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ABSTRACT

Large trans'ient fluctuations in the earth's magnetìc fieìd,

triggered by soìar flares, can induce voitages'in the earth's surface.

These induced voìtages, wjth fundamental periods of the order of

several minutes: cärì produce quas'i-dc currents jn eìectric power

systems, termed "Geomagnetjcally-Induced Currents (GIC's). GIC's

passing through the grounded neutral leads of power transformers,

produce s'imul taneous ac-dc exc j tat j ons resu'l t'ing i n hal f-cycl e satur-

ation of the transformers. Th'is effect of GiC on power transformers

'is studied in this thesis. The produced harmonics (inc'luding funda-

mental), vo'ltage drop at the secondary termjnals, increased copper

losses, iron losses, 'increased VAR demands, apparent power and the

components of the apparent power are calculated as functions of GIC.

The results are piotted for different core saturation characterist'ics.

These results (graphs) may be used as well in determ'in¡¡g several

other disturbances in power systems caused by GiC.
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Symbol s and Abbrev'iations

ac Al ternati ng Current

com Common (w'inding)

C.T. Current Transformer

dc Direct Current

ESP Earth's Surface Potential

GIC Geomagnet'icaì 1y-Induced Current

HVDC High Voltage Direct Current

L.H.S. Left Hand Side

L-L Line to Line

L-N LÍne to Neutral

P.F. Power Factor

p.u. Per Unit

R.H.S. Right Hand Side

Ser Series (winding)

SiC Solar Induced Current

VA Vol t-Ampere

W Single Phase

3ø Three Phase
I

INI Nonl j near Branch (Magnetì z'ing Branch )
?

va]-



CHAPTER I

I NTRODUCTI ON

It is known that electrons and protons emitted by a solar

flare can be captured by the earth's magnetic f.ield, some 20 to 40

hours after the flare occurrence, dependìng on their jnitial veloc'ity

and trajectory. This phenomenon causes transient fluctuations in the

geomagnetic field, having fundamental perìods of the order of 5 minutes

to 4 hours. These fluctuations are termed "Geomagnetic Storms" and

induce voìtages in the earth's surface, termed "Earth-Surface Potentials"

(ESp's), since the earth's surface is a conductor [1]

ESP's act as quasj-dc voltages so far as power frequencies

(60 or 50 HZ) are concerned, and can produce spurious quas'i-dc cuments

ìn power systems, termed, "Geomagnetically-Induced Currents" (GIC's)

(or sometìmes "Solar Induced Currents" (SIC's)) wherever there is a

closed path 'in the system through geograph'ically-remote grounded points.

In fact, ESP and hence GIC, are functions of igneous rock geology as

well as latitude, and increase with increasing northern latitudes [2]

GIC's can cause major disturbances 'in power systems [3]

These effects have recent'ly been more pronounced due to tendency toward

rel ati vely I onger I 'ines and i nterconnect'ions. GIC' s i n excess of 100

amperes have been measured 'in transformer neutral leads [4]

One of the confjgurations that causes GiC ìn power system

to exìst is a delta-grounded-wye transformer connected to eìther side of

a transmìss'ion l'ine which is grounded at another remote station, as

shown in Figure 1 tsl
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F'ig. 1 A Configurat'ion Resulting ìn GiC's Presence'in Power Systems

In such a situation, GIC flows in the transmissìon line v'ia the trans-

former neutrals. This current can be many times larger than the RMS

value of the ac excit'ing curreni of the transformer, and câuses

sjmultaneous ac-dc excitation, resultìng ìn half-cycle saturation with

a number of associated prob'lems. Among these probiems: Production of

harmonics, 'increase of the V @demand and copper losses, and thus

voìtage drop ìn the system as well as change in reaì power flow, are

of utmost 'importance. There may be several other ciìsturbances 'in the

system, such as relay operatìon prob'lems, secondary arc current during

a sìngle pole swjtching and effects on HVDC harmonic filters (see

Chapter 5 ).

Durìng the half-cycie saturation, there may be leakage flux

spììlìng outsìde the normal fìux paths w'ithin the core, and passing

through unlaminated structural steel members, causìng excessive localì-

zed heating wh'ich may cause certain prob'lems such as thermal degradatìon



of the insulation and addit'ional losses 12,41 . This internal heatìng

is high'ly dependent on the core confìguratìon and ìs beyond the objec-

tives of this thesis. Thus, it ìs negiected throughout the calcula-

ti ons .

The ma'in objective of thjs thesis ìs to quantitatively deter-

mìne the behaviour of the transformer with respect to the severity of

the GIC. By making use of the results of this study, either djrectly

or indirectly, several other d'isturbances in power system caused by

GIC, and finally the necessity of mìtigatìon of the GIC may be studied

and evaluated. These are discussed briefly ìater in Chapter 5.

To determine the effects of GIC on power transformers and

power systems , theoret'ical 'ly and experimenta'l ly, several ef forts have

been made so far [5-7] In most of these efforts some empirical

relationships as weì'ì as experimentalìy evaluated quantities are

involved due to complicatjons in analyz'ing the systems involving non-

linear elements. To avoid excessive compìicatìon, and to make the

anaìysis feasible, some usuaì approximat'ions are made, which simpl'ify

the anaìys'is substantially. At the same time the resultìng errors

turn out to be insìgn'ificant compared with the degree of simpl'ificat'ion.

0therw jse, however, the compl jcation makes the ana'lys'is 'impracticaì 
,

i f not imposs'i b'le.

The method used in this thes'is consists in the derivation of

the steady-state exc'itation current and'its properties (nameìy,

saturati on ang'ìe and desaturati on ang'le ) under the s imul taneous ac-dc

excitation (secondary open), using a mathematical model developed for

the probìem along w'ith a s'imulatìon of the magnetizìng curve. The

magnetìzing curve'is simulated by straight'line segments (see Fì9. 9).



The approach is similar to the one employed by Aubìn [z] , with some

modifications and extension for later uses. Evaluat'ion of the harmonics

(ìncludìng fundamenta'l) is accomplished by makìng use of Fourìer

anaìysis. Then IRNs is calculated usìng the harmon'ics as well as

direct integration. Then other desired quantities; such as: copper

losses, Iron josses, Var demands, apparent power, actjve apparent

power, true reactìve apparent power, distortion power and power factor

are calculated and plotted versus GIC lron loss is calculated by

eval uatìng the RMS val ue of the magnet'izi ng voì tage. Then the eff ects

of approximations on the results and appl'icatjon of the results in

determinat'ion of other disturbances in polver systems are discussed

and final1y conclusions are derived.



CHAPÏER 2

THTORETICAL ASPICTS

2.I The Model Developed for the Problem

Referring to Fig. 1, and takìng one of the grounded poìnts

as voltage reference (tfre R.H.S. point), the neutral of the other trans-

former will be at a potential equal to ESP. This voltage, as mentioned

prev'iousìy, acts as a quasj-dc voltage and wilì be referred to as dc

voltage source (K), hereafter. K can be considered as a positive or

negative voltage, depending on the location of the grounded pojnts.

Throughout this thesis K will be treated as positive, however, ìt

can always be repìaced by -K for negatìve ESP's. If we consider the

transformer as an ideal transformer and a non linear magnetizing

branch, a dc source will have no effect on the ideal transformer.

Unlike the jdeal transformer, the non linear branch 'is affected by the

dc voltage. The situation is schematically shown'in Fig. 2, where,

Rd. is the total res'istance in the cjrcuit.

0n the other hand, the ac source is acting between the neutral

of the L.H.S. transformer being at voltage K and the l'ines. There-

fore we arrive at the single phase representation of the sources shown

ìn Fì9.3, where e(t) js the sinusoidal source voìtage.

In practìce the voltage K cannot be measured (the poìnts

on the earth'S Surface are remote)but is'calculatqd(Ð. However, the

current produced by this voltage (GIC) can be measured easìly (by

inserting a dc Anrneter ìn the neutral lead), and know'ing the res'istance

of the current path, K 'is easì1y determjned. Havìng represented the
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sources according to their effects on the transformer, the usual equiva-

lent circuit of the transformer, shown ìn Fig.4, can be used to

represent the whole probìem as shown ìn Fig. 5, where,

*O = series resistance of the transformer Primary.

LO = Leakage inductance of the transformer Primary.

R, = Series resistance of the transformer Secondary.

L, = Leakage inductance of the transformer Secondary.

R - Sum of Rp and the source resistance (or any other

series resistance in the circuit).

Lt = Sum of tO and the source 'inductance (or any other

series inductance in the cìrcuit).

Rl = R^ referred to Primary side.SS

L¿ = L, ref erred to Pri mary s'ide .

R, = Res jstance 'indicatì ng 'iron losses.

L = The non-linear element characterized by saturatjon curve.

E = RMS value of the sinusoidal source, and

0ù = radìan frequency (2t60 or 2n50 ).

The non linear branch in Fì9. 4 has a famìliar characterjstic;

nameìy, magnetìzing curve with hysteresìs, as shown ìn Fì9. 6. Th'is

curve shows the variation of fìux agaìnst the magnet'izing current and

'is avai lable for any gìven transformer.



To Sour

e(t)=
-¡l?n sin

K

Fig. 4 Usual equì val ent circuit of the transformer.

R.

$ir
r No load

L=

t*t
R

m

Fjg. 5 The representatjon of the whole probìem.
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Fig. 6 Magnetizing curve wìth hysteresis.

To obtain Rm , the current Io (at r! = 0) is evaluated.

At th'is point the voltage applied to the core has its maximum value

(Vo) Thus, Rm = 
*

Therefore the characterist'ic of I can be descrjbed by

magnetìzing curve without hysteresis, as shown ìn Fig. 7.

The magnet'iz'ing curve of Fig. 7 (without hysteresìs) ìs

obtained by joining the peaks of the various hysteresis curves shown

in Fjg. 6.
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Fi g. 7 Magnetizi ng curve w'i thout hysteresi s

ç is more or less constant and has a'large value. This

means that the contribution of j* (shown ìn Fìg. 5) to the exciting

current j is negì igìble. Thus th'is portion of current, flowing ìn

the series ìmpedance, will not materìalìy modify the voltage appf ied

to the core. Therefore R, is neglected in evaluatìng the excìting

current (hence ì = i¡ ) However, it js used in the calculation of

the ìron losses.

Power transformers are des'igned to operate at nomjnal voitage

wi thi n the speci fi ed I imi ts of the core saturat'i on. Referrì ng to

Fig. 7, between these limits the sìope of the curve ìs almost constant

and has a very 'ìarge value, which means very small magnetìz'ing current

at normal operat'ion (i.e., on the order of I% of the nominal current).

After saturation, again the curve has almost constant sìope butis rela-

tjvely low, whjch is approximately the "air core" inductance wjth the
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iron core removed. In other words the curve

around the knee, and thus can be approximated

shown ìn Fì9.8, where 0. 'is the saturatjon

is fairly

by ìine

fl ux.

I i near except

segments, as

ci^+rJd t¡

Ft'g. I Approximati on of magnet'iz'ing curve wi th
ì ìne segments.

By neg'lecti ng the sma I I amount of magneti zì ng current 'in

unsaturated region we arrive at the idealized saturation curve of

Fì g. 9.

Saturat Region

Regio

Sl-ope

Slope

F'ig. 9 Ideal i zed saturat'ion curve.
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This curve is then used in this thesis to simulate

effects of the above ìdealization are discussed in

Accord jng to Fi g. 9, f is s'imulated by

tì onsh'i p

ó,S

ó,S

the actual one. The

Chapter 4.

the fol ì owi ng rel a-

( * lol
t =)

|- ', tol

where, LZ is approx'imatel

in questìon. With no load

whatsoever. Therefore the

representati on 'i s as s hown

y the air core 'inductance of the transformer

ìn secondary, R; and Ls have no effect

final simp'l ifjed circuit in singìe phase

in Fì9. 10, where, L = LI * LZ.

e (t )=

-ßn sin

+

v(r )

(a)

Fi nal sìmpì i fied
(a) c'ircuit for
(b) circu'it for

I

Core$
t=* 

?
I

e (t;=

-Ønsin t.,t

(b)

ci rcu'it for the probì em.

unsa turated regì on .

saturated region.

Fi g. 10
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It must be noted that the direct current does not necessariìy

have to flow jn the winding on wh'ich the transformer is excited. Thus,

the cjrcujts of Fig. 10 hold for either transformer ìn Fì9. 1.

2.2 Fl ux Change and the Exci t'i ng Current

The exc'iting current, at first, is similar to the transformer

ìnrush current [8,9] The inrush current, which has a direct current

component, decays and reaches a steady-state current with a zero aver-

âgê, since there is no dc source to majntajn'uhe dc component, and the

average flux at steady-state is zero. But if there is a dc source jn

the circujt, it wjll maintain the dc component and the exciting current

will reach a steady-state current with a non-zero average, when the

average flux reaches a constant value.

Assume e = - /2E sin of , the c'ircui t 'is cl osed at

ot = -1800 , and at this instant the res'idual flux ìn the core is

0r I jnes and is positjve. Th'is wìll ìmpress a ful I half-cycìe of

pos'itive voltage on the circuit and will result ìn the maximum value

of current flowing [i0] As the steady-state current depends on the

average flux that will establish itself in the core, these assumpt'ions

will not affect the steady-state current and are made for convenjence

on'ly. In fact, the poìnt, e = Q where :Ë < 0 (t = 0) , is

taken as reference (see Fì9. 1i).

In the unsaturated region

and obviously j = 0 The flux in

wjth the appììed voìtage

circuit of Fì9. i0(a) applìes

core changes jn accordance

the

the
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*( åg ) x 10-8 = K - /2t sin i¡t volts (i)

where, N i s the number of w'inding turns.

Integratìng equatìon (1) and appìyìng initiaì condition,

0 = 0,^ at of = - 1800 , the flux equation becomes:

0 = 0,n(1 + cos ot) + + (,¡t - n) + 0r l'ines (2)

where, 0m = /2E t08/Nu, I j nes.

The correspondìng flux densitjes in the iron are:

, ^8,,B - B*(1 + cos ot) - ffi-Ã; (t¡t - n) + Br gauss (3)

where, B, B* and B. are: f'lux densìty, peak flux density and

res i dua I fl ux dens i ty respectì vely , and A. i s the cros s- sect'i ona I

area of the core.

Fig. 11 shows the applied voltage, the flux density, and the

exc'iting current. Equation (3) appl'ies until saturation occurs at the

angìe - 01 (0t is shown ìn Fì9. 11), when B = B, B, is the

saturation flux density and corresponds to 0s Subst'itutìng in

equation (3), 0i (saturatìon angìe) js such an ang'le that satisfies

the fol I owì ng equat'ion:

#,jåt (4)
c

when r¡t exceeds - 01 , the core goes into saturation and the circuit

of Fìg. 10(b) applies:
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sin ot = Ri * x alhl (5)

= r(11*12) = X1*XZ

ut'ion of equatìon (5) for the initial condition

0t j s

t. x _fi,r+gr) y l

lsin 
ot - fr cos r¡t + e ^ r' (sìn 0, + fr cos orll

K- /2E

-(¡L

The sol

!!_LLIJL--

/2ER

where X

i=0 a

ì(t) = -

...(6)
S rrt + o.,)-f t1 -ex\*' "rt 

)

R2*xZ

-r

l
1f
JJ¡

_t_,l
2'rrT( 3Tr

Fig. il Appl ied voltage, current and flux densìty.

Equatjon (6) applies until again B = B, at ot = o,

After r¡t = o, again Fig. 10(a) appl ies and j rema'ins zero untjl

the next saturation occurs. o1 (shown'in Fìg. 10) is such an angle

for which i in equatìon (6) again becomes zero (cr1 I - 0i)

i- -

It
sl
15"llrlv -

Kr

\'

i

'!þ\J/,
q-1"- *I I"ll

I l\z
l-u;]-<-)
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to the

amount

Condìtion for the Steady-State Current

The reduction in the flux at the end of the first cycìe due

series resistance in the cjrcuit (R) js of the folìowing

IB] ,

¡0i (7)_R
Nu.l

rliTI
NoJ-T

Ri d(ot)
*1

I i d(t¡t)
-A'1

where i is defined by equation (6).

This amount'is equal to the area under the voìtage curve

reduced by the Ri component, as shown in Fì9. 12.

For R=0 ,KlO

For F-=0, K=0

For RlO, K=O

4,,
^þt

-ß/w r(/u

Fj q. 12 Reducti on and Increase i n flux, due to

þ

ç

ø

0
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Let, after n cycle, 0n and on be the saturation angle

and desaturation angle respectìveìy. Then the reduction 'in the flux

due to R, from the begìnnìng to the end of the nth cycìe is

,nT.ron
¡Qn = # /, ^\ R'i d(ot) = # /^"t d(ot) (B)

\n- ¿ )n -on

where j is defìned by the same equat'ion as before but 0t repìaced

by 0n (ot is also replaced by on)

0n the other hand, in each cycìe, the flux'increases by the

following amount due to the dc voltage K ,

rflrlTI¡oK #/','^, Kd(r¡t) =fr/Kd('t) =# (e)
\n- ¿ )It -17

The current will reach steady state when the flux average rema'ins

unchanged, which means

cr

R/ ìd(ot) = ZrK
ô

(10)

where, 0 and r are steady-state saturation and desaturatìon angles,

and ì is defined by equation (6) wìth 01 and o1 repìaced by 0

and o Equation (10) ìmplies that the steady-state current has an

average (In) equa'l to å The operating poìnt on magnetizìng curve

does not correspond to thjs current directly but corresponds to the

average steady-state flux 'in the core.



CHAPTER 3

CALCULATI ONS

3.1 The Selected Per Unit Bases

To make the calculatjons more convenient, and to get rid of

additional parameters such as R and t , the folìowìng per un'it bases

are assumed throughout the calculations:

Base Voltage(l-N) - t volts(rms) (tta)

-2
Base(vA)rô = ? (ttu)

Then obviousìy:

Base Impedance = ft ohms ( 11c )

Base Current = F amps(rms) (lld)

Base Voltage(l-L) = /3 E volts(rms) (ite¡

n-2
Base(vn)¡ö = + (11f)

3.2 The Steady-State Current

Integrating equat'ion (5) over the saturated regìon

CT

/ tr - /zE sin r¡t) d(r¡t) = /"* t(r.¡t) d(rt) + i=o* ot
-0 -0 ì=0

' ' ' ( tz ¡

obviously the last term is zero

Subst'ituting from equation (10) for the R.H.S. 'in (12), it
results in the fol'ìowing condition for steady state

K _ /^ coso - cosO
E - v¿ ã--lG + o)

18

(ts ¡
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Therefore the steady-state excìting

r ({¡tJ /2

-v1+x-

current in p.u. js as follows

ot+0

sin of - xcos r¡t+e * (tino+xcoso))

r¡t+0

+ k(1 - e

for the rest of

) p.u.

peri od

-0 < of j o (1aa)

( t+o;i (ot)

where,

X

and cr

To find

(t+a).

Then

is defined by i(o)

o , the cond'ition

Let

y = cr+0 (0.

coscr - cos 0

\<?r)

K(p.u.)

x(p.u. )

arctan

/2

D

p.u. (1ac)

(1ae)

2r - (a + 0)

o( Lr+1, )
R

*1 * *2 P'u' (14d)

-0
'i = 0 at of = o may be substituted in

- (2"-v)(sjny + x

- (1 + *2¡rinY + (

((r + xz)(1 -
Y

cosy) + x(2r-y))ex

((i + x2) sìnY

x si nY - cosy)

(1+xz)(1-cosr)
Y

(2r - y))ex

( t+t)

aarrl 
l

2n-v) (

As was mentioned before, the initial conditions at the

switch'ing 'instant do not affect the steady-state current. Therefore

the steady-state currents of all three phases have the same shape

defined by equation (1aa) through (14f) but 1200 phase djfference from

one another, according to the phase sequence of the sinusoìdal ìnput
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vol tage.

3.3 The Exc'it'ing Current After Complete Saturation

For 0 < y < 2r the core is saturated oniy for * seconds

and for the rest of period remains unsaturated (j = 0) LJhen

y -- 2r, ìt changes from partìaì saturation to complete saturatjon

t\ - 2r -T\(å = ï = T ) The value of k at this change is calculated as

fol I ows :

k^ = l.imk = lZ sjn(n_c¿) = ,/Zsjno
' \-zn

Substitut'ing i =0, ûrt=s,0=?r -or k= {2sina'inequatìon(i4a)

l4 = /2 coss : cos(v - o)
¿It_y

,nsìn( f-o)sin(n-å)"-2
as Y approaches 2r ,

1tancr = - -X

.1sìno, (sino, is positìve s'ince k > 0)
,/1 + x-

Thus

k. = ,/2 s'ino, = -..Ê.- (fS¡
/1+x-

For k ì kc, the core remaìns compìete'ly ìn saturatjon and the cjrcujt

of Fig. 10(b) applìes for the whole period. Therefore

0r



21

j (rr¿t) = - --'? , (s jn r¡t - xcos ot) + k
1+x-

...(16)

Obviously equat'ions (iaa) through (t+f) hold for 0 < k < kc

For k = 0, ì(ot) = 0 for the whole perìod, which indicates no

saturation under normal operatìon (no GIC)

3.4 Harmoni cs

Calculation of harmonics js accomplished by usìng a Fourier

analysi s as fol I ows :

ì (ot) may be exPressed as

ì(urt) = - /2 I. IR,n ttn n ut + /2 I_ I - cos mot + I
m=I m=1 

-xm --- "'*- -A

= - lz i I- s'in(m cut - 4,r) + Io p.u. (17)
*!i m

where,

IRrn = RMS value of the real component ('in phase with the

voìtage e(t)) of the *th harmon'ic.

I.-- = RMS value of the reactjve component (900 lagctng the
XM

voì tage e ( t ) ) of the rth ha rmon'ic .

I* = RMS value of the *th harmonic.

,j,m = The phase ang'ìe of the *th harmonic.

iR = Average of ì(ot) (dc component).
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Then,

T- = - 1 i,1rr¡ sinnotd(t¡t) p.u. (1Ba)'Rn lh -o

i.- - 1 /oi(rt) cosntotd(ot) p.u. (1Bb)-xn 
/zr -o

f_1c'IA =ù/ì(ot)d(ot)-k p.u. (isc)
-0

In = /r'on*r\n p.u. (te¿)

on = tan-1{I*n/I*n) (tee)

where, i(ot) is defined by equatìons (t+a1 through (i+f) tor

'* , - 
J3- 

and by equat'ion (16) for k , /2 
=

/I + |l 
-"- -J 'v!r \tvl - /l + xz

Perf ormi ng the above 'i ntegra I s :

for n = 1 (fundamentaì)

T = o+0 sinZo+sin20 - x(cos2o-cos20).D]_------,------.----Rl 
zr:G + xz) +ri(t + x2) 4n(t * *2)

+ __¿_ 
" ( ! * sìnO + Icos0 )(xcosc _ sjno

n(1+x') /? 1+x
_ a+0

-(xcosa+sins)e x)+ o (coscx-cosO) p.u.
/21

k < k. (19a)

T=1lRr = 
,;7 P. u. k > k. (1eb)



¿J

and

and

T-I"
xl_

x(cr + 0)

zr(t + xz)

x(sin2cr + sin20)

+r(t + x?)

sinO + xcos0
--:- --/-

1+X

, cos2o - cos20' 4ro;7;

(L*
/2

f_

X1

Ït =

X

r(1 + x')

X;7
'ttz*, + t2*,

_ cr*O

+ (xsì ncr - coscr)e x

)(xsin0 + ss5g

(sìna + s'in0) P.u.

k < k. (20a)

k>k^
-L

(2ob)

and I*, from ( 20a ) ) p. u.

k < k. (?Ia)

)-h

p.u.

( I*, from ( 19a )

-ir 1 = --------õLt"L /l + x

IRt ' ix1 and

Fig. 13, 14 and

p.u.

are pìotted versus

respect'i ve'ly.

k>k^
-L

k and for different

(21b)

x , ]nit
15,
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x=f .0

Fig. 14- Reactive Component 0f fundamental- f'requency.
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For n = 2, 3, 4, . ¡. (harmonics)

Io, i - sìn(n+1)o- sjn(n+i)g* x(cos(n+1)a- cos(n+1)e))
Zr(I+x' ) (n+1)

( sìn(n-1)o * sìn(n-1)o + x(cos(n-1)6¡ - coS(n-1)o) )
Ttt(I+x')(n-1)

. x k s'inê + x cosÊ+ __: 
", 

( . * -..¡v ...vvvu)( nxcosnO - sinng
r(I+n¿x¿)'/z I+xz

_ o.+0

- (nxcosns * sin no)e * 
) * k (cos na - cos n0) p.u.' /2tn

k < k. (Z?a)

IRn - o k > k. (22b)

and

I"., = - .-V+ . ( cos(n+1)a - cos(n+l)u 1x(sìn(n+1)o, + s'in(n+1)g))
^r¡ 2r(l+x' ) (n+t )

.1* c- ( -cos(n-l)o + cos(n-1)0 + x(sìn(n-1)o + s'in(n-1)O)
þr(I+x' )(n-i )

x ,k sinO+xcosO'/ ._ __________;. ( _ + _____f_l ( nx Sln n0 + cos n0
r(I+n¿x¿) '/? 1+x

_ 0+0

+ (nx s'in no - cos no)e x 
¡ + --3- (sin no + sìn n0) p.u.

/2r n

k < k. (23a)

I -0
XN

k > k. (23b)

and

In = ,, I?nn* tln (IRn from (22a) and I*n from,(23a)) p.u.

k < k. (zaa)
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i
n

The second through the fifth harmonic ('in per

fundamental) are plotted versus k and for different x

Fjg. 16, 77, 18 and 19, respectively. The higher order

negììgìbìe.

3.5 Effective Current

The RMS value of the current ìs defined as follows

k< /2

/7+x2

Performj ng the

, and by equation (16) for

above ì ntegra'ì resul ts 'i n

k (24b )
c

unit of

, in

harmonics are

(25)

( tqt) for

/2

n;7

+ x cosO)) 2

sino - cos0 + x sinO)

sino )

,ñ*, = * I: [ì (ot)]2 ¿(tut) p.u.
-U

where, j( t) isg'ivenbyequatìon(14a) through

ì

,2, 
RMS

(u2 * -5 lr
1+x-

x(cosZo - cos20

- 2(o+0)

¡1-e 
* 

)

x/2
rr(1 +;5

4r(t + xz)z

* X ¡v * /2' 4n u' 2 (s'ino
l+x

/2k+ -- (cosa + x
n(l + x')

cr+O \ r-21- )' (x2-11(sjnZo + sin20l

_kx
,iT

_ _o+0
(k+:+(sìno+xcoso))( 1-e * 

).Ll-+x

k - #7 (sino + x coso) )((sìncr)e
- gJq

X+

p.u. . . . (26a )
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,2 _ t.2, 1I'*NS = k'r¡f7 p.u. k ¡ k. (26b)

IRI,,S ìs pìotted versus k and for djfferent x , 'in Fì9. 20.

0n the other hand In¡lS can be expressed as follows

-z -? : -z--z :.2r'nus = rÃ * I. r; - rÃ I. r; (27)
n=l n=l

where In and In are gìven in prevìous section.

Computation of IRNS by equatìon (?7 ) showed 'insìgnìfjcant

difference from that of equatìon (26a).

3.6 Copper Loss

Copper loss js the average real powerin the series resistance

(R) , and js defined by the followìng relationshìp

.T
P. = * i_ n it d¡rt¡ = * t'o,,,,, watts/Phase (28)

and in p.u.,

P - i = v|n 
5 n

, c I'nNs = k' * 
nl, 

I; p. u. (29)

where IR¡.IS ìs gìven by equations (26a) and (26b).

0bv'iously P. for 3 phase ìn p.u. is the same as equation (29).

P. i s pì otted versus k and for di fferent x , 'in F'i g. 2I.

If R is Op pìus source resistance then the copper loss jn trans-
2formeris RpI'nNS = OOO. (p.u.)
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3.7 Magnet'izi ng Vol tage

Let vr(t) and vr(t) be the

respectiveiy, and v(t) = u1(t) + vr(t)

v(ot) - k - /2 sin uit - ì(ot)

vo1 tages across

( see Fì g. 10) .

p.u.

/2.-3 , andy'l+x"

L1 and L,
Then,

(30)

bv (16) forwhere, i (ot)

/2K>-.---ã- lr+x¿

,,2 =" RMS

\/=
" RMS

VRNS is plotted

Performing the integral, resuìts in:

vRNs = lr + kz - tå*, p.u.

where, IRMS 'is given by equations (26a) and (26b)

For k > k. , equation (32) can be reduced to

ìs gìven by (14a-f) for k

. And,

rTíô

* ¡ [v(ot)]z ¿(,t) = *
- .IT

t-.2r'I + X

versus k

,]T

/ tL - /? sin
- ,IT

ot - i(ürt)f d(r¡t)

...(31)

(sz ¡

The

v2(t) =

tì z'ing

-/2s

magne

Io
¡
n

n

t?

p.u. (33)

and for different x , in Fig. 22.

voìtage vr(t) is calculated as follows:

'in of o < of < 2r - 0

k < k ..(34)
c

-0<cotco

ì

v(t)

=*z
X

vr(t) v(t) (35 )
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2r-A
I luz("t)l¿ o(,,,t)
-t

uÍ*r,

uÍo*,

,,2,2RMS

where, IRMS

..2vzRNS can De

,,2
'2RMS

where,

D1

)2(t*u?-t'**r)

sin20 + sjn2o

- ,,2
'RMS

- ,t1 - K ,^ '? (2, - (a+o))

k. (3i)

{

1

-¿T

X^,l=( .X

2

I

1-

.(36)

(sa ¡

Xôa.L tL ,,L
I ì/x ' 'RMS

Performìng the integral, results in:

xtc
IL\L\xt

4'n

4r

=f
t

I+xZ

is gìven by equatìons (26a

expressed as fol I ows:

x)2( - )'ot*oz

?kz -,zors * +# (e + o) -

*2

and ( ?6b) .

(3e)

sin20 + sjn2s

k > k^ ...(+o¡

sin20 + sinZc
k

...(4i)

1+x2

I -=Ét en-(o+o)) +

I

Io

4tt

k>k-c

k
c

D2
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Dt and DZ are pìotted ìn Fig. ?3 and ?4. tquatìon (39), together

wjth Dt and DZ, gives the magnetìzìng voltage.

3.8 Iron I osses

The total iron loss js the average reai power ìn R, R, has

been ignored in calculations so far (0,n = -) Nevertheless R, is

not jnfinity and can be found for any transformer, as was mentioned in

section 2.7. Thus the iron losses can be expressed as

Pr = (42)

RMS va I ue of the .magnetì z'i ng voì tage wì 
'l 'ì not di f fer f rom VZRNS

(calculated jn section 3.7) materia'11y, since ìn practice R, turns

out to be quite large. Thus

,,?pr = +BIl p. u.
m

Substi tutì ng for Uã*n , from equat'i on ( SS ¡

Pr = t((?)2Dr*Dz) (44)

Thus iron loss can be easily calculated by equatìon (44), a'long wìth

Fig. 23 and 24, for any value of k

(43 )
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3.9 Var Demands

The Var demands Q can be ìnterpreted as the apparent power

of the non-resistive part of the impedance in the cjrcuit (Ll and L)

The reason for this interpretation is that no energy is lost in Ll and

L , as js shown below.

. ot=2r-0
Energy 'in non-resi sti ve part over one perì od = r I v(ot )i (r¡t)d(r¡t)

Lu !- ^(d L-- u

" uJt=o rjl..+\
= L f r" ol\r:i ) i(ot) d(ot)

oJ J *- I^ d(or7
UT=- U

.. j=0
=:l jdi=0 (4s)

U l=u

Thu s

and (26a & b),

x , 'in F'ig. 25.

the magnetì zi ng

(s+¡

ferent

nd of

Q = VRNS IRNS p.u.

where VRNS and IRNS are gìven by equatìons

respecti veiy.

Q i s p'ìotted versus k and for d'if

According to the above, the Var dema

branch (t) i s

Qz = V2RMS IRMS

lx^^l
Itl),0., +D^lr^..^
l'x' "I "2) ^RMS

xt2
= (t')'D3*D4

(46 )

D3 = IRMS D1

D4 = IRMS D2

(47 )

(a8a)

(48b)

where,
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and, D1, DZ and IR'IS are given by equatìons (40), (+t) anA (26a & b),

respect'i ve'ly.

D¡ and Dq are pìotted in Fì9. 26 and 27.

QZ can be ca'lculated by equation (47), aiong with F'ig. 26

and 27, for any vaiue of k

3.10 Apparent Power

The total apparent power S ìs calculated as follows

r T t . rt^. 1 ,''-.. .-?s = ( ir / tr. - /zsinatfz d(ot) il'f * 1"¡i1,t )12 al't)1'/z

= (1 *k2)trrt**, p.u.

where IRNS 'is g'iven by equatìons (26a) and (26b).

It can eas'i ly be shown that

s2 = r?.*Q'

(4e )

(50 )

where, Pc and Q are defined by equatìons (31) and (46).

S is pìotted versus k and for djfferent x ' ìn Fig. 28-
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3.1i Active Apparent Power, Reactive Apparent Power and

D'i storti on Power

According to the definitions of Reference [11] , the total

apparent power S may be resolved into three analytìca'ì components

defjned as the act'ive apparent power SR, the true reactive apparent

power S, and the distortion power SO , where,

sfr = (1 + kz)1rz + rfrr) p.u. (51)

s| = (1 * k2) ,1,

s2 = sÊ*s2*sfr

p.u. (52 )

(54 )

2ôæ')sé = (1 + k¿) 

^Lr 

ri

= (1 +kz)(rznNs -t'r-0,) p.u. (53)

where iRl, Ix1, I1, in and IR*S are g'iven by equat'ions (19a & b),

(20a & b), (21a & b), (2aa & b) and (26a & b) , respectively.

In general (for non sinusoidal systems), SR I Pc and

Sx I Q and SD I 0 SR, S* and SD are plotted versus k and for

djfferent x , 'in Fì9. ?9, 30 and 31, respectiveìy

SR , So and SO sum to S as follows:
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3 "12 Power Factor

In any circu'it, ljnear or nonlinear, regardless of the waveform,

the Power Factor js the factor by which the total apparent power must be

multiplied to obtain the average real power [11] Therefore

DI
' c 'Rlnls

9r=-r'r' S lvuZ
(55)

where, IRMS is gìven by equations (26a) and (26b).

If circuit compensation is sought, the maximum Power Factor is

realìzed by compensatjon of S* S* cannot be totally compensated by

means of energy-storage devices, but can be reduced to a minimum value.

However, a Power Factor of unity cannot be realized at all.

P.F. defined by equatìon (55) is plotted versus k and for

dìfferent x , in F'ig. 32.
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CHAPTER 4

DISCUSSiON OF THT RESULTS

4.7 Validity of the Results

Due to approxìmations made in Chapter 2, there may appear some

errors in the results, a'lthough insìgnificant. The major source of

error is the idealìzed magnetjzing curve. To show the effects of this

ìdealization, the actual and simulated currents are plotted ìn F'ig. 33

for a slight saturation case, and in Fig. 34 for a deep saturat'ion case,

by mappìng the flux 0(t) through the actual and 'ideal'ized magnet'izing

curves. The effect of neglectìng R, is the lack of the small current

indìcated in unsaturated reg'ion for the actual current. This small

current, as compared to the RI'4S value (or max'imum value) of the

exciting current, is relatìve'ly lower for the deep saturatjon case than

for the s1ìght one. However, this current is so small that it wjll not

affect the results cons'iderably. The highest error arises at the poìnts

correspondìng to the knee of the magnetizing curve which'is badly

s'imulated. As we can see, th'is erroris relatìvely lower for the deep

saturatjon case than the s'lìght one. In other words, altogether, the

error decreases as the case becomes more practi cal , and 'i s i nsi gn'i f i cant

for severe geomagnetic storms (not very small values of k ). All the

quantitjes calculated in Chapter 3 (FjS. 13 through 32) depend on the

excit'ing current and thus are valìd except for very small values of

k (k .. k.)

The assumptìon of k as constant does not produce any

signìficant error as long as the period under consideration is short

enough compared to the period of the geomagnetic fluctuat'ions and js

54
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long enough compared to the t'ime

After any s'ignìfìcant change ìn

needed for reach'ing the steady state.

k , jt must be reevaluated.

4.2 Comments on the Results

The harmonics have been computed onìy upto 5th one. Higher

order harmonjcs have very small magnitudes compared with fundamental.

To show thejr effectiveness, the RMS current was computed usìng onìy

upto 5th harmonic includìng fundamental. The result showed insìgn'ifi-

cant difference from the exact value of IRNS shown 'in Fig. 20.

However, any higher order harmonic may easiìy be computed usìng

equatìons (22), (23) and (24).

( above

for k

bute to

k2 p.u.

The copper loss shown in Fig.2'L is in fact the increased

the normal operating condìtìon) copper loss due to GIC; since

= 0, i = 0 has been assumed. Both ac and dc sources contrj-

this increased loss. The contribution of dc source is

"r,2or l*- watts.
K

The magnetìzìng voltage, be'ing calcuiated by means of

equation (39) and auxil'iary functions D1 and DZ, is always some-

what lower than VRNS shown in F'ig. 22 (they will be the same jf the

leakage reactance x1 is neg'lected), and higher than (xr/x)V*US

since DZ I 0 . This means that the two reactances do not sìmply act

as voltage divider and the magnetizìng voltage 'is closer to VR¡IS

than 'it seems to be. 0nly after compìete saturation VZRNS = xrlxVO*

The iron loss, calculated by means of equat'ion (44) is always

less than that of normaì operating condìtìons ( # p.u.) , since

VZntqS i s al ways 'less than 1 p.u .

It can easiìy be shown that for k ì / # (which ìs usual'ly



(Q
)a

the case ),

P. * Pr ' * 
p.u. ( 56 )

which indicates increase in total losses due to GIC.

The Var demands Q is also the increased Var demands due

to GIC, s'ince for k = 0, Q = 0 QZ is always less than Q and

larger than xr/x Q , and QZ = xr/x Q onjy after complete saturation.

S, SR, Sx and SO are also assumed zero for no GIC.

All the graphs ìn Chapter 3 have been pìotted for different

values of x between 0.1 and 10 For very large transformers, x

may turn out to be'larger than 10. For such a particular case, we can

either p'lot the graphs for larger values of x with larger scale or

compute the quantities directly from their expressions. The sanrpìe

calculation js shown for Dorsey 230-500 kV auto-transformer (see

appendix), where, x = 28.57 p.u.



CHAPTTR 5

APPLICATION OF THE RESULTS IN DETERMiNATiON OF

OTHER DISTURBANCES iN POIdER SYSTTMS CAUSED BY GIC

GtCi may affect power systems in djfferent respects, mosily

resultìng from the haìf-cyc1e saturation of the transformer studied in

this thesis. The increased real losses and increased Var demands can

CAUSO a volrage drop at rtre'}eed,'anda change jn real pgwer flOw ìn the

system. To study these effects the behaviour of the transformer under

GIC must be entered in the model developed for the load flow studies

in a proper manner. One of the usual techniques, whjch is employed

in reference t5] , 'is to represent the transformer with its'leakage

reactance (as usuaì), and to assjgn the'increased Var demands to the

transformer bus, for example half of it to e'ither s'ide. The real

losses can be included as well.

To ext'inguìsh the secondary arc current durìng a single pole

switch'ing, shunt reactors are connected to the system to compensate

for the fundamental frequency electrostat'ic coup'ling. These reactors

can be affected by GIC similar to transformers. The half-cycle

saturatjon of these reactors as well as transformers may cause hìgher

harmoni c magnitudes in the secondary arc current resuì tì ng 'in add'itìonal

time to extinguish the arc t6] .

Another probabìe dìsturbance caused by GIC is relay operat'ion

problem which can be due to c.T. haìf-cyc'le saturation [4] . The dc

component of the exciting current of the power transformer, passìng

through the w'indìng of the c.T. in the ,line, times the series res'ist-

ance of the c.T. winding serves as K There may be several other

djsturbances in the system caused by GIC [5,6] whìch can be studjed

59
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usjng the results of this thes'is. These results altogether serve as

a means to determine whether or not the mitigatìon of GIC is necessary.

In fact mìtìgatìon of GiC is possible and several neutral dev'ices have

been real'ized so far [4, 12f

At distrjbution level, various systems of rectifiers or

symmetrical vo'ltage peak ìimjters can produce a direct current in the

system [13] affectìng the involved transformers sjmilar to GIC.



CHAPTER 6

CONCLUS IONS

This study allows to quantìtatjvely eva'ìuate the effects of

GIC on transformers with a good approxìmation and for a wide range of

the GIC. The results also reveal that:

1. GIC causes half-cyc1e saturation in power transformers.

The degree of thjs saturatìon depends on the severity of

the geomagnetìc storm, as weìl as the ratio oL/R For

a gìven GIC, it increases with ìncreasìng r.rrl/R

2. The steady-state magnetizìng current of the transformer

under GIC is unìdirect'ional (similar to jnrush current)

and 'its average 'is equal to the amp'l'itude of the effective

GIC flowing 'in the core.

3. The operatìng point on the magnetizing curve does not

correspond directly to the ampl'ìtude of the GIC. It

corresponds to the average flux which will establ'ish

itself in the core. The current corresponding to th.is

po'int on the actual saturat'ion curve i s much I ess than

GI C.

4. The RMS value of the magnetiz'ing current of the trans-

former under GIC js many times greater than the normal

one (with no GIC).

5. The steady-state magnetìzing cument of the transformer

under GIC contajns even as well as odd harmon'ics, wjth

the magnitudes of the lower order harmon'ics 'intolerabìy

high. Almost always the second harmon'ic has the highest

6I
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magnitude. Harmonics hjgher than 5th have negììgìbìe

magnitudes so far as RMS current is concerned.

6. Due to GIC, copper loss of the transformer is irmeased.

Høøøterrfor Dorsey transformer it doesntt seem to be any problem.

7 . Due to GIC, i ron loss of the transformeris sl ightly

decrea sed.

B. A]together, due to GIC, the total real loss is increased.

9. Due to GIC, the voltage at secondary terminals is hìghly

distorted. Its RMS value is somewhat decreased but 'is

higher than the value obtajned by voltage dividing across

x1 and 
^z

10. The Var demand of the transformer under GIC is consider-

ably jncreased.
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APPENDIX

The results are determined for Dorsey 230-500 kV auto-

transformer w'ith secondary and tert'iary open-ci rcui ted .

E - 230//3 = 732.8 kV (rms)

Zsource = 0.95 + j 7.I4 ohm

*O = 0.0565 ohm

R - 0.0565 + 0.85 = 0.9065 ohm

R, = 444000 ohm

Leakage reactance of the 230 kV side turns out to be negative

with smal'l magnitude wh'ich is assumed nil. Thus: x1 = 7.14 ohm

*Z is calculated from magnetìzing curve of the transformer (from 230 kV

sìde) shown'in Fig. (A-1), as foìlows:

xz = 2n6o Hf# = 18.75 ohm

*1 * *,
x = ff = Zg.S7p.u.

FiS. (A-1) is based on the jnformation obtajned from Manitoba

Hydro. The results are shown on the next few pages for djfferent

effective GIC's (by choosìng dìfferent values for y ) , where,

N I +N I
(Gl.)effective = 

ffi = 0'46 i.or + 0'54 Iser

(see ref. t6l )

and

I_^- = The direct current in common winding.
c0m

I^^.- = The direct current ìn series winding.
ser
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Fig. (A-1)- Dorsey Autotransformer!s Magnetizing Curve"
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Descri ptì on of the col umns :

(1) y, the total angìe for which the transformer is jn saturation.

(2) GIC , the effective direct current in the transformer.

(3) 0, the angle at which the transformer goes into saturation.

(4) o: the ang'le at wh'ich the transformer goes out of saturation.

(5) IRt , the real component of the exciting current.

(6) Ix1 , the react'ive component of the excitìng current.

(7) It , the fundamental component of the excìting current.

(B) IZ/II , the second harmonic ìn p.u. of fundamental.

(9) 13/Il , the third harmonic 'in p.u. of fundamental.

(10) I4/II, the 4th harmonìc in p.u. of fundamental.

(11) IS/II, the 5th harmonic in p.u. of fundamental.

(12) IRUS , the RMS value of the exc'itìng current by direct ìntegratìon.

(13) IRUSS, the RMS value of the excjtìng current using upto 5th

harmoni c.

(14) VZRNS , the RMS value of the secondary vo'ltage (L-L)

(15) P. , the increased copper loss due to GIC.

(16) Pl , the iron loss under GIC.

(17) P(IN.), the total 'increased loss due to GIC.

(tS¡ Q , the total ìncreased Var demand.

(19) Q2 , the ìncreased Var demand of the magnetizìng branch.

(20) S , the apparent power.

(21) SR , the active apparent power.

(22) S* , the reactive apparent power.

(23) SO , the di stort'ion power.

(24) P.F. , the Power Factor"


