calculate the apparent impedance using Equation 5, and the
ground elements calculate the apparent impedance using
Equation 6 [19]. The phase elements calculate the apparent
impedance using equations 5 and the ground elements
calculate the apparent impedance using equation 6 [19].

Va-Vb
Zp = ———— ®)
Ia-1b
Va
Zag = ©)
Ia + (ko #3I0)
ko = M %)
3 *ZlLine
3lo=Ia+1Ib+1Ic ®

Where V a is the measured voltage in V, Ia is the measured
current in A,

ko is the zero sequence compensation factor, Z1y;, is the

positive sequence line impedance in Q, ZOyi, is the zero

sequence line impedance in Q and 310 is the residual current in

A. In this paper, all electrical faults
simulated involve the phase A, and therefore only elements
involving phase A were simulated for this experimental model.
For the AG, ABG, and ABCG electrical faults, the ground
distance element for phase A (Z,,) was used for the AG, ABG
and ABCG electrical faults, and the phase A to B distance
element (Z,5) was used for the AB electrical fault. The phase A
to B and phase A to ground distance elements were simulated
in MATLAB/ Simulink as shown in Figure 5 and Figure 6,
respectively.

B. Source impedance ratios

The Source Impedance Ratio (SIR) is the ratio of the source
impedance (the equivalent impedance of the system behind the
relay point) to the impedance of the protected transmission
line. The SIR influences several aspects of the distance relay
operation, including the zone reach settings and coordination
with backup relays. It also helps guide decisions between
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Fig. 5. Matlab model of AB distance element.
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Fig. 6. Matlab model of AG distance element.

relays [20]. According to [11], a power line is considered long
if its SIR is greater than 0.5, medium if its SIR is between 0.5
and 4,

and short if its SIR is less than 4. In this study, the single line-
to-ground SIR (SIRggr) and the three-phase SIR (SIR3p )
were calculated for each electrical fault test to observe
how the power line

length and source type could affect the SIR. The SIRgss was

calculated using Equation (9), and SIRs3p g was calculated
using Equation (10).

SIRsic = Vion=V'd
L |Z1,. | +a+ [ko| x(Ia+Ib+Ic) ©)
Viem =V a
SIR 3ppy = 0 (10
/ ZlLine/ *Ia
where ....... (define variables and units for Equations (9) and
(10).

(Please complete this sentence) ....distance, directional, or
differential protection schemes. The SIR is well established
in the industry as the preferred method for classifying the
electrical length of a power line for the purpose of setting the
protective relays.



where V,,,, is the nominal phase-to-ground voltage in V, Va
is the measured phase-to-ground voltage in V, [Z1p./ is the
magnitude of the positive sequence line impedance in Q, [ko/
is the magnitude of the zero-sequence
compensation factor and Ia is the

measured phase A current in A.

IV. RESULTS

In this work, four the electrical fault types were simulated:
ABCG, ABG, AG, and AB electrical faults. Each type of
electrical fault was repeated for the six cases outlined in
Section II. For each case, the distance relay Zone 1 and Zone
2 were set to 80% and 120% of the power line impedance,
respectively. All electrical faults in this work were simulated
at 100% of the power line length, so only Zone 2 was
simulated. Figure 7 shows the measured apparent impedance
for the ABCG electrical fault at 100% of the power line for
all 6 cases. For both cases where the distance relay is fed by
a synchronous generator, the apparent impedance was
measured just beyond 100% of the power line. The cases
with IBRs



(both I1-only and IBR with 11 and I2 output) resulted in a
slightly higher measured apparent impedance.
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Fig. 7. Apparent impedance for ABCG fault at 100 mile power line.

Figure 8 shows the measured apparent impedances for the
ABG electrical fault at 100% of the power line for all 6 cases.
For all cases, the apparent impedance was measured just
beyond 100% of the power line. The measured impedance of
Case 1 (relay fed by synchronous generator without the GIC-
NBD) had the lowest error in the measured apparent
impedance compared to the other cases. Case 4 (relay fed by
the positive sequence only IBR) led to the largest error in
apparent impedance compared to the expected value of (what
number?). However, all cases show that the CIG-NBD does
not adversely affect the operation of the distance relay.
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Fig. 8. Apparent impedance for ABG fault at 100 mile power line.

Figure 9 shows the measured apparent impedance for the
AG electrical fault at 100% of the powerline for all 6
cases. For all cases, the apparent impedance was measured
just beyond 100% of the power line. For all cases, the
apparent impedance is nearly identical, once again
demonstrating that the GIC-NBDs don’t pose a significant
challenge to the distance relays for single-line- to-ground
electrical faults.

Figure 10 shows the measured apparent impedance for the
AB electrical fault at 100% of the power line for all
6 cases. For all cases, the apparent impedance was measured
just beyond 100% of the power line. For all 6 cases with a
100-mile power line length, the measured apparent impedance
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Fig. 9. Apparent impedance for AG fault at 100 mile power line.
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Fig. 10. Apparent impedance for AG fault at 100 mile power line.

did not impact adversely in the calculation of the apparent
impedance of the distance relay.

Figures 11, 12, 13, and 14 show the measured apparent
impedance for the ABCG, ABG, AG, and AB electrical faults
at the end of the 50-mile power line. For all cases with a 50-
mile power line, the GIC-NBD does not significantly impact
the measured apparent impedance. The small impact that was
observed for the 100-mile power line is diminished when
looking at the 50-mile power line.

Figures 15, 16, 17, and 18 show the measured apparent
impedance for the ABCG, ABG, AG, and AB electrical
faults at the end of the
did not change significantly, GIC-

showing that the



25-mile power line. For all cases with a 25-mile power line,
the GIC-NBD does not significantly impact the measured
apparent impedance. Looking at the measured apparent
impedance for the 100, 50, and 25-mile power lines, it can
be seen that as the power line length decreases, the impact of
the GIC-NBDs decreases, and the variance in the apparent
impedance decreases.

Along with the apparent impedance, the source impedance
ratio was also measured for each case and the power line
lengths. Table II shows the SIR for each fault type and
power line length tested. The SIR shows that the power
line is considered short for all cases, and there is no
significant impact on the SIR due to the GIC- NBD.
However, the value of the SIR increases significantly more
when the power line length is decreased in the presence of
the IBRs for all electrical fault types.



TABLE II
SIR FOR ELECTRICALFAULTS AND POWER LINE LENGTHS

Electrical | Power linelength SIRs with GIC-NBDs (Q) SIRs without GIC-NBDs
fault types| (miles) Q)
Use case scenarios Use case scenarios
SG I1 IBR | I1 +I2 IBR | SG I1 IBR | I1 +I2 IBR

ABC 100 4.46 5.01 5.01 4.63 5.00 5.01

50 6.57 11.86 11.86 6.93 11.86 11.86

25 10.88 | 24.48 24.48 11.61 | 19.28 24.48
ABG 100 4.48 5.44 13.23 4.70 5.70 14.62

50 6.42 11.86 13.10 7.62 12.04 17.44

25 10.14 | 18.93 21.10 12.72 | 19.28 29.53
AG 100 4.62 5.30 5.17 542 5.30 541

50 6.68 11.03 12.21 8.07 10.89 13.68

25 10.65 | 21.56 23.12 1351 | 21.06 28.06
AB 100 4.54 5.99 13.18 4.70 6.00 13.13

50 6.59 11.22 24.79 6.92 11.22 24.77

25 10.69 | 21.76 23.12 11.36 | 21.76 28.06

SG:...... ,ITIBR:.......... I1+I2 IBR..............

V. CONCLUSION

In this paper the impact of GIC-NBDs on distance relay
performance in sub-transmission networks in the presence of
IBRs was studied. The results demonstrated that while GIC-
NBDs introduce minor changes in the apparent impedance
measurements, they do not significantly impair distance relay
operation across a range of the power line lengths and
electrical fault types. Both Il-only and I1+[2 IBR
configurations showed small deviations in the measured
impedance compared to synchronous sources, but these
deviations remained within acceptable boundaries for the
protective relay operation. Further- more, the impact of GIC-
NBDs on source impedance ratio (SIR) was negligible, with
all power lines classified as “short” according to IEEE
C37.113-2015 standard, regardless of the presence of GIC-
NBDs. The influence of GIC-NBDs diminishes as the
protected power line length decreases. These findings support
the continued deployment of GIC-NBDs as a mitigation
strategy without compromising the distance protection
reliability, even in power systems with high IBR penetration.

REFERENCES

[1] D. M. Oliveira and C. M. Ngwira, “Geomagnetically Induced Currents:
Principles,” Brazilian Journal of Physics, vol. 47, no. 5, pp. 552-560,
Oct. 2017.

Electric Power Research Institute, “Mitigation of geomagnetically
induced currents in transformers,” Electric Power Research Institute
(EPRI), Palo Alto, CA, Tech. Rep., 2006. [Online]. Available:
https://www.epri.com/research/products/1012352

Z.M. K. Abda, N. F. A. Aziz, M. Z. A. A. Kadir, and Z. A. Rhazali, “A
review of geomagnetically induced current effects on electrical power
system: Principles and theory,” [EEE Access, vol. 8, pp. 200 237—
200 258, 2020.

Z. M. Khurshid, N. F. Ab Aziz, Z. A. Rhazali, and M. Z. A. Ab Kadir,
“Effect of gic neutral blocking devices (nbds) on power network
ferroresonance in malaysia,” IEEE Access, vol. 10, pp. 77225-77 238,
2022.

J. Kappenman, “Low-frequency protection concepts for the electric
power grid: Geomagnetically induced current (gic) and e3 hemp mit-
igation,” Meta, pp. 20 101-94, 2010.

H. Zhu and T. J. Overbye, “Blocking device placement for mitigating
the effects of geomagnetically induced currents,” /EEE Transactions on
Power Systems, vol. 30, no. 4, pp. 2081-2089, 2014.

(2]

[71 S. K. Vijapurapu, “Contingency analysis of power systems in presence
of geomagnetically induced currents,” Master’s thesis, University of
Kentucky, 2013.

H. A. Saeed, “Effects of gic neutral blocking devices (nbds) on trans-
mission lines protection performance and potential for resonance,” 2015.
F. Faxvog, W. Jensen, G. Fuchs, G. Nordling, D. Jackson, B. Groh,
N. Ruehl, A. Vitols, T. Volkmann, M. Rooney et al., “Power grid
protection against geomagnetic disturbances (gmd),” in 2013 [EEE
Electrical Power & Energy Conference. 1EEE, 2013, pp. 1-13.

E. Piesciorovsky and A. Tarditi, “Modeling the impact of gic neutral
blocking devices on distance protection relay operations for transmission
lines,” Electric Power Systems Research, vol. 180, pp. 1-11, 03 2020.
IEEE Standard C37.113-2015: IEEE Guide for Protective Relay Ap-
plications to Transmission Lines, IEEE Std. C37.113-2015, June 2016,
published June 2016.

[12] T. M. Inc., “Specialized power systems,” Natick,
Massachusetts,  United  States, 2024. [Online].  Available:
https://www.mathworks.com/help/sps/specialized-power-systems.html

R. Caola, D. Durbak, and J. Laforest, “Typical line characteristics,” Jun
2011.

L. Bolduc, M. Granger, G. Pare, J. Saintonge, and L. Brophy, “Devel-
opment of a dc current-blocking device for transformer neutrals,” IEEE
Transactions on Power Delivery, vol. 20, no. 1, pp. 163—-168, 2005.

N. P. Athula Rajapakse, “Grid impact of neutral blocking for gic
protection: Impact of neutral blocking capacitor on fault currents and the
operation of distance and directional protection elements,” EMPRIMUS
- Critical Infrastructure Protection, Tech. Rep., 2013.

Y. Lin, J. H. Eto, B. B. Johnson, J. D. Flicker, R. H. Lasseter, H. N.
Villegas Pico, G.-S. Seo, B. J. Pierre, and A. Ellis, “Research roadmap
on grid-forming inverters,” National Renewable Energy Lab.(NREL),
Golden, CO (United States), Tech. Rep., 2020.

“IEEE standard for interconnection and interoperability of inverter-based
resources (IBRs) interconnecting with associated transmission electric
power systems,” IEEE Std 2800-2022, pp. 1-180, 2022.

J. Blackburn and T. Domin, Protective Relaying: Principles and Appli-
cations, Fourth Edition, ser. Power Engineering (Willis) Series. Taylor
& Francis, 2014.

F. Calero and H. J. Altuve, “Identifying the proper impedance plane
and fault trajectories in distance protection analysis,” 2015. [Online].
Auvailable: https://api.semanticscholar.org/CorpusID:140113455

M. J. Thompson and A. Somani, “A tutorial on calculating
source impedance ratios for determining line length,” in Proceedings
of the 68th Annual Conference for Protective Relay Engineers.
IEEE, March 2015, accessed: 2025-04-10. [Online]. Available:
https:/selinc.com/api/download/106181?id=106181

[10]

(1]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]


http://www.epri.com/research/products/1012352
http://www.mathworks.com/help/sps/specialized-power-systems.html

Line Zone1 Zone2
* FS3yo neD M-BRyo nep  + M1*12-1BRy, nap line Zone Zone2
O Fsopinnep 1 MBRyi nep % 11+12:1BRy ngp % FsOy, e M-BRy, vy 1#12-BRy e
60 » O FOyinnep [ MBRyyngp o 11412-1BRy g
50 30 205
" one 2 © 2
= = one 2
£y £ S 2 20
A one 1 S 3 =B
X X £ 15 <
20 e one 1 S 195
10 x
10 38
5 19
0
20 0 20 40 15 16 17 18 0
R (ohm) R (ohm) -10 0 10 20 75 8 85
Fig. 11. Apparent impedance for ABCG fault at 50 mile power R (ohm) R (ohm)
line,
—Lil Z 1 Zone2 . . . .
Flne | 10:;{ | 1?:: IBR Fig. 15. Apparent impedance for ABCG fault at 50 mile power line.
* Fs9y, neD 1BRyo N T -BRyo NBD Line Zoned Zone2
O Fsopimnep [ 1BRygnep % 11H12-BRy, nep % FSOy e M-BRy v+ 11#12-BR e
O FsOyinnep O "BRyyngp  tr 11#12-1BRy, ngp
60
30 205
50 1 2
one 2
40 one2 5
z g0 o =7 -
§ ® one 1 ié/ 0 % 15 E
< < 39 2 one 1 L1195
20 X 40 x
10 38 5 19
0 0
20 0 20 40 15 16 17 18 -10 0 10 20 75 8 85
R (ohm) R (ohm) R (ohm) R (ohm)
Fig. 12. Apparent impedance for ABG fault at 50 mile power line. Fig. 16. Apparent impedance for ABG fault at 50 mile power line.
Line Zone1 Zone2 —Line Zone1 Zone2
* Fs9y, nep M-BRyongp 1 M+12:1BRy, ngp * FSAy, nep 1-BRyonep  + 1M+I2:1BRyq gp
O Fsopmnep 0 "MBRyynngp % MHI2IBRy wgp O FsOyimneo 0 "BRyngy  Fr 11H121BRyy, \gp
60 0 205
4
50 25
one 2 2 one2 5
40 40 = =
£ T % 15 y %
< < ~ ~
5% one 1 I '5@ = one <108
x 2 x
5 19
10 38
0
0 -10 0 10 20 75 8 85
20 0 20 40 15 16 17 18 R (ohm) R (ohm)
R (ohm) R (ohm) Fig. 17. Apparent impedance for AG fault at 50 mile power line.
Fig. 13. Apparent impedance for AG fault at 50 mile power line. Line Zone Zone2
T I;me ﬁor;; IZ10rI‘;2IBR * FS9yo nep M-BRyongp  + 11#121BRy, gp
- +|2-]
* FSGyo neD WwoneD T Wo NBD O FsOumnes O BRyuwen e 1H124BRy e
O Fsowimnen D BRyinnep ¥ 11¥12-BRyu nep
30 205
60 » 25
one 2
50 20 20
one 2 = =
40 40 E 15 E
T z G one 1 L 195
= = X x
5% one 1 S Q 10
x 20 > 5 19
10 38 0
-10 0 10 20 75 8 85
0 R (ohm) R (ohm)
20 0 20 40 15 16 17 . . . .
R (ohm) R (ohm) Fig. 18. Apparent impedance for AB fault at 50 mile power line.

Fig. 14. Apparent impedance for AB fault at 50 mile power line.




