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Abstract—This paper focuses on estimating the substation
grounding resistance to improve the modeling of geomagnetically
induced currents (GICs). Grounding resistances are not included
in the standard power flow models, and their approximate values
are often used for performing GIC studies. This paper provides
an algorithm to estimate the resistances from the GIC measure-
ments. This algorithm calculates the linear sensitivity factors of
the GICs around the local grounding resistive components and
uses linear regression to solve for the resistances. The effectiveness
of the proposed algorithm is demonstrated using both a small test
case as well as a 62 500-bus model of the North American Eastern
Interconnection.

Index Terms—Geomagnetic disturbance (GMD), geomagnet-
ically induced currents (GICs), model validation, substation
grounding resistance.

I. INTRODUCTION

OLAR coronal holes and coronal mass ejections can disturb
S the Earth’s geomagnetic field. These geomagnetic distur-
bances (GMD) in turn induce electric fields which drive low
frequency currents in the transmission lines. These geomag-
netically induced currents (GICs) can cause increased harmonic
currents and reactive power losses by causing transformers half-
cycle saturation. This may cause voltage instability by a com-
bination of two means. First, the increased transformer reactive
power losses may lead directly to voltage instability. Second,
the harmonic currents might cause relay misoperation and un-
intended disconnection of the reactive power providers such as
static VAR compensators (SVCs) [1], [2].

It has been shown that the transformer GIC is linearly related
to the electric field (E-field), where the linear coefficients de-
pend on the given power system parameters. A variety of GIC
power flow software and a benchmark test case have also been
developed [3]-[7].
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A key factor in the GIC modeling is to calculate the linear
coefficients. Because of the dc nature of GIC flows, these coeffi-
cients depends on the network topology and resistances, where
the accuracy of the latter depends on the available network in-
formation. Most of the parameters required for calculating the
linear coefficients are part of the standard power flow models
and are usually available. The only piece of information which
may not be available, but strongly affects the modeling accuracy
is the substation grounding resistance. Substation grounding re-
sistance is the effective grounding resistance of the substation
neutral which includes the grounding grid and the emanating
ground paths due to shield wires grounding. This parameter
depends on the local soil humidity and the ground conditions.
Hence, it is very challenging to obtain an accurate value for this
parameter in practice.

The effect of inacurate substation grounding resistance on
GIC calculations has been studied previously in literature. Ref-
erence [8] provides a mathematical technique for calculating the
effect of grounding resistance on the GICs and [9] demonstrates
the impacts through numerical results on the Finish 400 kV grid.
In reference [11], a sensitivity analysis has been performed on
the 62,500 bus Eastern Interconnection system which demon-
strates the significance of grounding resistance for calculating
the GIC flows. These previous papers emphasize the need to
have accurate grounding resistances for GIC analysis.

A variety of techniques are available in the literature to mea-
sure the substation grounding resistance [12], [13]. Four-point
method and fall-of-potential method are common procedures
for measuring the earth resistivity [14]. The grounding resis-
tance can be calculated from the resistivity through a uniform
soil model where the resistivity is assumed to be the same at all
depths [15]. Alternatively, a two-layered model may be used,
especially at locations near lakes, rivers or mountains where the
soil resistivity is not uniform in horizontal direction [16].

This paper proposes to estimate the substation grounding
resistance using GIC measurements. In this technique, the GICs
at the substations being tested are collected and the sensitivity
of the GICs to the grounding resistances are calculated. Then,
the problem is formulated in the form of linear regression model
with unknown grounding resistances. By observing the GICs,
the calculated sensitivity factors would become the constant
coefficients of the linear model. This technique requires only
the GIC measurements at the substations being tested and the
information on the network topology and other system resistance
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parameters. This information is part of the power flow model
and is usually available with good accuracy. The effectiveness
of the proposed technique is demonstrated using both a small
20 bus test case as well as a 62,500 bus model of the Eastern
Interconnection (EI).

The paper is organized as follow: The GIC model is
introduced in Section II. The algorithm for estimating the sub-
station grounding resistance through GIC measurements is pre-
sented in Section III. In Section IV, the dependency of the
proposed technique to the E-field is identified and proper adjust-
ments are considered to eliminate such dependencies. Section V
demonstrates the proposed technique using a 20-bus test case,
while the application on a large 62500-bus system is given in
Section VI. Section VII presents a conclusion and directions for
future work.

II. GIC MODELING

To calculate the voltage potential induced on the transmission
line, the E-field is integrated over the length of the line. Assum-
ing a uniform E-field, the DC voltage on the line between bus n
and m is expressed in:

Vim = eV LY+ FLE (1)

nm

where L and LZ  denote the northward and eastward line dis-
tances; and eV and e” are the northward and eastward E-fields,
respectively. The induced voltages are converted to the dc cur-
rent injections through Norton Equivalent, and the total current
injections are derived from Kirchhoffs current law (KCL) [3].
The vector of current injections is obtained by putting all the
current injections together as given by IV°" = CE where C
depends on the length, orientation and resistance of the lines.

KCL is used to write the nodal network equations and obtain
the bus voltages from the current injections as given by

V = Gfl_Z'N'or‘ (2)

where matrix G is similar to the bus admittance matrix except
that it only captures the conductance values and is modified
to include substation groundings. By Ohm’s law, the GICs are
related to the bus voltages:

I=GV = (GG HI"" = (GG 'C)E=HE (3)

where I is the vector of transformers neutral currents, F' is
the E-field vector, G° is a diagonal matrix with the grounding
resistances on its diagonal and H is the coefficient matrix de-
fined as H := G°G~'C. This model indicates that the GICs
are linearly dependent on the E-field though the coefficient ma-
trix H. Matrix H only depends on the network topology and
resistances. Most of this information is part of the standard
power flow model and is known with reasonable accuracy. The
line resistances depend on the temperature which could intro-
duce uncertainty. However, the amount of their variation with
temperature is known (0.4% per degree Celsius) and therefore,
the uncertainty can be excluded by incorporating approximate
temperature profiles in the model [10]. Substation grounding re-
sistance is the only piece of information which is often unknown
and is approximated with a large degree of uncertainty.

At each instant in time, the E-field has two components: the
eastward field e” and the northward field eV. Hence, the GIC
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model can be rewritten as:
E N P
I=[H"|H ]XLN} @)

where H¥ and H” are the eastward and northward coefficients.

The GIC model represents the whole electrical network and
the GIC vector [ includes the neutral currents of all the trans-
formers. For a large system, the whole network is not of interest,
and it is desired to reduce the model to cover only specific trans-
formers. This can be done by selecting only the corresponding
entries in the I matrix and truncating the coefficient matrix
accordingly.

A. Matrix Form of the GIC Model

During the GMD, the E-field is dynamic over the discrete
time horizon 7 := {t',#2,...,tT}, which can be concatenated
into the 2 x T matrix:

1 2 T
Bt Bt ebit pF
E= Nt N,t? NaT | T N &)
eVt eVt eVt E
where e and e™V:!" are respectively, the eastward and north-

ward E-fields at the nth time instant; and EX and EV are the
E-field time series in east and north direction, respectively. Sim-
ilarly, for the dynamic GIC flow [ to form the matrix:

t! t? T

b R -7
1 2 T
Y = (6)
t! t? tT
2y Zx .. Zp

where 2! is the GIC reading of the kth sensor at the nth time
instant and K is the total number of sensors. The GIC sensors are
installed at the transformers neutral and measure the DC current
passing through its neutral. The matrix form of the linear GIC
model is given by

Y=HE+N (7)
where N is the measurement noise.

III. GROUNDING RESISTANCE ESTIMATION

The grounding resistance error is described as the vector of
the differences between the actual grounding resistances and the
assumed ones as given by

OR=R—-Ry )

where R is the vector containing the actual grounding resis-
tance of all the substations and Ry is the vector of the assumed
grounding resistances.

The sensitivity of the GIC to the grounding resistance is de-
fined as the percent variation of the current in terms of the
percent variation of the grounding resistance as given by [11]:

_ 0(Wlgre)  (Olgrc.i/larc.i)

T TowR) | ORR) O

In this paper, the actual variation is used instead of the
percent variation to simplify the problem formulation: s;; =
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Algorithm 1: Grounding Resistance Estimation with
E-field.
t

1: procedure GROUNDING RESISTANCE ESTIMATION
WITH E-FIELD (Y, X, Ry)
Initialize the estimated resistances R to Ry
Define the convergence tolerance, £
Initialize OR to the all-ones vector
while | OR | > ¢ do
Calculate the sensitivities S and S¥
Calculate Y, = HE
Calculate A = (E¥ @ S¥ + BN @ SV)T
Solve for OR through
OR = (ATA) 'ATvec(Y —Y})
10: Update the resistances by R=R+0R
11:  end while
12:  return R
13: end procedure

R AR A

O0lgrc,i/OR;. For a set of K substations, one can build the
K x K sensitivity matrix S = {s;;} where s;; is the sensitivity
of the GIC at substation ¢ to the grounding resistance of sub-
station j. The sensitivity depends on the E-field direction and
the sensitivity matrix is defined for a particular direction. Let
SV and S¥ denote the sensitivity matrices for northward and
eastward E-fields. The grounding resistance error modifies the
coefficient matrix by

{HN<—HN+SN8R

HY — HF 4+ SEQR (10)

Substituting the updated coefficient matrix in the GIC model
gives rise to

Defining the matrix Y, := HE, equation (11) can be rewritten
as:

(EF @8* + EYN @ S")YTOR =vec(Y -Y;,) (12

where ® is the Kronecker product and vec() is the vectorization
function. Defining the matrix A := (EX ® S + EY @ SV)T
generates an overdetermined system with R as the unknown:

AOR = vec(Y —Yy) (13)

Least squares estimation can be used to estimate OR as given
by

IR . = argrg}i%n llvec(Y —Y,) — AOR|2

= (ATA) 'ATvec(Y - Y,). (14)

The coefficients modification presented in (10) is valid only
for small values of OR as the sensitivities are linear approxima-
tions. However, O R may be large when the grounding resistance
data is inaccurate or unavailable. To tackle this, the process can
be performed iteratively until OR converges to zero. The resis-
tances obtained at each iteration are used as the initial values for

Algorithm 2: Sensitivity Calculation.
1: procedure SENSITIVITY CALCULATION (R)
Initialize the grounding resistances to R
Enforce an eastward E-field to get 170,
Enforce a northward E-field to get 77V,
forn =1ton < Kdo
Increase the resistance of substation n by 10%.
Enforce an eastward E-field to get I”.
Enforce a northward E-field to get 1.
Calculate the n'* column of the northward
sensitivity matrix by SE = 10(I¥ — 1£9) /150
10: Calculate the n'" column of the northward
sensitivity matrix by S = 10(1 — [V0) /N0
11: Set the resistance of substation n back to default.
12:  end for
13:  return SV and S¥
14: end procedure

R e A A

the consecutive iteration. The steps of this iterative algorithm
are described in Algorithm 1.

The inputs of the algorithm are the GIC measurements Y,
the E-field E and the available grounding resistances Ry. If
no resistance data is available, Ry is represented by a vector
of random values within the range of 0.05 and 0.3 (reasonable
range for the grounding resistance). The output of the algorithm
is R which is the vector of estimated grounding resistances.

In theory, the estimated resistance obtained from the proposed
technique is the same as the one measured by the conventional
methods. The proposed algorithm serves as an alternative so-
Iution when measuring the resistances is not feasible for prac-
tical reasons. There are several challenges associated with the
measurement-based approaches. First, external objects such as
water pipelines and adjacent railroad tracks distort the earth
potential contours. Second, sources of dc current such as dc
railroad tracks, pipelines cathodic protection systems and dc
transmission lines produce stray currents which interfere with
the grounding resistance measurements. Third, the resistance of
the electrodes used for the measurements can introduce error if
the substation being tested has low resistivity. Last, the ground-
ing resistance mostly depends on the humidity, salt level or
temperature and therefore is time-variant and may change sig-
nificantly with seasons. The conventional grounding resistance
measurements are usually performed every five to ten years and
even the most recent one might not capture the current state of
the soil regarding its humidity, salt level or temperature. In con-
trast, the estimate from the GIC measurements is in semi-real
time. Motivated by the negative impacts of GMDs, electric util-
ities are investing in the GIC monitoring enhancement. More
GIC sensors are being installed in the grid which widens the
applications of the proposed technique.

A. Sensitivity Calculation

The algorithm presented earlier requires calculation of the
sensitivity matrices at each iteration. There are analytical tech-
niques to derive the sensitivities as functions of the network
parameters [11]. Alternatively, one can follow the sensitiv-
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ity definition to calculate the sensitivities as described in
Algorithm 2. The algorithm takes the grounding resistances as
input. This allows calculating the sensitivities in each iteration
after the grounding resistances are updated.

IV. DEPENDENCY ON THE ELECTRIC FIELD

The problem with the proposed technique is that it depends
on the E-field whereas only the GIC data is assumed to be
available, not the E-field. To address this issue, first, the E-
field is estimated through the GICs and then is used in the
algorithm. Since the grounding resistances are not available in
the beginning and are going to be estimated later, a meaningful
E-field estimation should be robust to the grounding resistance
error. The Appendix demonstrates that the ordinary LS method
can successfully estimate the E-field up to scaling even when
the grounding resistances are inaccurate:

BLS = argmin |[Y — HE|; = HTH)HTY. (15
This estimation scales with the actual E-field, but the ratio is
unknown. This uncertainty is included in the model through:

E = oF = a vec(Y}) + AOR = vec(Y) (16)

where « is the unknown ratio between the estimated E-field and
the actual one. Y}, is similar to Y}, expect that the esEimated I:Z—
field is used in its definition instead of the actual one: Y;, = HE.
The system is augmented to include « as an additional unknown:

[A | vee(Y)] x {iTR} = vec(Y). (17)
Defining x, := [0R | o] as the augmented state and A, :=

[A | vec(Y})] as the augmented design matrix, least squares
can be used to solve for OR and « as given by

55 = argmin [|jvec(Y) — AgX, |2
Xa

= (ATA) AT vec(Y). (18)

Least squares provides the solution with the minimum Euclidean
norm. However, it is better to minimize the Euclidean norm of
OR, but allow « to take any value. To find the solution with
this particular property, regularized least squares may be used
as described in the following.

A. Regularized Least Squares

Ordinary least squares is the standard approach to solve the
overdetermined system of equation

Mx =10 (19)

where the sum of the squared residuals ||Mx — b||2 is mini-
mized. Regularized least squares give preference to a particular
solution with desirable properties by adding the regularization

term as expressed by
Z := argmin | Mx — b||2 + u||Fx||2 (20)

where F is suitably chosen to capture the desired regularization
and p is the penalty weight [17]. This forms a multi-objective
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Fig. 1.  Single-line diagram of the 20-bus test case in [7].

optimization problem and its closed-form solution is given by
&= MM+ puFTF)'MTp. (21)

For the augmented system in (17), it is desired to enforce OR to
zero, but leave o unconstrained. This can be done by selecting
F as a diagonal matrix with 1 on all its diagonal entries but the
last one as given by

F = diag([1(, x).0)) (22)

where K is the number of substations. The algorithm for esti-
mating the grounding resistance when the E-field is not available
is summarized in the following:

Algorithm 3: Grounding Resistance Estimation without
E-field.
1: procedure GROUNDING RESISTANCE ESTIMATION
WITHOUT E-FIELD (Y, Ry)
Initialize the grounding resistances Rto Ry
Estimate the E-field by E = (H"H)'HTY
Define the convergence tolerance, €
Initialize OR to the all-ones vector
while | OR |> ¢ do
Calculate the sensitivities S and S¥
Calculate Yb = HE
Calculate
A, = [(EF @ ST + EN @ SM)T | vec(Y)))]
10: Solve for OR by
[OR | a]f = (ATA,) ' Al vec(Y)
11: Update the resistances by R=R+0R
12: end While
13: return R
14: end procedure

Codansw®

V. NUMERICAL RESULTS USING A SMALL TEST CASE

The effectiveness of the proposed method is validated though
simulation. The 20-bus system in [7] is investigated with the
one-line diagram shown in Fig. 1. The substation grounding
resistances are presented in Table I. These values are not avail-
able to the algorithm and need to be estimated. Instead, the as-
sumed resistances listed in the table are provided. The assumed
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TABLE I
GROUNDING RESISTANCES OF THE 20-BUS TEST CASE

Name  Actual Resistance ~ Assumed Resistance  Error (%)
SUBI1 0.20 0.31 53.53
SUB2 0.20 0.14 31.21
SUB3 0.20 0.26 27.72
SUB4 1.00 0.90 9.56
SUBS 0.10 0.03 70.00
SUB6 0.10 0.17 72.83
SUB7 0.10 0.16 61.87
—%—SNR= 5
—0— " SNR=10 |
— » — SNR=20
o SNR=40 ||
— —+—— SNR=100
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Fig. 2. The estimation error for the test case when the E-field is known.

grounding resistances have an average of 136% absolute error
with the error defined as

r, _ B0 — R|>
IR]l2

Synthetic GIC data is created by enforcing an E-field to the
system and obtaining the induced GICs through solving the
GIC flow in PowerWorld Simulator. For the purpose of this pa-
per, the E-field measured during an actual geomagnetic storm
is used to maximize the alikeness with real GIC measurements
[18]. The E-field collected at Fredericksburg observatory during
the March 9th, 2012 storm is investigated. Fredericksburg obser-
vatory is located in the US at a latitude/longitude of 38.205°N,
77.373°W. To simulate the system perturbation and measure-
ment noise, white Gaussian noise with different signal-noise-
ratios (SNR) is added to the ideal GICs and the synthetic mea-
surements are obtained.

First, the substation grounding resistances are estimated as-
suming the E-field is known using Algorithm 1. Fig. 2 illustrates
the estimation error when the GIC measurements are subject to
different levels of Gaussian noise. It is observed that the algo-
rithm converges after two iterations for all the noise levels. The
final estimation error which is obtained after convergence de-
pends on the noise level, i.e. higher noise level results in higher
estimation error. For example, the estimation error is 33.9%
when the SNR is 5 dB and zero when SNR is 100 dB (almost
noise-free).

Sometimes, the E-field is not provided to the algorithm and
only the GICs are available. In this case, the algorithm first
estimates the E-field based on the GICs and then uses this esti-
mation to find the resistances as presented in Algorithm 3. This

Error (23)
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Fig. 3. The estimation error for the test case when the E-field is unknown.

technique is implemented for different measurements noise lev-
els as illustrated in Fig. 3. The y-axis in the figure has a logarith-
mic scale. It is observed that the algorithm diverges when the
SNR is 20 dB or lower (higher noise level). For the SNR equal
to 30 dB, the algorithm converges, but the estimation accuracy
is not much improved from the initial guess; 136.9% error in the
initial guess is reduced only to 79.2% which is still too high. The
estimation error drops significantly for lower noise levels with
the estimation error equal to 8.7%, 0.5% and zero for SNRs
equal to 40 dB, 50 dB and 100 dB, respectively. Comparing
these results with the ones from Fig. 2, one can conclude that
the algorithm is more robust to measurements noise when the
E-field is available. Moreover, the algorithm has a faster conver-
gence rate when the E-field is available as it converges in only
two iterations with the E-field as opposed to in three to four
iterations without the E-field.

In practice, the GICs at all the substations are not available
and only few substations have GIC sensors installed at their
transformer neutrals. Hence, it is desired to evaluate the algo-
rithm when the GIC data is sparse. To model this, only the GICs
at substation 1, 2, and 3 are provided to the algorithm and the
rest are unknown. In this case, the algorithm reduces the GIC
model to include only the substations with available data and
ignores the rest of the network. Using the reduced model, the
algorithm performs similar to the normal case, but finds only
the resistance of the substations included in the model. First,
the substations are estimated assuming the E-field is known as
illustrated in Fig. 4. For all noise levels, the error decreases af-
ter each iteration until it converges to around 10% at the third
iteration. The interesting observation is that the algorithm is
extremely robust to the measurement noise under this scenario
and the curves for different noise levels are almost aligned. The
other observation is that unlike the previous cases, the estima-
tion error does not converge to zero when the measurements
are noise-free. This is because some of the substations have in-
accurate grounding resistances and yet no GIC sensors which
makes it impossible to track down the error they introduce to
the estimation and makes the system unobservable. Simulation
results indicate that the estimation error reduces to zero when
the grounding resistance of the substations that are missing GIC
sensors are accurate and the GIC measurements are noise free.
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Fig. 4. The estimation error for the test case when the E-field is known and

the GIC data is sparse.

TABLE II
THE ESTIMATED RESISTANCES FOR THE TEST CASE WHEN THE GIC DATA 1S
SPARSE

Name R Ry Initial Error (%) R Estimation Error (%)

SUBI 020 0.36 81.15 0.19 4.41
SUB2 020 0.24 18.86 0.20 2.32
SUB3 0.20 0.40 97.91 0.22 9.28

The more substations with missing GIC sensors are in the sys-
tem and the more inaccurate their assumed grounding resistance
are, the higher the estimation error will be as verified through
simulation.

It is important to realize that even though the algorithm may
not provide 100% accuracy all the time, its estimation is remark-
ably better than the initial values. In other words, the algorithm
does not find the actual resistances, but it moves towards them
and converges to somewhere in their close proximity. This is
demonstrated in Table II by comparing the actual resistances
with the estimated ones when the GIC measurements are noise
free. For reference, the initial grounding resistances are pre-
sented as well.

The next validation test is to study the performance of the
algorithm when the E-field is not available and the GIC data is
sparse. The GICs at the first three substations (1, 2 and 3) are
provided, but the E-field and the rest of GICs are missing. The
algorithm excludes the substations with missing GICs from the
model, estimates the E-field from the available GICs with one
level of ambiguity and finally uses regularized least squares to
find the resistances. Fig. 5 illustrates the estimation error under
this scenario for different measurement noise levels. The algo-
rithm diverges when the SNR is 10 dB or lower. The algorithm
converges for lower noise levels with the estimation error equal
t0 22.9%, 17.4% and 17.8% for SNRs equal to 10, 40 and 100,
respectively. Similar to the case with the sparse GIC data and
known E-field (Fig. 4), the estimation error does not reach zero
when the GIC measurements are noise free. Again, this is due
to the error in the grounding resistance of the substations that
are missing GIC sensors and the lack of observability in these
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Fig. 5. The estimation error for the test case when the E-field is unknown and

the GIC data is sparse.
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Fig. 6. The estimation error when the assumed grounding resistances have

different levels of accuracy.

substations. If the actual grounding resistance of such substa-
tions are provided to the algorithm, the estimation error will
reduce to zero in the absence of measurement noise.

Next, the effect of the assumed grounding resistances on the
performance of the algorithm is studied. Four sets of assumed
grounding resistances with varying levels of accuracy are con-
sidered and the algorithm is used to obtain the actual resistances
as shown in Fig. 6. The accuracy level of the assumed resistances
are denoted by Ry SNR in the figure and the noise level of the
GIC measurements is 20 SNR for all the cases. The algorithm
converges in fewer iterations when the assumed resistances are
accurate, but the value it converges to is almost the same for all
cases. This indicates that the estimation error is not sensitive to
the accuracy of the assumed resistances, e.g. it is 9.3% when the
assumed resistance has 509% error and 5.9% when the assumed
resistances error is 11.2%.

The accuracy in the assumed resistance of individual substa-
tions have varying impact on the performance of the algorithm.
To demonstrate this, one substation is taken for testing at a
time; its assumed grounding resistance is set to have 200% error
while all other substations have accurate assumed resistances.
The SNR of the GIC measurements is 20 dB for all the cases and
the E-field is assumed to be available to the algorithm. Fig. 7
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Fig. 8. The estimation error when different GIC sensors are subject to high
level of noise.

illustrates the estimation error when different substations have
inaccurate assumed resistances. It is observed that the algorithm
is most sensitive to the accuracy of the assumed resistances at
Sub 3 and Sub 4.

Next, the impact of the noise level of individual GIC sensors
on the performance of the algorithm is analyzed. Gaussian noise
with SNR equal to 20 dB is added to all the GIC sensors except
for the one being tested, which has higher noise level with SNR
equal to 5 dB. The estimation error when different GIC sensors
are subjected to high level of noise is shown in Fig. 8. The
assumed resistance of all the substations have 50% error and the
E-field is known. The sensors at Sub 5, Sub 6 and sub7 are less
robust to the measurement noise.

The error norm used so far for evaluating the estimation ac-
curacy indicates the overall error of all the substations, but does
not specify which substation contributes more to the total error.
Fig. 9 illustrates the estimation error of individual substations
when the GIC measurements have different levels of noise. All
the assumed grounding resistances have 50% error and the E-
field is known. It is observed that the estimation error at Sub
7 is the largest and contributes to most of the total error. The
estimated resistance of other substations is quite accurate un-
der all noise scenarios. This could relate to the structure of the
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Substation Index

5 10 15 20 30 40
GIC SNR

Fig.9. The estimation error of individual substations when the GIC measure-
ments have different levels of noise.

sensitivity matrices, S and S for this particular system. SV
and S¥ both have very low values in their last column (row).
This indicates that the GICs have low sensitivity to the ground-
ing resistance of sub 7. Hence, the GIC measurements provide
little observability to its resistance. The algorithm is generally
not accurate in estimating the resistance of the substations with
low sensitivities; However, it is still effective in improving the
GIC calculation since such substations have low impact on the
GICs regardless of their resistance values.

VI. APPLICATION OF THE RESISTANCE ESTIMATION
ALGORITHM TO LARGER SYSTEMS

The algorithm is applied to a 62,500 bus, 27,600 substation
model of the Eastern Interconnection used in [6]. The goal is to
estimate the grounding resistance of the EI substations which are
more critical to the GMD analysis and utilities might be more in-
terested to find their values. High voltage transformers are more
susceptible to GMDs and the existing GIC sensors already in-
stalled by utilities are often at such transformers. Motivated by
this, the list of high voltage transformer in the EI system are con-
sidered. This includes more than 200 transformers with a high
side voltage greater than 300 kV. Next, the top 100 transform-
ers in the list which are most affected by GMDs are identified.
This is done by calculating the GICs on the transformers under
typical E-field profiles (northward and eastward field with unity
magnitude) and selecting the ones which their average GICs are
higher. A substation might have multiple transformers with high
GICs in which case only one of the transformers are selected to
avoid redundancy.

The same E-field data used for the 20-bus system is used
here, i.e. the data for the March 9th, 2012 storm measured at
Fredericksburg observatory. This E-field is enforced to the sys-
tem and the induced GICs are calculated. White Gaussian noise
with 30 dB SNR is added to the ideal GICs and the synthetic
measurements are obtained.

The assumed grounding resistance of the 100 investigated
substations are generated by adding noise with SNR equal to
10 to the actual resistances. Fig. 10 presents the actual and the
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Fig. 10. The assumed, the estimated and the actual grounding resistances of

the substations in the EI systems.

assumed resistances (iteration 0); the former is to be estimated
by the algorithm and the latter is provided as the initial guess.
Starting with the assumed resistances, the algorithm moves to-
wards the actual resistances as shown in the figure (iteration 1
and 2). The E-field is assumed to be unknown for this experi-
ment. The estimation error over the first iterations is calculated
and it is observed that the error reduces from 120% to zero in
three iterations.

Note that the actual resistances used for the EI system are
fictitious and do not reflect the actual values of the real system.
As was mentioned before, the grounding resistances are seldom
available and so is the case for the EI system. The proposed
algorithm can find the actual resistance of an EI substation, if its
GIC measurement ever become available. On another note, the
line and transformer resistances; and the network topology used
in the study are obtained from the EI power flow model with
good accuracy and the grounding resistance is the only piece of
information which is missing in the model.

VII. CONCLUSION

In this paper, an analytical technique is developed which
derives the substation grounding resistances from the GIC mea-
surements. In this technique, the relation between the GICs and
the grounding resistances is linearized through some sensitivity
parameters and linear regression is used to solve for the resis-
tances. The uncertainty in the grounding resistances introduces
error to the parameters of the linear model. To tackle this, the

2327

TABLE III
CORRELATION BETWEEN THE E-FIELDS ESTIMATED UNDER SUBSTATION
GROUNDING RESISTANCE UNCERTAINTY AND THE ACTUAL FIELD

Grounding Resistance Set Northward E-Field Eastward E-Field

Correlation Norm Ratio Correlation Norm Ratio
R1 1.0000 0.79 1.0000 0.76
R2 1.0000 0.75 0.9997 0.82
R3 0.9999 0.77 0.9992 0.76
R4 0.9999 0.88 0.9998 0.90
R5 1.0000 0.86 0.9998 0.87

problem is reformulated to decouple the uncertainties from the
known parameters and regularized least squares is used for solv-
ing it. The effectiveness of the algorithm is evaluated using both
a small test case as well as a 62,500 bus model of the EI system.
As demonstrated, the algorithm can estimate the grounding re-
sistances accurately even when the available GIC measurements
are sparse and the assumed resistances have large error.

The paper suggests several directions for future research.
First, the proposed algorithm should be applied to real GIC
measurements as opposed to synthetic ones used here and its
robustness to actual measurement noise and uncertainties needs
to be validated. Second, the algorithm can be integrated into
GIC model validation framework for improved performance.
The grounding resistance uncertainty has been a challenge in
GIC model validation framework and future research tend to
address this issue by utilizing the proposed algorithm.

APPENDIX

This appendix demonstrates that the uncertainty in the sub-
station grounding resistance affects the E-field estimation only
by some scaling factor. Numerical results indicate that the sen-
sitivity of the GIC at a particular substation to the grounding
resistance of other substations is significantly lower than to its
own grounding resistance. This implies that the sensitivity ma-
trix is almost diagonal. Moreover, reference [11] demonstrates
analytically that the sensitivity of the GIC at a substation to its
grounding resistance does not depend on the E-field direction,
i.e. the diagonal entries of the northward and eastward sensi-
tivity matrices (S" and S¥) are equal. These two features of
the sensitivity matrices (diagonally dominant matrices with ap-
proximately equal diagonal entries) suggests that the variation
of the substation grounding resistances has linear impact on the
E-field estimation.

Using the same setup as the one presented in the paper
(Section VI), the E-field measured at Fredericksburg at March
9, 2012 is enforced to the EI system and the synthetic GIC data
is generated for the 100 substations by solving the GIC power
flow and obtaining the induced GICs. To model the worst case
scenario, extremely inaccurate grounding resistances are con-
sidered with 510% error from the actual resistances. The E-field
is estimated from the GIC data using LS method and the inaccu-
rate grounding resistances. The estimated E-field is compared
with the actual one and it is observed that the two fields have
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extremely high correlation. This experiment is repeated for five
different sets of assumed grounding resistances (termed as R1
to RS) with the same level of inaccuracy (around 500% error)
and similar results are observed. Table III presents the Pearson
correlation coefficient between the estimated E-field from each
resistance set and the actual field and also the ratio of their Eu-
clidean norms. The correlation is more than 0.999 even though
the assumed resistances are extremely inaccurate. This verifies
that the LS method estimates the E-filed accurately up to scaling
in the presence of grounding resistance uncertainty.
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