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Abstract. Assessing the geomagnetic hazard to power sysd Introduction

tems requires reliable modelling of the geomagnetically in-

duced currents (GIC) produced in the power network. This

paper compares the Nodal Admittance Matrix method with Geomagnetic disturbances can have a detrimental influence
the Lehtinen—Pirjola method and shows them to be mathe®n the operation of the electric power transmission systems.
matically equivalent. GIC calculation using the Nodal Ad- This was first observed during the Easter storm of 1940,
mittance Matrix method involves three steps: (1) using thewhen power systems in the northeast of the US and Canada
voltage sources in the lines representing the induced geoele@€xPerienced malfunctions of equipment (Davidson, 1940).
tric field to calculate equivalent current sources and summing¥1ajor geomagnetic disturbances in 1958, 1972, 1982, 1989,
these to obtain the nodal current sources, (2) performing th€003, and 2006 similarly caused problems for power systems
inversion of the admittance matrix and multiplying by the in different parts of the world (Boteler et al., 1998; Bolduc,
nodal current sources to obtain the nodal voltages, (3) using002; Wik et al., 2009). Problems arise because the vari-
the nodal voltages to determine the currents in the lines an@tions of the magnetic field induce electric currents in the
in the ground connections. In the Lehtinen—Pirjola method,POWer transmission lines. These geomagnetically induced
steps 2 and 3 of the Nodal Admittance Matrix calculation currents (GIC) flow to ground at substations of the power
are combined into one matrix expression. This involves in-System, where they cause partial saturation of the power
version of a more complicated matrix but yields the currentstransformers (Molinski, 2002; Kappenman, 2007). This pro-
to ground directly from the nodal current sources. To cal-duces increased power consumption and heating of the trans-
culate GIC in multiple voltage levels of a power system, it former and distortion of the alternating current (AC) wave-
is necessary to model the connections between voltage leform, which leads to a variety of effects on the power system,
els, not just the transmission lines and ground connection§Uch as mis-operation of protective relays, voltage stability
considered in traditional GIC modelling. Where GIC flow to Problems, and, in a worst-case scenario, power blackouts and
ground through both the high-voltage and low-voltage wind-damage to transformers. In 1859, an extreme magnetic storm
ings of a transformer, they share a common path through th&reated widespread problems for the technology of the time:
substation grounding resistance. This has been modelled prébe telegraph system (Boteler, 2006). There is increased con-
viously by including non-zero, off-diagonal elements in the C€M that a repeat of such an extreme magnetic storm could
earthing impedance matrix of the Lehtinen—Pirjola method.cause widespread problems for the supply of electricity. This
However, this situation is more easily handled in both thehas prompted renewed efforts to precisely understand the ge-
Nodal Admittance Matrix method and the Lehtinen—Pirjola ©Mmagnetic effects on power systems so as to make accurate

method by introducing a node at the neutral point. risk assessments and plans for mitigation.
Assessment of the geomagnetic hazard to power systems

requires estimates of the expected size of the geomagnetic
field variations and knowledge of the earth’s conductivity
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structure in the area of the power system. These are used #@ Circuit representation of a power system

calculate the geoelectric fields to which the power system

will be exposed. These geoelectric fields are then used as irHigh-voltage power-transmission networks use three-phase
put to a power-system model to calculate the flow of GIC AC with transformers to convert between voltage levels. The
throughout the system and assess the impact on power trangansformer can use either delta-connected windings or Y-
formers and the operation of the power system as a wholeconnected windings. The delta-connected windings do not
Considerable work is being done on the size of the geomaghave a connection to the ground and do not allow GIC to
netic field variations at different latitudes and the earth con-flow, and so will not be considered further. In Y-connected
ductivity structure in different geological regions and their transformers, the windings for the three phases are connected
influence on GIC (Zheng et al., 2013). Likewise, work is together at a neutral point, which is connected to ground, as
being done to assess the impact of GIC on power systemshown in Fig. 1. In normal operation the AC currents in the
(Kappenman, 2010; Jacobson et al., 2014). This paper is corthree phases have the same amplitude but aré &aoof
cerned with the modelling of GIC. phase and sum to zero at the neutral point, so there is nor-

Two main approaches have been used for modelling GICmally no AC flow from the neutral point to ground. However,
One involves using power-system network calculations, ei-during fault conditions, there may be a significant unbalance
ther as a separate programme (Foss and Boteler, 200y AC or lightning strikes can produce large currents in the
Boteler et al., 2014) or as part of commercial software pack-lines and transformers, and the neutral-ground connections
ages (Overbye et al.,, 2012). This has been the basis foare there to provide a safe discharge path for these currents.
most of the GIC calculations made by the power industry. The neutral-ground connections also provide a path for GIC
The other is the GIC modelling programme, presented byto flow from the transformer windings to ground. A variety
Lehtinen and Pirjola (1985), which has been used extensivelpf transformer configurations are possible: autotransformers,
in the geophysics community (Thomson et al., 2005; Wik two-winding Y-connected transformers (designated as Y-Y),
et al., 2008; Caraballo et al., 2013; Demiray et al., 2013;or transformers with a Y connection on the high-voltage side
Torta et al., 2012). Most studies so far have concentrateénd a delta connection on the low-voltage side (designated
only on modelling GIC in the highest-voltage lines, which, as Y-A). In some cases (typically lower voltage windings),
because of their design, have lower resistances and so exp#ie neutral point of Y windings may not be connected to the
rience larger GIC. However, to more accurately assess thground, and no GIC will flow in these windings. Similarly,
GIC in a power network, it is necessary to include the GIC delta windings do not have a connection to the ground and
flows at lower voltage levels and the flow between multiple so do not provide a path for GIC to flow. Thus, these circuit
voltage levels. Also, for geomagnetic hazard assessments, @donsiderations are not relevant for GIC studies and we will
is necessary to know that reliable GIC values are obtaineadoncentrate on transformer winding configurations that allow
regardless of the modelling technique being used. the flow of GIC.

In this paper, we review the different approaches and ex- Two types of transformer provide a path for GIC and
amine their use for modelling GIC in multiple voltage lev- are illustrated in Fig. 1. In two-winding transformers, sep-
els of a power system. Power-network calculations can berate windings are used for the high-voltage and low-voltage
made using the Mesh Impedance Matrix method or the Nodakides, while, in an autotransformer, the high-voltage and low-
Admittance Matrix method, with the latter most commonly voltage sides share a winding with the low-voltage connec-
used because of its greater computational efficiency. Heretion made part way along the winding. Later in the paper, we
we first present the derivation of GIC modelling using the consider how to model GIC in both the low-voltage and high-
Nodal Admittance Matrix method and the derivation of the voltage parts of the power system. However, initially, we con-
Lehtinen—Pirjola method, and show that they are equivalentsider GIC flow only in the high-voltage parts of the system.
We then examine how these methods can be applied to modFhis makes it easier to understand the basic concepts of GIC
elling GIC in a network with multiple voltage levels. When modelling and enables easier comparison with the original
modelling GIC in a single high-voltage level, nodes in a net- literature, which dealt with only a single voltage level.
work are usually grounded through the transformers at the To construct a network model for calculating GIC in a
substations, simplifying the GIC calculations. In contrast, in- power system, the first step is to note that the impedances of
clusion of multiple voltage levels introduces nodes into theeach phase of the power system will be identical and so will
network model that do not have a direct connection to theexperience the same levels of GIC. Thus, we need only make
ground. It is shown how this can be handled in each mod-calculations for a single phase. This is often done by combin-
elling technigue and used to calculate the GIC in differenting the parallel paths of the three-phase transmission lines
types of transformers. and transformer windings into equivalent combined values

by dividing the line resistances and transformer resistances
by 3. Currents from all three phases flow through the sub-
station grounding resistanc®g so this is already the ap-

propriate value to use in the combined circuit. The results of
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such modelling will give GIC values that are the sum of the Figure 2. Representation of geomagnetic induction in a power sys-
GIC in all three phases, so they have to be divided by 3 totem usingi(a) impedance network and voltage sources, @ndd-
give the GIC per phase. The alternative approach is to mak&nittance network and current sources.

model calculations for a single-phase circuit with resistance

values that are all 3 times those in the combined circuit. ThUShOW these methods can be app“ed to mode| GIC in Circuits
the single-phase circuit uses the transmission line resistancegy multiple voltage levels of a power system.

and transformer resistances directly and three times the sub-

station grounding resistance. The results in this case give the

GIC per phase directly. 3 Nodal Admittance Matrix method

Figure 2 shows two single-phase circuits for a power sys- ) . o
tem. The first, shown in Fig. 2a, is an impedance networkThe Nodal Admittance Matrix method uses a circuit model

made up of the resistances of the transmission lineghe cgmprised of admittqnces and current sources, as shown in
resistances of the transformer windings, and connection Fig. 3. Here, the admittances of the transformers and neutral-
from the neutral point to the ground;@ whererg is the ac- ground .connectio.n shown in Fig. Zp have been combined to
tual substation grounding resistance. The driving force ford\Ve @ single admittance from the high-voltage busbar (node)
GIC is the electric fields in the power transmission lines [0 the ground at each substation. The admittances between
(Boteler and Pirjola, 1998), which are represented in the cirnodes re_present the.admltta_nce of the transmission lines.
cuit by the voltage source, equal to the integral of the elec- 10 derive the matrix equations for the network, we start by
tric field along the length of the line. An alternative circuit @PPIYing Kirchhoff's current law which states that the alge-

description of the power system is an admittance network, afraic sum of the currents entering any node is zero, i.e. the
shown in Fig. 2b. The transformer admittances are given by>UM of currents entering on transmission lines equals current
the inverse of the transformer resistange= 1/r7, and the rowmg to ground. Thus, we can write an equation for any
admittance of the connection to the ground i8/% = yg/3.  Nnodei of the form
For the electric field in the transmission line, the voltage
sourceg, in series with the transmission line impedange, Zink =ix  n#k, 1)
(Fig. 2a), is converted to the electrically equivalent current”=1
source,j = e/r_, in parallel with the transmission line ad- whereN is the number of nodes,; is the current from node
mittancey,. = 1/r_ (Fig. 2b). n to k, andiy is the current to the ground from nodeThis

GIC calculations can be made using either circuit utilis- equation also applies if the node is ungrounded, but, in this
ing the Mesh Impedance Matrix method for circuits as in casej; = 0. The currentin aline is determined by the current
Fig. 2a, and the Nodal Admittance Matrix method and thesourcej,, the voltage differencey, — v, between nodes at
Lehtinen—Pirjola method for circuits as in Fig. 2b (Boteler, the ends of the line, and the admittangg of the line
2014; Lehtinen and Pirjola, 1985). The methods based on )
the type of circuit shown in Fig. 2b are those most com- ¢ = Jnk + (U = Vi) Yk @)
monly used and will be considered here. Firstly, we presenfAlso summing the current sources directed into each node,
the derivation of the Nodal Admittance Matrix method and v
the Lehtinen—Pirjola method for calculating GIC and then = Zjnk- ©)
show that they are mathematically equivalent. Then, we show —
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case. Remembering thaj =0 at ungrounded nodes and
noting that the expression fdfi; involves the admittances
of branches running from that node, the diagonal elements
Y« in the matrix are non-zero for all nodes, grounded or un-
grounded.

The voltages of the nodes are then found by taking the
inverse of the admittance matrix and multiplying by the nodall
current sources

[VI=[YI*(J]. (11)

Figure 3. Schematic of admittance network for modelling GIC. These node voltages can then be substituted into Eqgs. (2) and
(5) to give the currents in the branches and the currents to the

Eq. (1) gives ground from each node.

N
Jk+ Z (Un — VE) Yk = k. ) 4 Lehtinen—Pirjola technique

"=t Matrix equations suitable for determining GIC in a
At the nodes, the nodal voltage is related to the current to discretely-earthed system were independently derived by
the ground; by Ohm's law Lehtinen and Pirjola (1985), hereafter referred to as LP. As
. in the Nodal Admittance Matrix method, LP start with Kirch-
e = Uk k- ®) hoff's law for the currents at a nodal point (LP Eq. 8):

At ungrounded nodesy, =0 so i =0, regardless of the
value ofv,, as mentioned above. . . .
’ = = — N 12
Equations (4) and (5) involve both the nodal voltaggs, ~ Zl"k Zlk" (12)
and the current to the ground from each nodgle,as un-
knowns. In the Nodal Admittance Matrix method the expres-and relate the current in a line to the driving emf, the voltage
sion forig, from Eq. (5) is substituted into (4) to give an equa- difference between the nodes at the ends of the line, and the

tion only involving the node voltagasg as the unknowns: admittance of the line (LP Eq. 7):
N .
. ikn = Yinlern + (Vg —vp)]. 13
kY On = V) Yk = vk Yk (6) T et 13
n=1 Substituting Eq. (13) into (12) gives (LP Eq. 9):
Regrouping terms gives N
N N =~ Yknlern + (v — v)]. (14)
Je= UV Y Yak— Y Un k- (@) n=1
= =1
) n_ _ ! ) LP also sum the current sources directed into each node (LP
This can be written in matrix form Eq. 13). When the path to the ground from each node has zero

[9] = [Y][V] ) resistance, the node voltages will be zero and the current in
- ’ the branches will be exactly equal to current sources. Thus,

where [] is the current source column matrix with elements the sum of the current sources is equal to the current that
flows to the ground in this case, and is referred to by LP as

Jie = Jie> (9)  “perfect earthing” current:

and [Y] is the admittance matrix in which the diagonal ele- N

ments are the sums of the admittances of all paths connectedf = Zeknykn n#k. (15)
to nodek, and the off-diagonal elements are the negative ad- n=1

mittances of the connections between nadasadn, i.e. . . . .
Making this substitution in Eq. (14) gives

N
Yoe=y+ Y vk n#Ek, (10) N
o ik=J =) k—v)ym  n#Ek, (16)

where we show matrices and matrix elements as upper case
to distinguish them from the circuit components in lower which is the same as that which we obtained earlier in Eq. (4).

Ann. Geophys., 32, 1177+187 2014 www.ann-geophys.net/32/1177/2014/
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Thus, 5 Equivalence of the Lehtinen—Pirjola and Nodal
Admittance Matrix methods

N N
ik = Ji — vk Zyk" + Z UnYkn  m#k. A7) The Lehtinen—Pirjola method and the Nodal Admittance Ma-
n=1 n=1 trix method are both derived from the same initial equations
The first summation represents the dependence of cujrent so it would be expected that they are equivalent. However,
on voltagev, and so gives diagonal elements of a network with the definitions of the grounding terms that are tradi-

admittance matrix tionally used in the two methods, this equivalence only holds

N under a particular condition, although the definitions can be

yr — n £k, 18 modified to give a generall equwalenc_e. It should aIsp be
kk ;ynk a (18) " Loted that the network admittance matri&’] used by LP is

not the same as the admittance mati} {ised in the Nodal
The second summation represents the dependence of currentimittance Matrix method.

ir on all the other nodal voltages, and so gives the off- To show the equivalence of the two methods, start with the
diagonal elements of the network admittance matrix LP equation:
Y, = —Yin n#k. (29) [JE‘] — ([l] + [Yn] [Ze]) [|e] ) (27)

Introducing these elements then allows Eq. (17) to be Writte”l\/laking the substitution from Eq. (22)

.y [1°] = [2°] " [v"]. (28)
ik=Jg— ) v Y, (20)
Tk ; ¢ and gives
where the summation is now made overalfirom 1 to N. e1_ e1-1 n n
This is the same as LP Eq. (11). This can be written in matrix[J ] N ([Z ] + [Y ]) [V ] (29)
form

The earthing impedance matrix defines the voltage between
[1€] = [3¢] - [Y"][v"]. (21)  thenodes and aremote earth produced by currents flowing to

ground. In the general case, this includes diagonal elements
where the elements of column matrib€] are the currents representing the voltage at nagassociated with the current
in, and the elements of column matri’]] are the voltages flowing to ground from node, and off-diagonal elements
v,. It is at this point where the Nodal Admittance Matrix representing the voltage produced at notg currents flow-
method and the Lehtinen—Pirjola method take different pathsing to ground from other nodes. Such a situation can occur in

LP make the substitution which current from one node produces a voltage drop in the
grounding resistance that affects the voltage at other nodes.
[vr]=[z°][1°], (22)  This requires the nodes to be very near each other, which

means, in practice, that they share the grounding connection

at a substation (Pirjola, 2008).

N If the earthing current at any node does not affect the volt-

v = Z Z¢ in. (23)  ages atthe other nodez,e!l becomes diagonal with e_lements
=1 equal to the earthing resistaneg®f the nodes. In this case,

o ) ) ) . the inverse of Z°] is simply the ground admittance matrix
Substituting Eq. (22) into Eq. (21) gives a matrix equation [Y€] given by

involving only the node to ground currents] as the un-

where[Z€] is the earthing impedance matrix. Thus,

knowns YE =y =1/ (30)
[1°] = [3°] = [Y"][Z°] '] 20y Y5=0  j#i,
Gathering terms ifil ] gives and the LP Eq. (29) can be rewritten as an expression for

el 16 R nodal voltages\"].
R, = v e v @

where [1] is the unit matrix. Equation (25) can be solved by
matrix inversion to give the currents flowing to ground (LP TheY terms in brackets are simply separate matrices for the

Eq. 12): admittance to the ground/f] (Eqg. 30) and the admittance
between nodesfT'] (Egs. 18 and 19). The sum of these two
[1°]= ([ +[Y"] [Ze])*l[Je]. (26)  matrices is identical to the Nodal Admittance MatriX]|
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which combines both sets of admittances in the one matrix
see Eq. (10). Thus,

[YI=[Y®]+[Y"]. (32)
Combining Egs. (31) and (32) gives
[3]=Y1[v"]. (33)

which is the Eq. (8) obtained by the Nodal Admittance Ma-
trix method.

Thus, the LP and Nodal Admittance Matrix methods are
shown to be equivalent when the LP earthing impedance m
trix has off-diagonal elements equal to zero. When the LP
earthing impedance matrix has non-zero, off-diagonal ele
ments an equivalent nodal admittance formulation can be ob
tained by adopting a definition for the admittance matrix in-
volving [2€]~1 instead of [ ©], which then gives Eq. (29) to
be written as Eq. (33).

There are three steps involved in calculating GIC using
the Nodal Admittance Matrix method. The first step is to use

methods for modelling geomagnetically induced currents

6 Modelling GIC in multiple voltage levels

When modelling the GIC flow in multiple voltage levels of
a power system, it is also necessary to consider the flow
of GIC between voltage levels. The path for GIC flow be-
tween voltage levels is through the windings of the trans-
formers at each substation. The type of transformer used de-
termines the nature of the path for flow of GIC. Here, we con-
sider three types of substation: one with only ordinary two-
winding transformers, one with only autotransformers, and
one with a combination of the two. The details of these three
scenarios are presented below, and the next section shows
ow to model the different scenarios.

6.1 Two-winding transformers

In the case of ordinary two-winding transformers, there are
separate windings from each voltage busbar (commonly ab-
breviated as “bus”) to the neutral point, as shown in Fig. 4.
The neutral point in this case is the junction between the two
windings and the path to ground through the grounding re-

the voltage sources in the lines representing the induced gegyistance of the substation and so has to be included as a node
electric field to calculate equivalent current sources and SUMY, the network. Thus. the circuit configuration for inclusion

these to obtain the nodal current sourcéq.[The second
step is to perform the matrix inversio]~1 and multiply

by [J€] to obtain the nodal voltage¥[]. The third step is to
use the nodal voltages to determine the currents in the line
and in the ground connections.

in a network model would be as it is shown on the right-hand
side of Fig. 4, where windings in parallel have been com-
bined into a single component. The high-voltage (HV) bus
and low-voltage (LV) bus are each ungrounded nodes in this
network.

In the LP method, the second and third step of the Nodal

Admittance Matrix calculation are combined into one matrix
expression. This involves inversion of the more complicated
matrix in Eq. (25) but yields the currents to the groubh [
directly from the nodal current sourcelT].

6.2 Autotransformers

With autotransformers, there is no direct connection between
the high-voltage bus and the neutral point. The series wind-

Itis also possible to combine all three steps into one matrixing provides a connection between the high-voltage and low-

expression (Pirjola, 2007). Starting with Eq. (25) and substi-
tuting for [I€] from Eq. (28) we obtain

V= (2] 4+ [v]) .

In matrix form, the elements 08f] (Eq. 15) equal the diag-
onal elements of the product matrix][ Y"], denoted by the
N x 1 column matrix dia¢eY"). Thus, we can write

V] = (27 *+[v"]) " diaglEY"].

Combining this with the relation between the nodal voltages
and currents, Eq. (28) gives

(¥ = (2] (2] +[v"]) " diag[EY"].

The successive steps of calculating these matrix expression
i.e. calculating diageY"), performing the matrix inversion,
and multiplying by the appropriate admittance matrix, corre-
spond to the three steps described in using the Nodal Admit
tance Matrix method.

(34)

(35)

(36)

Ann. Geophys., 32, 1177+187 2014

voltage buses, and the common (shunt) winding connects the
low-voltage bus to the neutral point (Fig. 5). As before, wind-
ings in parallel are combined to give the circuit configura-
tion on the right-hand side of Fig. 5. The neutral point is
connected to earth through the substation grounding resis-
tance. However, in this case, there is no branching at the neu-
tral point, i.e. any current flowing in the common winding
also flows through the grounding resistance, so the ground-
ing resistance and resistance of the common winding can
be combined, eliminating the need for a node at the neutral
point. Then, the LV bus has a direct connection to the ground
through this combined resistance and only the HV bus is rep-
resented by an ungrounded node in a network model.

6.3 Both two-winding transformers and
autotransformers

¥yhen two-winding transformers and autotransformers are in
use for the same voltage levels at a substation, there are con-
nections between all voltage levels and between those volt-
age levels and the neutral point, as shown in Fig. 6. The
series winding of the autotransformers connect the HV and

www.ann-geophys.net/32/1177/2014/
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HV bus Both Transformers and Autotransformers

LV bus HV bus
% %LV bus
neutral
Iy
neutral

- I
g
Figure 4. Scenario 1. Substation with two-winding transformers %

and equivalent admittances for inclusion in the network model.

Figure 6. Scenario 3. Substation with both transformers and auto-

HV bus transformers and equivalent admittances for the network model.
% Applying Kirchhoff’s current law at each node, we equate
LV bus the sum of currents entering on transmission lines to the cur-
rent flowing to the ground
—i1p =11, (37)
neutral . . .
i12—i23—i24=0,
fg i23—iza—izs =0,
L L i24+i34=i4,
- - i35 = I5.

Figure 5. Scenario 2. Substation with autotransformers and eqUiva_Substitutin for the currents in terms of the current SOUrces
lent admittances for inclusion in the network model. 9 '

nodal voltages, and admittances, and summing the current
sources into each node, as in Eq. (7), the equations for each

LV buses, the HV windings of the two-winding transformers node become

connect the HV bus to the neutral pqint,_ and the LV windings J1= (y1+ y12)v1 — Y1202, (38)
of the transformers and common windings of the autotrans-

formers connect the LV bus to the neutral point. As before,’2 = ~Y12v1+ (V12 y23+ y24)v2 — y23u3 — y24va,

all windings in parallel are combined into a single resistance/3 = —y23v2 + (¥23+ Y34+ y35)v3 — y34v4 — y3505,

value to give the circuit configuration on the right-hand side J; = —yo4v2 — y34v3 + (Y24 + y34+ y4)v4,

of Fig. 6. The neutral point is a branch point between theJ5 _
connections from the HV and LV buses and the connection

to the ground and so has to be kept as a node in the netwonkhere, in this example, because no current sources are con-
model. Thus, both the HV bus and LV bus are ungroundednected to node 4j4 = 0.

—y35v3 + (¥35+ y5) U5,

nodes in the network model. This is an example of the matrix Eq. (8), shown earlier
with [J] =5 x 1 matrix, [Y] =5 x 5 matrix, V] =5 x 1 ma-
6.4 Modelling the different scenarios trix. The voltages of the nodes are then found by taking the

inverse of the admittance matrix and multiplying by the nodal
Scenario 3, with both two-winding transformers and auto-current sources (Eq. 11). These node voltages can then be
transformers, contains all the connections that can occur, seubstituted into Egs. (2) and (5) to give the network currents.
we will develop the equations for this case. The two-winding This provides the solution for Scenario 3 with both trans-
transformer scenario and the autotransformer scenario caformers and autotransformers shown in Fig. 6.
then be derived by deleting the appropriate connection in To obtain the solution for Scenario 1 with only a trans-
each case. Consider the simple network shown in Fig. 7former we just need to sebsz = 0 in Eq. (38) and compute
Here, the substation of Scenario 3 is connected to transmisa new matrix inversion. Similarly the solution for Scenario 2
sion lines that connect to two other substations with only awith only autotransformers can also be obtained by modify-
single path to the ground. ing Eq. (38), in this case setting4 = 0. In Scenarios 1, 2,
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a -
Figure 7. Network model for a substation, as in Scenario 3, con- ) )
nected to transmission lines to substations with a single path to th&igure 8. Grounding connection for a transform¢a) Sharing a
ground. path through the grounding resistance gbjiwith a node at the
neutral point.

and 3, the connections between nodes 2, 3, and 4 represent ) _ )
the transformer winding resistances at the same substation! his can be written in matrix form:

so there are no current sources in these branches. v ra +ryg rg i1 42
vo | rg rg +rg i» (42)
7 Earthing impedance for a transformer If rg =0, then the earthing impedance matrix reduces to a

_ . diagonal matrix. The inverse of a diagonal matrix is obtained
In the approach used by Lehtinen and Pirjola (1985), theypy replacing each element in the diagonal with its recipro-

define an earthing impedance mati#{ [hat relates the volt-  ca|, If -4 £ 0, then we must use the full formula to find the
ages between the nodes and a remote earth to the currenigerse. The inverse of] is given by

flowing to or from ground at those nodes.

N [Z] "= i z_lll ; (43)
vk:sznln (39) Z] IZ]
n=1

where the determinant @ is |Z| = Z11Z22 — Z127Z71.

As explained in Sect. 5, if the currents to ground from nodes For the example above, the inverse 2] becomes
do notinfluence the voltages at other nodes, then the earthing |: ra+rg rg }

impedance matrix is simply a diagonal matrix with diagonal [z] ' = | 2] ,E',g

elements equal to the earthing resistances from each node to ZI 1Z]

remote earth. However, if currents from other nodes do aﬁec(/vhere|Z| = rarg + (ra +78)rg.

the voltages, then non-zero, off-diagonal elements occur in s is ot a practical formulation to use in the Nodal Ad-

the earthing impedance matrix (Lehtinen and Pirjola, 1985). nyitance Matrix method. In this method, it is better to in-
The earthing impedance matrix provides the link between,.j4,ce an extra node at the junctionaf, rg, andrg, as

the nodal voltage and the current flowing to ground from thatg, o\ in Fig. 8b. Nodes 1 and 2 are now ungrounded. In the

node. Consider the transformer shown in Fig. 8a. The highy gpinen_pirjola method, this is dealt with by considering a

voltage bus is node 1 and the low-voltage bus is node 2. The,., 1 the ground for each node with a very high resistance

high- and low-voltage windings of the transformer have re-y e . (shown as dashed lines in Fig. 8b). The relations

sistancesa andrg respectively and both connect to the sub- between voltages and currents to the ground from the three
station grounding resistancg. nodes are now

The relation between current and voltage for each path is

(44)

given by vy =17, (45)
. . v2 = iorL,
vy =i1(ra +rg) +i2rg. (40) .
v3 = i3rg.
vp = ip(rg +rg) +i1rg. (42) This can be written in matrix form:
v1 . 0 O i1
v | = 0 o O i |. (46)
v3 0 0 rg i3
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This is the earthing impedance matrix and now contains ndines have no direct ground connection. The nodes at the
non-zero, off-diagonal elements. The transformer resistanceseutral points have a ground connection that is simply the
ra andrg are now not part of the earthing impedance matrix grounding resistance of the substation.
but will appear as branches in the network admittance ma- Makinen (1993) is probably the first publication about a
trix. Because of this, the currents through these resistanceSIC study that precisely considers two voltage levels. Maki-
are designated as andi» in Egs. (40), (41) and (42) and nen uses the Lehtinen—Pirjola technique for the Finnish 400
Fig. 8a, and a# 3 andizz in Fig. 8b.i; andiz in Eq. (45) and  and 220kV grids. Mékinen’s approach is also briefly sum-
(46) and Fig. 8b are then just the currents through the addedharised by Pirjola (2005). Because there are nodes that are
connections to the ground and have values near zero becausery close to each other, Mé&kinen assigns non-zero values to
of the high value of_ . This is as it should be, because the some off-diagonal elements of the earthing impedance ma-
ground connections from nodes 1 and 2 in Fig. 8b are onlytrix. Recent numerical and theoretical studies, however, show
added because of the need to have a value in the earthinpat, if a node is ungrounded, the off-diagonal elements of the
impedance matrix used in the LP method. The ground con-earthing impedance matrix associated with this node do not
nections from nodes 1 and 2 are not needed in the Nodablay any role for GIC in the network. Thus, they can be set,
Admittance Matrix method. for example, equal to zero, as shown in Egs. (45) and (46).
This is actually an observation that also indicates the full
equivalence between the Nodal Admittance Matrix method
8 Discussion and the Lehtinen—Pirjola technique, in practice. Thus, the
calculations and results presented by Méakinen (1993) are
The equations derived for all of the scenarios considerectorrect but unnecessarily complicated, regarding the earth-
are consistent with the general matrix equations defined iring impedance matrix.
Egs. (8)-(11). Thus, the general scheme will work for any Pirjola (2008) considers situations where two substations
situation, provided that the right nodes and connections arare close, so that the current to the ground from one pro-
chosen that accurately represent the circuit scenario beinduces a voltage drop that influences the other substation. In
modelled. In Scenarios 1, 2, and 3, we include a node atircuit terms, this means there is a connection between the
the neutral points of the transformers. This is needed if therecurrent paths from each substation to ground. This effect is
are two-winding transformers at the substation being mod-included in the Lehtinen—Pirjola method by off-diagonal el-
elled. In Scenario 2, where there are only autotransformersements in the impedance matrix, although, in the situations
the grounding resistance can be combined with the commoieonsidered by Pirjola (2008), it was concluded that the off-
winding of the autotransformers and the node removed. It iddiagonal elements do not play a major role in practice. In
kept in this example for consistency with the other scenarioghis paper, we have shown that an equivalent effect occurs
considered. For simplicity nodes 1 and 5 in Fig. 7, representwhen there are paths for GIC flows through two or more
ing other substations are shown with only a single path totransformer windings that share a common path through the
the ground. In practice, each of these substations could alssubstation grounding resistance, so that current through one
be represented by nodes for different voltage levels and théransformer winding produces a voltage drop that influences
neutral point. Including a node at the neutral point of a sub-the current flow through the other transformer windings. This
station provides flexibility in the modelling, in that a general can also be modelled in the Lehtinen—Pirjola method by in-
scheme can be used for any type of transformer. It has theluding off-diagonal elements in the impedance matrix. It
added advantage that the grounding resistance can be treatesdrecommended, however, that any point at which current
separately in the modelling. paths join is represented by a node in the circuit. If this
The mathematical methodology used here is no differents done, then there is no need for off-diagonal elements in
than that described previously. The difference is in how wethe Lehtinen—Pirjola impedance matrix and the circuit equa-
think about the network. The model is comprised of nodestions can be solved using either the Nodal Admittance Matrix
with branches between nodes and a connection to the grounahethod or the Lehtinen—Pirjola method. This is illustrated in
from the nodes. In traditional modelling, the branches areFig. 8. The circuit representation in Fig. 8a is not suitable
the transmission lines and the connection to the ground idor use with the Nodal Admittance Matrix method but can
the path through the transformers and grounding resistancbe modelled by the Lehtinen—Pirjola method with the use of
at each substation. Every transmission line is exposed tmon-diagonal elements in the impedance matrix. However,
the geomagnetic induction, so this is represented by a curthe same circuit, with the introduction of a node at the neu-
rent source in parallel with the admittance of each branchtral point (Fig. 8b), can be satisfactorily modelled using ei-
Now, with the introduction of nodes at the neutral points, thether the Lehtinen—Pirjola method or the Nodal Admittance
branches include the transmission lines, as before, but alsMatrix method. Thus, either method can be used to model
the transformer windings at the substations. There are no cudifferent power-system configurations, provided that the cir-
rent sources associated with the latter branches. The nodes etit model is constructed with nodes at all places that are a
which the transformer windings connect to the transmissionjunction between paths where GIC flow.
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The methods described here show how GIC can be calcustep is to perform the matrix inversiod]~ and multiply by
lated for different windings of transformers. When a trans- [J€] to obtain the nodal voltage¥[']. The third step is to use
former has different values of GIC in its windings, an “ef- the nodal voltages to determine the currents in the lines and
fective GIC” can be calculated that gives the same degree oin the ground connections. In the Lehtinen—Pirjola method,
transformer saturation as GIC in a single winding (Albertsonthe second and third step of the Nodal Admittance Matrix
etal., 1981; Zheng et al., 2014). For both two-winding trans-calculation are combined into one matrix expression. This
formers and autotransformers, the effective GIC is given byinvolves inversion of a more complicated matrix but yields

the currents to the ground®| directly from the nodal cur-
rent sourcesJ?].
, (47) Accurate modelling of geomagnetically induced currents
in power systems requires consideration of the GIC flows in
and between different voltage levels. This can be handled by
the standard Nodal Admittance Matrix and Lehtinen—Pirjola
This is applicable to autotransformers, as illustrated inmEthOdS' GIC flow_s tq the ground through the high-voltage
and low-voltage windings of a transformer share a com-

Fig. 5, or two-winding transformers, as illustrated in Fig. 4. th th h th bstati di ist Thi
However, Chunming Liu (personal communication, 2014) mon pa rough the substation grounding resistance. This
may lead to non-zero, off-diagonal elements in the earthing

has pointed out that not all two-winding transformers have. . .
P g pedance matrix of the LP method. However, in both the

neutral points on each side that are both grounded. In suc . ) ! .
a case F‘Zhe neutral points are not connec'?ed and on the yhiodal Admittance Matrix method and the Lehtinen—Pirjola

grounded side there is no path to the ground for GIC to flow method, this is more easily included by introducing a node
so the GIC values in that winding will be zero "at the neutral point. It is recommended that neutral points al-

The methodologies described above provide the tech\vays be included as nodes in the network model, although

nigues for modelling GIC in a power system including ?Ot r(;quwed |ftrt]r_1ere arg only autotransfglrmerz a: ajubds.ta—d
the GIC at different voltage levels and the GIC flow lon, because this provides a more versatile and standardise

through transformer windings between voltage levels. It hasmodellmg scheme.

been shown that the Nodal Admittance Matrix method and
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