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GeomagneticaUy Induced Cucfents (GIC), flowing in power systems during 

Solar Magnetic Disturbances (SMD), cm cause severe offset saturation of power system 

transformers. Continuous saturation of transfonners cm result in transforma overheathg, 

and cause harmonic cuctents to be injected into the sy~rem. Relay and protection systerns are 

affected by harmonic cumnts passing through the system. 

A considerable amount of study has been done using analog &or digital 

simulations of transformer half-ycle saturation to predict the transformer response to DC 

excitation. These methods used simplified transformer core models to represent the 

excitatiorAlw re1ationships. 

This thesis includes the development of an accurate transformer core model. 

The accuracy of the model is valiâated by comparing the recorded waveforms during GIC 

events with the simulated wavefom using the model. Then the model is used to invesfigate 

the other system quantities at different GIC conditions. .As well, the performance of several 

protection schemes under GIC are evaluated. The study is performed using an 

electromagnetic transients simulation program. 
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Chapter 1 
Introduction 

1 .I .l THE ONGIN AND CYCUC N A T W  

The sun is continuously discharging a thin plasma of protons and electrons 

into interplanetary space which is knom as solar wind. The solar wind is affected by three 

categones of solar phenomena: solar flares, coronal holes and disappearing filaments.[l][2] 

When one of those phenomena cause fluctuations in the solar wind, then the 

interaction of the solar wind with the earth's magnetic field can produce auroral currents, or 

electrojets which follow circular paths around the earth's geomagnetic poles at altitudes of 

100km or more. 

These auroral currents distub the e h ' s  nonnally dormant magnetic field 

and when the disturbances are of sufficient seventy they are temed Geomagnetic Storms. 

ûn average, solar activity, which is measured by the number of sunspots in a month, follows 



an 1 1-year cycle. Figure 1 .1 shows both the Number of geomagnetically disturbed days 

per year and the sunspot number measured between 1932 and 1986 [3][4]. Figure 1 .1 

clearly shows the cyclic nature of geomagnetic activity with a period of roughly 1 1 years. 

Sonspot 
Number 

Cvcle 17 Cvck 18 Cycle 19 Cycle 20 Cycle 21 
I i A I I I 

Number of 
Oisturbed 
DavsIYear 

i930 35 40 45 50 55 60 65 70 75 80 85 90 

Figure 1 . 1 : Cyclic Nature of Geomagnetic Activity 

1 -1.2 INTERACTION WITH POWER SYSmMS 

During Geomagnetic storms, a potential digerence is induced on the surface 

of the earth due to the earih's geomagnetic field fluctuations. The resulting earth surface 

potential (ESP) acts as a voltage source applied between the grounded neumils of wye 

connected transformers or auto-transfomers that may be located at opposite ends of a long 

transmission line as shown in Figure 1 .2 . This ESP produces a current, known as 

Geomagnetically Induced Current (GIC), through the grounded neutrals of transformers or 

auto-transfonners and flowing along the transmission line. 



EARTH SURFACE 

Figure 1.2 : ESP between grounded Y transformer neutrals and 
the resultant GIC in transmission lines. 

The magnitude of the per-phase GIC can be many times larger than the RMS 

ac magnetizing current of the transformer. The GIC has a frequency of millihertz and appears 

as a quasi-dc in cornparison to the nomial power system hquencies. 

1.2 EFFECT ON POWER SYSTEW 

The first known written report of the adverse effects of magnetic storms on 

electric power systerns was made by W. F. Davidson in 1940 [4][S]. The report was based 

on information obtained from 22 electric utility companies in North America for the 

magnetic storm of March 24, 1940. 

Geomagnetically Induced Current enters the transformer through its 

grounded neutral and flows along its windings. This builds up a dc flux and shifts the 

operating point on the transformer rnagnetization characteristics away from the ongin, as 

shown in Figure 1 .3 , saturating only in one half of each cycle. This effect is known as half 

cycle saturation of a transformer. The half cycle saturation is the source of nearly al1 the 

operating and equipment problems caused by GIC's during magnetic storms. 



Figure 1 -3 : The shift of operathg point on the magnetization characteristics 

The consequences of transfomer half cycle saturation cm be classified as 

follows [3][4]: 

1. Generation of both odd and even hanaonics in transformers. 

This may result in several adverse effects on the power system. 

(a). Shunt capacitor banks are seen as low impedance paths for the higher 

harmonics. This will cause a major portion of the harmonic currents to go 

through capacitor banks. Since some protection schemes could see this as an 

overload, it is possible to trip out capacitor banks due to overload protection. 

(b). The undesired operation of other protective relays that may respond to sequence 

voltages or currents but are not fiequency selective. Undesired operations can 

be of three types; detection of f d t  where none exists, failure to detect a fault 

and failure to detect a fault in an adequate tirne penod. 



2. An increase in reactive power drawn by transfonners. 

Some of the adverse effects due to this increase cm be: 

(a). Intolerable system voltage depressions. 

(b). U n d  swings in active and reactive power flow dong transmission lines 

(c). Problems with generator reactive power limits in some instances. 

3. A possible drastic leakage flux effect in the transformer with resulting excessive localized 

heating which could r e d t  in the following: 

(a). Increase in losses 

(b). Degradation of insulation 

The complete blackout of the Hydr-ebec system during a GIC event on 

March 1 3 th 1989 is an example of how disastrous the effects of GIC can be [2] [6]. During 

this geomagnetic storm excessive harmonics flowed into static voltampere reactive 

compensators, which provide rapid voltage regulation. The capacitive legs of the Static VAR 

Compensator's (SVC) act as a si& to the hannonics. The harmonics quickly loaded the 

capacitors to such an extent that protective systems sensed a false overload and took the SVC 

off4he to prevent equipment damage. This caused severe voltage regulation problems and 

subsequently the entire HydrO-QUebec network collapsed. 

1 3 VULNERABlLITY OF P O W R  SYSTEMS 

Normally the GIC which flows in the power system is proportional to the 

ESP impressed between neutral grounding points. The ESP in turn, varies with the distance 

between grounding points. Today's power systems have very long transmission lines and 

inter+ormections between regional power grids are becoming very common. Thus the 

distances between grounding points has increased, leading to a mater likelihood of 

significant GIC levels. 



1.4 MODELLING OF GIC 

The power system model for the flow of GIC is basically a dc conducting path 

model through the station ground mat resistances, the transformer windings, and the 

interconnecting transmission line network. While there are similarities between the path 

taken by GIC and zero sequence currents in a power system, there are also important 

differences in the comective topology representing transfomers in the two instances[7]. 

The GIC transformer models are not concerned with leakage reactance values, but only with 

paths through the transformer that could be followed by dc current. 

In simulation of GIC in an electrmqgetic transient simulation package, 

GIC has to be simulated as a dc potential merence between two substations rather than an 

injected dc current through the grounding points in the substation. 

1.4.1 ESTIMATION OF GIÇ 

During a geomagnetic Storm, the portions of the earth which experience an 

appreciable tMe rate of change of the geomagnetic field will have induced ESP. Analytical 

methods have been developed to estimate the ESP based on geomagnetic field fluctuation 

data and a multi-layered earth conductivity model [8]. Towle et. al.[9] proposed a method 

by modelling ionospheric current as a gaussian distributed current sheet above the earth and 

dividing the surface of the earth into different earth resistivity regions. The resulting ESP at 

each power system substation is then calculated. Rackliffe et. a1.[10] quantified the GIC on 

a power system by a simulated magnetohydrodynamic-electrornagnetic pulse. 

This study is aimed at modelling the transformer core to represent the 

saturation characteristics and transformer losses accurately and develop the model to 

represent different core configurations. 



The DorseyForbesChisago 500kV system is taken as a case study and an 

evaluation of some protection schemes are carrieâ out under GIC conditions. The effects of 

GIC on this system &a d e s  compensating the 5ûûkV lhes are also studied. The 

capacitors in series block the d.c. path in the 500 kV lhe and restrict the GIC into the parallel 

230 kV lines. 

The study is primariiy based on modeiling transfomers and evaluating some 

protection schemes. Maximum recorded GIC current levels and predicted maximum GIC 

current levels are used for the study. The maximum predicted value used in the thesis was 

based on calculations done assuming an uniform electric field mode1 that is not considered 

realistic today. However, at the thne levels were chosen, there was no other information 

available. 



Chapter 2 

To assess the power system response in the presence of GIC, a simulation 

package such as EMTDC[ll] has to be used but several improvements are necessary before 

it is entirely suitable. It is clear that simulation results are going to depend very much on how 

the transfom~n are modelled since the effects on the power system due to GIC are due 

primarily to transformer half cycle saturation. 

The way the transformer core, including saturation charactenstics, eddy 

current losses and hysteresis losses, is modelled is very important since the cause of 

harmonic generation are in fact the nodinearities of the core of the transformer. This is 

further illustrated by figure 2 .1 . 



Figure 2 -1 : Generation of hannonics due to the nodinearity of the transformer core 

GIC appears as a q u a s i 4  cunent giving rise to a dc flux, provided a low 

reluctance path exists for dc flux. This will drive the transformer into half cycle saturation. 

A three phase three limb transformer is an example where thm is no low reluctance path for 

dc flux, therefore exhibit no significant effects. This is an example of how diflerent core 

models behave in different ways in response to the GIC. Before going into details of 

transformer modelling let us fist understand how the tramformers are represented in 

simulation packages nich as EMTP[12] and E-[ 1 11. 



2 .l .l TRANSFORMER MODELLING IN EMTP 

in principle, any Nwinding transfomer can be described as N coupled coils. 

And it can be represented by the folIowing equation for the ac. steady state 

and for the transient state 

The matrix Z in equation 2 .1 is symrnetnc. Elements of that matrix can be 

measured in no load tests. If coil k is energhed and al1 other coils are open circuited, then 

the measured values of Ik and Vj . . . . Y,  produce the k th column of the rnatrix 2. 

Unfortwiately the short circuit input impedances which descnbe the more 

important traosfer characteristics of the transformer are insignificant in such no load 

measurements. Large transfomers are tightly coupled with a coupling coefficient very close 

to unity making it impossible to calculate short circuit impedance with a reasonable 

accuracy [ 121. 

T'us matrix Z is calculated in a different way. Let the tnuisfer charactenstics 

be expressed in the form of voltage dmps between coil i and a reference N. Then, 

wherie wi is the number of tunu in coil i. 

Because the exciting magnetomotive force (m.m.f.) is negligible for the 

short circuit test, we have m.m.f. balance, 



Combining equations 2 -4 and 2.5 and eliminating IN, 

The elements of Z' can be found cürectîy h m  short circuit test data 1121. 

Then the matrix Z' is inverted 

[ I I ( n - l ) x l  = I Y 'I(ii-i)xCn-i~ [ V 'Icn-ilxi  (2-7) 

and by adding equatioa 2.5 and -ging 

2.1.2 IDEAL TRANSFORZ\IEB MODEL IN EMTDC 

To understand how ideal transfomers are modelled in EMTDC [Il], let us 

fust understand the theory of mutual coupling. To simplify the study let us consider two 

mutually coupled windings as shown in Figure 2.2 . 

Figure 2.2 : Two mutually coupled windings 

The voltages across the fkst and second windings are Ex and Ey respectively 

whereas the currents going into the windings are 1, and Iy. The self inductances of the 

windingsx andy are denoted as& and& respectively whereas mutual inductance between 

the two windings is denoted as Mv = Mp = M. Equation 2.9 can be written to describe 

this circuit. 



In order to solve for the currents, the inductance matrix needs to be inverted 

The coupling coefficient k = 1 when the windings are ideally coupled. In a 

practical power transformer k 1, but k < 1 which enables the inverse of the inductance 

ma& to be finite. For closely coupled coils, tums ratio 'a' is defhed as shown below. 

& and L, can be detemllned by doing standard open circuit tests on the two 

windings. For example when winding y is open circuitex$ 

1, = O 

d Er = Ix+Ir  

If the applied voltage E, is assumecl to be sinusoiclal, with mis voltage v,, and 

an angular fiequency of a, and if it produces a mis current of I,  then, 

Similarly the mutual inductance between coils x and y can be found by 

shorthg coil y and applying a mis voltage Y ,  to coil x so that rated nns current I,  flows in 

coil x. Then 



0 = M x y  pl, + L y ,  pl, 

since k, is very close to one, 

Hence, 

*,, k,, = 1.0 -- 
m x ,  

From equations 2 .13 , 2  .15 and 2 .16 when the rated voltages of the 

windings, MVA rating of the transformer, leaicage reactances between windings and the 

frequency are given, one cm calculate the inductance rnatrix. 

From equation 2 .10 the inverse of the ma& cm be written as follows by 

substituting 'a' and lening = 1 within the matrix 

When an ideal transformer is modelleâ, iron con non linearities and winding 

resistances arr not represented. These have to be added separately. The most prominent iron 



core non linearity h the saturation followed by eddy curreat loss and hysteresis loss 

[13],[14]. The simplest and most commody used method to represeut core losses is to add 

a shunt resistance across one winding. For most of the studies using EMTP or EMTDC, core 

and winding losses can k neglected because of the little significance to the result [Il]. But 

for studying the effects of GIC, where the cause of the problem is the non-linearity of the 

core, the transformer core has to be modelled accurately. 

Many studies including transfomers do require saturation to be adequately 

modelled. It can be represented in either of two ways; 

1. V@hg inductance 

2. non-lïnear cumnt source acloss a winding 

If the saturation is modelled by the v-g inductance method the 

conductance matrix comsponding to that particular subsystem has to be rc-computed and 

inverted again whenever there is a change in the inductance. The advantage of using a non 

linear curent source is that there is no requirement for re-computation and inversion of the 

conductance matrix but the voltage available for calculation of current is one tirne step old 

and hence some sort of prediction is used to get the present voltage. 

In most of the models representing the saturation, non linearity is represented 

as a combination of several hea r  sections. EMTDC uses a combination of a curve and a 

straight line section [Il]. This kind of representation is quite adequate for most of the studies. 

But for studyhg the effects of GIC, where the results are highly dependent on transformer 

saturation characteristics, it is not sufficient. 

As for core losses, Swifl has shown that eddy current losses are greater than 

hysteresis losses and eddy current effect can be closely approximated in a linear way for 

power system transients [ 131. 



There are several models in use but almost al l  of them are only accurate up 

to a certain degree of saturation. Representation of mapetkation characteristics over a wide 

range having a smwth variation of incrementai permeability is feasible ody by representing 

the saturation as a nob-linear current source. The variable inductance method will not be 

feasible as this will force a repeated numba of computations and inversions of the 

conductance matrix. 

Then the problem is hding a suitable mathematical expression which gives 

the magnitude of the non-hear current. There were several attempts to represent the 

magnetization characteristics as a polynomial senes, rational fraction poIynomia1 seriesIl 51 

or a non-integer p e r  series[l6]. Although polynomial series and rational fiaction 

polynomiai give a fairly good representation, incremental permeabiiity is not represented 

accurately even giving nse to negative values. The n o d t e g e r  power series method 

proposed by Luc@ 161 ensures a smooth and realistic variation of incremental permeability. 

The magnetization c w e  of transformer steel has a low incremental 

permeability at low magnetizing fields, increasing to a peak value and then decreasing as 

saturation is increased. Lucas has shown that field intensity H can be expressed by a power 

curve of flux density B of the fom given by 

H = CK, Bai wiih & > O and a, > O for al1 i ( 2  .18) 

Mtematively this may be expressed in tenns of flux Linkage 1 and 

magnetizing current im at time t = n At as in equation 2 2 0  . 

N i m m  "i 

- i = 1 (h) with K;. > O and a, > O for al1 i 

where N = Number of t u m  
1 = mean length of the flux parh 

A = cross sectional area of the core 



This simplifies to, 

The coefficients 4 and hence S. are deliberately chosen to be positive to 

ensure that both H and incremental permeability %vary smoothiy without oscillations. The 

indices ai need not be integers but are chosen to be integers for convenience. The first index 

a , is really a decimal fiaction close to haK which represents the ankle region of the 

magnetization characteristics[l7]. Since the ankle region is not of great importance for this 

study a , is chosen as unity for ease of computation. 

The coefficient KI is calculateci by ploîîing log B vs. log H and then applying 

a least square method for the initial region. AAer solving KI for a , = 1, the rest of the 

indices a and coefficients & can be found by using log~thmic plots [ 1 61. Typicaliy 3 terms 

of the power curve give a very good representation over a wide range of values. 



Cunieat as a % of 4ûûMVA fui1 load current 

Figure 2.3 : Power senes curve representation of magnetization characteristics 

where O = fiequency in rad/s 
iFL = 4 0 0 W A f i l l  load m e n t  
VR = rated voltage (mu) 



Figure 2.3 shows the magnetization characteristics obtaimd for the 

23O/Sûû/46kV 240/4ûûWA~phase transfomer at Dorsey for 60 Hz fkquency. The vertical 

axis shows mis voltage as a percentage of rated voltage and the horizontal axis shows the 

rms current as a percentage of fiill load current. The two graphs show the actual data and the 

caiculated power series curve. The values of 4's and a i's for the graph in Figure 2.3 are 

given by Equation 2 2 1 . 

The "Reluctance" &, of the magnetic core of the transfomer is defined for 

convenience in this study in t e m  of flux linicage 1. rather than the flux, as in equation 2.22 

Hence may be expressed as in eqyation 2.23 

Since the values of kj- 's and a, 's have been based on rms measurements 

(Vm-I,, curve) they camot be used with instantaneous values of i and lh. There are some 

methods to convert V--1, to instantaneous or peak values [14][12]. Al1 these methoâs 

are applicable only for modelling saturation characteristics in piecewise linear sections and 

are not suitable for power series curve representation of saturation characteristics. 

The following heuristic approach is used to modim 4 's and a , 'S. Note that 

there will be no difference in the coefficient k, when it is converted into an instantaneous 

value. This is because we chose a ,  = 1, which describes the linear portion of the 

relationship between voltage and curent and hence there is no change in the proportionality 

coefficient whether it is instantaneous, peak or rrns value. 

For the first step, the coefficients 's and indices a ,'s previously obtained 

fiom logarithmic plots of measund characteristics are used to give an estimated saturation 

characteristic of i and A. The mis current is then calculateci using this saturation 

characteristic with a sinusoida1 input voltage Y,, of varying magnitude at rated fiequency. 

Using these new values of Y,, and lm, a new curve was drawn. Then a similar logarithmic 



analysis is done on this new cuwe and a new set of coefficients (km ) is found keeping 

indices (a as before. Then a new coefficient for the second term of eqn 2 53 is found by 

multiplying the original coefficient ( k ~ + * ~  ) of the second term by the ratio k2+Hg / k2+,- 

With this modüication the new Y-4- curve U s  withm close proximity to the measured 

curve over the region dominated by nrst and second temis of the power senes. This 

procedure is repeated until the characteristic descriid by the power series coincides with 

the measufed characteristics over the region dominated by the h t  and second t e m .  

Then a similar process is done for the coefficient of the third term of the 

power series. Figure 2.4 shows nns voltage as a percentage of rated voltage vs. mis current 

as a percentage of 4ûûMVA fÛli load current for different stages of converting coefficients 

into instantanmus values. 

AAer determining new coefficients 4's to suit instantaneous values, S, c m  

be represented as in equation 2.24 

The portion of reluctance which is represented by kl in eqn. 2 .24 can be 

represented as an inductor across a winding. The advantage of representing it as an 

inductance in a time domain simulation is that cunent drawn by it in the present time step 

is based on the voltage at the present time step. 

Note that although coefficients k's and indices a ,'s can be found to get the 

relationship between i , ,  and A,, computations are done using values of B rather than A. to 

avoid numerical problenis when haadhg powers of very large or very small numbers. 



Current as a % of 400MVA full load current 

..--II - second - measured 

Figure 2.4 :Conversion of ~ I S  values into iastaataneous values 
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nie instantaneous c m n t  of the nodinear current due to magnetization 
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charactenstics are given by 

iw(NL) = Sn BO jl and 

S. = CB, ( B J ) ~ ~  wi~ere a, # 1 

whem Bo = - l a d  N A  BI = &, 

O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 



This is accompanied by a linear inductance Log which represents the linear 

portion of the magnetization curent. 

NNA 1 1 = -  = -  L, = - 
k1 J KI Bo BI 

There are two f o m  of losses which occur in the tram 

1. eddy current loss 

2. hysteresis loss 

former core; 

At steady state conditions eddy current loss linearly increases with 

approximately B* whereas hysteresis loss varies with approximately B@ . Thus the loss 

current may be written as 

where Rh is a proportionality constant for the hysteresis current, is the 

Steinmetz index and is the eddy cment resistance. R, and & will in general be fiequency 

dependent but at present they are set to a value suitable for fundamental frequency. At present 

is set to 1.6 which is typical. 

Because of the linear relationship between current representing the eddy 

current loss and the voltage, the eddy current loss can be modelled by a resistance across the 

winding. But the hysteresis loss current component has to e represented as a current source. 

The value of 4 can be shown 

where N is the number of turns in the coil, A is the cross sectional area of the 

core, 1 is the mean length of the flux path, c is the thickness of the lamination and p is the 

resistivity of the matenal.[l8] 



Considering all the above facts discussed in sections 2 .1 .3 .1 and 

2 .1 .3 .2 , the transfomer core can be represented as in Figure 2.5 . 

Figure 2.3 :Basic Model for the Transfomer Core 

Hysteresis loss current and the nodinear magnetizing current due to flux 

dependent reluctance are represented as a cunent source, giving the equivalent circuit as 

shown in Figure 2.6 . 

Figure 2.6 : Final Model of the Transformer Core 

A flow chart of the simplified algorithm for calculating nodinear current 

is given in the appendix A . 

2.1 -5 DIFFEWNT TRANSFORMER CO-URATIONS 

nie  msin difference which affects the transformer half cycle saturation 

between different transformer configurations is the magnetic flux path taken by zero 

sequence flux and non+zero sequence flux. Xfthe zero sequence flux path is the same as the 

positive and negative sequence flux path, then the magnetization characteristics are the same 



for al1 sequences. Then the core can be modelied by attaching a simple core model to any 

one of the windings. 

If the zero sequence flux path is different h m  the positive and negative 

sequence flux path, then a complex core model can be developed by adding an extra w i n b g  

and comecting core models corresponding to different hnbs of the transformer in an 

appropnate way according to the principle of duality between electric md magnetic 

circuits. [ 1 81 

Single phase transformer cotes can be of two types; sheli form or core form. 

These two forms are illustrated in figure 2.7 . In the shell form the coils are wound in the 

centre Iimb whereas in the core form the coils are wound on two side limbs. 

Shell form Core form 

Figure 2.7 : Shell form and Core fom Single Phase Transfomers 

A single phase unit, or a three phase transformer comprised of single phase 

uni& whether it is core type or sheli type should behave in a similar fashion on exposure to 

GIC. The single factor linking these two types of transformer is that the magnetic circuit of 

the core accommodates zero sequence flux and its path is the same as that of positive and 

negative sequence flux. Therefore saturation characteristics of zero sequence are the same 

as that of positive and negative sequence. This is the most simple model of possible 

transformer configurations. Figure 2.8 shows the single phase multi winding transformer 

model for cases where zero sequence flux shares the same path with positive and negative 



sequence fluxes. Three phase transfomm made up of single phase uïts cm be assembled 

from this by co~ec t ing  them approprietc?ly. 

Ideal Transformer Model in EMTDC 

Figure 2.8 : Single Phase Model of a Transfomer 

A typical three phase sheii fonn tramfornier core is shown in figure 

2 .9 [19][20]. Three phase coils are wound on three middle limbs with the coils in the rniddle 

lUnb wound in the opposite direction to the other two. Usually the cross sectional areas of 

the yokes and the outer limbs are half of that of main limbs. In the case of zero sequence flux, 

zero sequence flux produced by two sets of coils shares the two middle yokes giving a higher 

zero sequence flux density in the middle yokes. 

Figure 2.9 : Three phase conventional transformer core configuration 



In a case like this where the paths taken by diffmnt sequence fluxes are 

different, a core mode1 can be developed by maLing an additional winding and connectiag 

them with different core elernents which reprrsent the limbs and yokes in the transformer 

core in an appropriate way accordhg to the principle of duality between magnetic and 

ekctric circuits. 

The magnetic equivalent circuit for the transformer core configuration 

shown above can be represented as in figure 2.10 . 

Figure 2 .10 : Equivalent magnetic circuit of the three phase conventional transformer 

In a magnetic equivalent circuit, around any closed path, the total 

magnetomotive force of the windings is equal to the sum of the products of reluctance and 

flux. 

The continuity of magnetic flux in the magnetic field is represented by 

equating the sum of the fluxes entering any junction of magnetic paths in the equivalent 

circuit to zero. 

For the above circuit using the symmetry of the circuit between the upper and 

lower half, 



Using the equation 2.29 , 

Using the equation 2.30 we have, 

Equation 2.32 cm be rewritten as, 

Let us consider each of these magnetomotive force components to be 

produced by corresponding components of current in N-tuni coils. These current 

components are then related by the expression 

i,' = ia + i l  + i3 + i5 

ib' = ib + i9 + i7 + i5 

i,' = ic + i9 + i l l  + i13 

Suppose al1 flues link an N-turn coil. Then corresponding voltages 

produced in the coils cm be related by using equation 2.33 as foliows. 



Also using the symmetry we have, 

en = en+l 
= for n = 1,3,5,7,9,11, 13 

This gives us an equivalent circuit as show in figure 2 .ll . 

Figure 2 .ll : Equivalent Circuit for 3 phase Conventional Transformer 

The three voltages are applied to the circuit by adding another tbree phase 

winding and comecting the windings and the elements in series as shown in the equivalent 

circuit. The elements correspond to the ectual limbs in the transformer. Each element is 

subjected to a voltage corresponding to the flux passing through the corresponding limb of 

the transformer core. Therefore eddy current loss resistance and hysteresis current source 

can be incorporated into this model. This makes each circuit element in the equivalent circuit 



correspond to a parallel combiaation of resistor, inductor and a current source as marked in 

dotted lines in figure 2.6 . 

2 -1 -5 3 'IWREF PHASE FIVE LIMB TRANSFORMER$ 

Core configuration of a typical three phase five limb transformer is shown in 

figure 2 .12 . The coiis are wound on the three middle limbs and no coils are wound on the 

two outside limbs. The cross sectional area of an outer limb is u s d y  half of that of a main 

limb and the cross sectional area of yokes are about 70% of that of a main limb. 

The zero sequence flux flows through the outside limbs thus making them 

susceptible to saturation due to zero sequence flux. The main limbs provide a path for aLi 

fluxes irrespective of the sequence of the flux. 

Figure 2 -12 : Three phase Five limb transformer core codguration 

Doing a similar analysis as for the conventional transformer, we c m  develop 

an equivalent electric circuit for a three phase five limb transformer. The equivalent circuit 

is shown in the figure 2 .13 . 



Figure 2 .13 : Equivalent Circuit for 3 phase 5 h b  Transformer 

Core configuration of a typical three phase three l h b  transformer is shown 

in figure 2 .14 . The coils are wound in the three vertical limbs. There is no low reluctance 

flux path for the zero sequence flux. 

More accunite equivalent circuits c m  be developed if the flux paths outside 

the core material are considered. For this study flux paths outside magnetic material are not 

considered since this is the least affected transformer core configuration due to GIC. 

Figure 2 .14 : Three phase Three limb transformer core configuration 

Doing a similar analysis as for the conventional transformer, we can develop 

an equivalent electnc circuit for a tbree phase three limb transformer. The equivalent circuit 

is show in the figure 2.15 . 



Figure 2 -15 : Equivalent Circuit for 3 phase 3 Iimb Transfomer 

bodelling of transmission lines plays an important role in studying the 

effects of GIC since transmission line response is frequency dependent. Since GIC gives rise 

to harmonics, proper representatioa of transmission lines for a wide frequency spectnim is 

very important. There are two methods used in modelling transmission lines in 

elec trornagnetic transient programs. 

1. Bergeron model 

2. Marti's fiequency dependent line model 

In order to appreciate the concept of a distributed transmission line, a single 

conductor overhead transmission line is considered. Multi phase and mutually coupled 

transmission lines follow similar concepts. 

Let us h t  consider a lossless transmission line. Lossy transmission lines cm 

be derived fiom the lossless model with certain assumptions. For a lossless line, 



w h e  L = inbuctance per unit Iengrh 
C = capcitance per unit length 
v = voltage 
i = cuwent 
t = time 
x = dhtance along the line 

d'Alembert's solution to equation 2 .38 is; 

where phase velocity a = '- m 
characteristic impedance Zc = f i  

rearranging the equation 2.39 , 

From equation 2.40 it is clear, that an observer moving at velocity a along 

the line wiil see the quantity v + & i constant, because for that person, x - nt is constant. 

Figure 2 .16 : A lossless transmission line 

Let the observer leave m at tirne t-r and arrive at k at time t, where t = &a, 

d being the line length. Thus, 



1 where Il(r - r) = - -vm(t - r )  - i& - r )  
Zr 

similarly, 

1 i d t )  = -vm(t) + I,(t - r)  ( 2.43 ) 
ZC 

1 where Im(t - r) = - -v& - r) - ih(t - r )  
2, 

Thus we have the Norton representation of the transmission line as shown in 

figure 2.17.  

Figure 2 -17 : Norton representation of the lossless transmission line 

For a lossy transmission line, this method can be modified to include the total 

senes resistance R of the transmission line for a given fiequency. It is assumed that the 

conductance to the ground is negligible. This could be easily ùnplemented by dividing the 

line section into two equal sections and having a one fourth of R in series with the Norton 

equivalent circuit as shown in figure 2 .18 . 

Figure 2 .18 : Development of Norton representation for a lossy transmission line 

The Norton representation shown in figure 2 .18 can be simplified into that 

shown in figure 2.19. 



Figure 2 .19 : Norton representation of the lossless transmission line 

The values of 4(&7), & ( k )  and Z shown in figure 2 .19 are given by 

following equations 2.44 . 

Zc - R/4 
where h = 

2, + R/4 

However, the above expressions are approximate oniy for a fixed fiequency. 

When a transmission line is transiently disturbed it will oscillate with various fiequencies 

depending on its length and terminating network. The lowest natural fiequency of the line 

and the system usually dominates. Transmission lhe resistance at its normal steady state 

kquency and also at its dominating natural fiequency cm be found if that fiequency is 

known or can be estimated. 

In EMTDC, both the above line resistances are used. Low and steady state 

fiequencies are filtered through the transmission line resistance found at steady state 

fiequency. Transient and higher frequencies of oscillation are filtered through the line 

resistance found at a selected higher hquency 1111. 

Though this way of representing the transmission line is very simple, the 

drawback is that it is only accurate for one fiequency. AU the higher harmonies are assumed 

to have a higher senes resistance than that of the operating frequency. But the higher 

resistance is assumed as constant for al1 the higher fkquencies. 



With proper selection of tiequencies for operahg fiequnccy and higher 

fiequency, this gives a good qresentation of transmission line especially for fundamental 

steady state and transient studies. But for studying the e f f ~  of GIC which involve a larger 

hquency spectnim in the steady state this representation is not sufficient. 

2.2.2 MARTI MODEL 

The other widely used transmission lhe mode1 was developed by Marti and 

was derived using a diffèrent approach. To understanci, consider a transmission line in the 

fiequency domain, then the voltages and currents at both ends are related as shown in 

equation 2 .45 . 

Vk = Cosh yl Y, - Z, Sinh y1 1, 

Ik = '- 
2, Sinh y1 V ,  - C O S ~  yl I, 

The forward and backward propagation fûnctions can be detined as, 

The forward and backward propagation hctions can be shown to be related 

as in equation 2 .47 . 

where propagation ficnction A ,  ( o ) = e'~'  

Fk(m) and F,(o) in equation 2.46 can be siaplified to 



Since &(a) is the response of a Iinear network, the t h e  domain 

representation of equations 2.47 and 2.48 can be found by means of Inverse Fourier 

Transform, that is, 

Equation 2.49 defines the equivalent circuit shown in figure 

Figure 2.20 : Frequency dependence mode1 in the time domain 

The propagation hction al (!) in the time domain can be expressed as 

a,(? ) = p(t - r ) ( 2 -50 ) 

where p(t) has the same shape as al (0 but displaced t time units fiom the origin. 

In the fkequency domain Al(w) cm then be expressed as 

A@ ) = ~ ( a >  ) e-jm ( 2  .51 ) 

nie bction P(o) can be approximated by rational fiinction of the fom 

Therefore in the tirne domain al (0 becornes 



with ai@) in the fom given in eqytion 2 .53 , and the convolutions in 

equation 2.49 c m  be solved by recursive integration methods. Since = O for t < t 

Introducing equation 2.53 , 

The integral in equation 2.55 c m  be broken into two parts. 

The h t  integral of equation 2.56 cari be evaluated numerically ushg the 

trapezoidal d e .  Mer some aigebraic manipulations it can be shown that,[12] 

m 

b&) = 1 [& b,<t - d t )  + q fm(t - r) + di fn(t - r - df)]2.57)  
i= 1 

- e-BPr where gi - 
1 -gi hi = - 
BPt 

Similar denvation can be made to solve &, (0. The solutions of ek(r) and e, (0 

can be found by using the same approach. 

The fhction &(o) can be approximated as, 



Using equation 2 -58 , ~ ( t )  can be solved as, 

e d t )  = Rk i d t )  + eb(t - At) + eb(t - At)  

,,, i = l  

ek(t - A t )  = Cql ik(t - At)  

Similarly e,(Z) c m  be found. From equations 2 .57 and 2 .59 , the 

equivalent circuit of figure 2.20 cm be simplified as shown in figure 2 .2 1 . 

Figure 2 .2 1 : Equivalent circuit in the time domain 

Using elementary circuit transformations, this equivalent circuit c m  be 

transformed into the circuit of figure 2 2 2  , which is compatible with electromagnetic 

transients programs. 

Figure 2.22 : Norton representation of the fiequency dependent transmission line 

The values of the current sources are given by, 



e d t  - At) + e d t  - At) + b&) 
idt) = 

Rk 

e d t  - At) + e,,& - At) + b,(t) 
in(&) = 

Rn 

The quivalent circuit in figure 2.22 can be solved by recording the past 

history values of equation 2.60 . 

This methoci gives a better representation for a wider fiequency spectnim and 

is therefore better for studying the effects of GIC. 

2.2.3 MUTUALLY CO- TRANSMISSION J,INES 

So far what we have discussed are transmission lines with one conductor or 

mode only. Generally transmission lines consist of several mutually coupled phases or 

conductors. These have to be broken into modes. Each mode cm be treated as a single phase 

transmission line. This method allows mutually coupled transmission lines to be modelled. 

This is achieved by transforming the phase quantities to mode quantities 

using a matrix diagonalization method mpking each mode independent of other modes. Then 

the transmission line mode1 is applied to these modes. An inverse transformation is done to 

convert the modal quantities back to phase quantities for Norton current injection in the 

eiectromagnetic transient program. 

During a GIC event, Earth Surface Potential (ESP) varies at a fiequency in 

the miIlihertz range. Therefore for normal power kquency considerations, ESP can be 

treated as a dc voltage. Therefore the ESP effm can be simulated by a dc voltage source 

connected to the transformer neutral of value such that the injected current reaches the 

desired value. It should be noted that not only the transfomm neutral, but other system 



components connected to the ground in the vicinity of the transformer neutml should also 

be fed with the same magnitude dc voltage source to simulate Geomagnetically Induced 

Currents. Otherwise dc cumnts or GIC wiii circulate within the same subsystem rather than 

flowing in the transmission h e .  

It should be noted that the methodology of using ESP as the driving force for 

GIC is not considered valid today, as it provides accurate results only if the electric field 

caused by electrojet currents is uniform. This is not the case in reality. However for 

simulation purposes, the essential feature is to produce a current of particular magnitude by 

some means or other. Therefore a dc voltage source can be used provided it is chosen to 

produce the predetermined level of GIC cwent. 



Chapter 3 
Validity of the models 

To investigate how the transformer core model behaves under normal 

conditions, a simple test system as shown in Figure 3 .1  is used. 

1 240/400WA 1 
- 230/500 kV 
T 

transformer 7 

Figure 3 .1 : Test system used to investigate the response of the core model 

Figure 3.2 shows the magnetizing current of the transformer when it was 

energized fiom the 230kV side. Figure 3.3 shows the flux linkage - curent loop obtained 

at this no load condition. 



Figure 3 -2 : Transformer core current referred to the 230 kV side 
at no load conditions 

current (A) 

Figure 3 .3 : Flux Linkage - Cunrent loop referred to the 230 kV side 
during no load condition 

Both figures show the typical characteristics of transfomer exciting curent 

and flux linkage - current characteristics. Figure 3 .4  show the inrush current experienced 

by the transformer when it was energized by the 230kV side. This also follows a typical 

inrush current characteristic. 



Figure 3 .4 : Transformer core current referred to 230 kV side 
duRag energization of the tramformer 

Test models were developed for eight different transformer configurations. 

They are namely: star-star and star-delta configurations for three single phase banks, three 

phase five limb transformers, three phase conventional transformers[19] [20] and three phase 

three limb transformers. Simulations were done for a system as shown in Figure 3 .5 . 

source 
impedance 

r--------- 7 
1 104 km transmission line 
I 
I 1 
I 

source 

Figure 3 -5 : System used in initial simulations 

The test system consists of a 230kV, 60Hz source with an equivalent source 

impedance represented by a parallel combination of 5.79R and 1 1.3mH feeding a 240MVA 



per phase 230/500kV transformer. The 500kV side of the tramfornier is feeding a l2OMVA 

per phase 0.8 lagging power factor load represented by a parailel combination of a resistor 

and an inductor. The 500kV side transformer neutral is connected to a dc source which 

represents Earth Surface Potential applied on the transformer. 

The foilowing sections d e m i  how the test models for various transformer 

configurations behaved under GIC conditions. 

BANK MODEL 

Figure 3.6 shows both 230kV and 500kV side line currents and also 5WkV 

side phase voltage when there is a flow of lOOA GIC in the 500kV side neutral. As expected 

there is half cycle saturation and due to this there is some distortion in the waveforms. 



Figure 3 -6 : Line Currents and Phase Voltages in the three single phase bank of 
delmtar transformer for lOOA GIC. 

As in the d e l ~ t a r  transformer, the three phase bank of single phase 

transfomm under star-star configuration also gives rise to half cycle saturation under GIC 



conditions. Here zero sequence impedances are different than the deltltstar configuration 

and hence the waveforms are different than those obtained for the star4elta case. Figure 

3.7 describes how a star-star transfomer configured with three single phase banks 

behaves under lOOA of GIC in it's 500kV side neutral. 

Figure 3.7 : Line Currents and Phase Voltages in the three single phase bank of 
starstar transformer for lOOA GIC. 



Figures 3.8 and 3 9 show the harmonic response of the line current on the 

5OOkV side of a single phase bank of a three phase transformer for star-star and delta-star 

configurations. The barmoaics are classified according to their sequence. 
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Figure 3 .8 : Fourier Analysis of the line cunent on the 500 kV side of a single phase bank of a 
3 phase transformer for stardtar configuration 
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Figure 3 -9 : Fourier Analysis of the Line current on the 500 kV side of a single phase bank of a 
3 phase transformer for del- configuration 

The waveforms of the three phases are very similar in shape. This is due to 

the fact that al1 three phases are subjected to the same saturation behaviour. This is m e r  

explained by distribution of hamonics according to their sequence. The harmonic 

distribution for star-star and del-tar is almost die same except for the zero sequence. The 

delta-star configuration provides less zero sequence harmonies in the 5OOkV side due to the 



additionai path provided by the delta winding. The average total harmonic distortion factor 

for the preceding waveforms is about 4.6%. 

3.2 3 T)4BEE P U S E  CONVENTIONAL STAR-STAR TRANSFORMER 

Figure 3 .10 shows how a conventional three phase starstar transformer 

behaves when lOOA of GIC flows in its neutral. Line current and Phase voltage of the high 

voltage side and the line current in the low voltage side are presented in this figure. 



Figure 3 .10 : Line Cunents and Phase Voltages in the three phase conventional 
star-star transformer for lOOA GIC. 

3.2.4 m E  PHASE CO-TIONAr. DEr,TA-STAR TRANSFO- 

Figure 3 . l l  shows both the 230kV and S W  side line cuments and also 

the 500kV side phase voltage when there is a flow of lOOA GIC in the 500kV side neutral. 



As expected there is half cycle saturation and due to this there is some distortion in the 

waveforms. The delta winding provides an additional path for zero sequence currents and 

less zero sequence currents appear in the 5ûûkV side line currents. 

Figue 3 -11 : Line Cwrents and Phase Voltages in the t h e  phase conventional 
delta-star transformer foi lûûA GIC. 



Figures 3 .12 and 3 .13 show the Fourier analysis of the 500kV side line 

current for a three phase conventional transformer when subjected to a lOOA of GIC in its 

neutrai. Fourier analysis is presented for both star-star and del- configurations and the 

analyses are classified according to their sequence components. 

harrnonic number 

Figure 3 .12 : Fourier Analysis of the line current on 500 kV side of a 3 phase 
conventional starstar transformer 

harmonic number 

50 

40- 
A 

.z 

Figure 3 .13 : Fourier Analysis of the line current on 500 kV side of a 
tbree phase delta-star conventional transformer 
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Udike in the previous case of a three phase transformer made of single phase 

transformer units, this provides non+-aditional sequences of harmonic components. For 

example there is a considerable amount of negative sequence fundamental, third hamonic 

and seventh hannonic components. This is due to the fact that the effect of the saturation of 
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the limbs in the transformer core on individuai phases is not the same. The average total 

hannonic distortion factor for the above two cases is 2.84%. 

2.5 P U S E  FnTE L m  STAR-STAR TRANSFO- 

Figure 3 .14 shows how a five limb three phase star+tar transformer 

behaves when lOOA of GIC flows in its neutral. Line current and Phase voltage of the high 

voltage side and the line current in the low voltage side are presented in this figure. 



Figure 3 -14 : Line Currents and Phase Voltages in the three phase five hnb 
m-sm transformer for 1 OOA GIC 

3.2.6 THREE PHASE FIVE: LIMB DELTAaTAR TRANSFORMER 

Figure 3 .15 shows both the 230kV and 5OOkV side line currents and also 

the 500kV side phase voltage when there is a flow of lOOA GIC in the 500kV side neutral. 



As expected there is half cycle saturation and due to this there is some distortion in the 

waveforms. The delta winding provides an additional path for zero sequence currents and 

less zero sequence current appears in the 500kV side h e  currents. 

Figure 3 .15 : Line Currents and Phase Voltages in the three phase five l h b  
delwtar transformer for lOOA GIC. 



Figures 3 -1 6 and 3 .17 show the Fourier analysis of the 500kV side line 

cment for a three phase conventional transformer when subjected to lOOA of GIC in its 

neutral. Fourier analysis is presented for both star- and deltststar configurations and the 

analyses are classified according to their sequence components. 

harmonic number 

Figure 3 .16 : Fourier Analysis of the h e  cunent on 500 kV side of a 
three phase five Limb starstar transformer 
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Figure 3 . l 7  : Fourier Analysis of the line current on 500 kV side of a 
three phase five limb delwtar transformer 

Unlike the previous case of a three phase transformer consisting of single 

phase transfomer units, this provides non-traditional sequences of harmonic components. 

For example there is a considerable amount of positive sequence fifth and third harmonic 

components. This is due to the fact that the effect of the saturation of the limbs in the 



transformer core on individuai phases is not the same. The average total harmonic distortion 

factor for the above two cases is 0.84%. 

Figure 3 .18 shows how a three lirnb three phase star- transformer 

behaves when lOOA of GIC flows in its neutrai. Line current and Phase voltage of the hi& 

voltage side and the line current in the low voltage side are presented in this figure. As 

expected there is no half cycle saturation due to the non existence of a low reluctance flux 

path for zero sequence flux. 



Figure 3 -18 : Line Currents and Phase Voltages in the three phase three limb 
starstar transformer for lOOA GIC. 

3.2.8 THREE PHASE T m  D U - S T A R  TRANSFORMER 

Figure 3 .l9 shows both the 230kV and 500kV side line currents and also 

the 500kV side phase voltage when there is a flow of lOOA GIC in the 500kV side neutral. 



As expected there is no half cycle saturation due to the non existence of low reluctance flux 

path for zero sequence flux. 

Figure 3 .19 : Line Currents and Phase Voltages in the three phase t h e  limb 
deltastar transfomer for lOOA GIC. 

Figures 3 .20 and 3 .21 show the Fourier analysis of the 500kV side line 

current for a three phase conventional transformer when subjected to a lOOA of GIC in its 



neutral. Fourier analysis is presented for both star- and delta+tar configurations and the 

analyses are classified according to their sequence components. 
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Figure 3 .20 : Fourier Analysis of the line current on 500 kV side of a 
three phase thtee ümb star-star transformer 

Figure 3 .2 1 : Fourier Analysis of the line current on 500 kV side of a 
three phase three iimb star-star transformer 
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Since there is no saturation due to the zero sequence GIC applied, the 

transfomers do not get saturated. The harmonie analysis of the current wavefonn shows that 

it does not contain any hannonics. 
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To prove the validity of the mode1 it is necessary to compare the recorded 

wavefom with simulated waveforms for the same conditions. Two sets of recordings with 

significant distortion are chosen for this purpose. 

The recordings were taken at the SûûkV substation at Dorsey. This 500 kV 

transmission line system connects three utility companies; Manitoba Hydro, Norihem States 

Power and Minnesota Power. Tbe recordings were taken at the 500kV side of the 72011200 

MVA transfomer. A detailed description of the 500 kV transmission line system is provided 

in the following chapter. A single h e  diagram of the system is shown in figure 4 .1 . 

3.3 .l EVENT ON SEpTEMBER 10,1992 

On the lûth of September 1992 the recently installed Sunburst recorder[2 11 

at the Dorsey substation took a snapshot of the 500kV line voltage and current of the 

secondary side of the current and voltage transformers. The tirne of the recording was O3 .î6 

GMT and the comesponding GIC in the transformer neutral was 45A. The power flow out 

of Dorsey was 102.5 MW and -147.5 MVar. Figures 3 .22 and 3 .23 show the recorded 

and simulated wavefonns of line cments in the 500 kV side respectively. 

Figure 3.22 : Recordeci ihe current on 500 kV side at Dorsey 



Figure 3.23 : Simuiated line current on 500 kV side at Dorsey 

The analysis of the recorded line current shows that it has a peak-to-peak 

magnitude of 68 1.2 A with an absolute maximum peak of 36 1.8 A. It also has a hdamental 

component of 284.1 A peak with a total hamionic distortion factor of 3 1.5 %. Similar 

analysis on the simulated waveform shows that it has a peak-to-peak magnitude of 628.2A 

with an absolute maximum peak of 3 19.8 A. It also has a fundamental component of 277.8A 

with a total harmonic distortion factor of 24.3 %. 

The basic shapes of the two waveforms are similar with two peaks in the 

upper half of the wave, the second larger than the first, and a single peak followed by a npple 

in the lower half cycle. 

The corresponding voltage waveforms are presented next with Figure 3 .24 

showing the recorded waveforms and Figure 3.25 showing the simulated wavefom of the 

500 kV side. 



time (msec.) 

Figure 3 -24 : Recorded voItage wavefonn on 500 kV side at Dorsey 

tirne (msec.) 

Figure 3.25 : Simulated voltage wavefom on 500 kV side at Dorsey 

The voltage wavefonns have very little distortion due to the low harmonic 

impedance of the Doaey source. In fact, the harmonic distortion factor is only 2.9% for both 

voltage wavefom. The recorded waveform has a peak-t-eak magnitude of 860.4 kV 

.with an absolute maximum peak of 433.2 kV. It dso has a fundamental component with a 

peak of 429.4 kV . The corresponding figures for the simulated wavefonn are 869.5 kV, 

445.9 kV and 429.8 kV respectively. 



3 3.2 EVENT ON OCTOBER 5.1993 

On the 5th of October 1993 the Sunburst recorder at the Dorsey substation 

took a snapshot of the 500kV line voltage and current of the secondary side of the current 

and voltage ûaosfonners. The time of the recordhg was 04.59 GMT and the corresponding 

GIC in the tramformer neutrai was 30A. The power flow out of Dorsey was -53.2 MW and 

-137.1 MVar. Thepower fiowoutofForbes was-100.1 MWand-34.8 MVar. Figures 3.26 

and 3.27 show the recorded and simulated waveforms of line currents in the 500 kV side 

respec tively. 

time (msec.) 

Figure 3.26 : Recorded line cumnt on 500 kV side 

time (msec.) 

Figure 3.27 : Simulated line current on 500 kV side 



The peak-to-peak magnitude of the recorded current waveform is 492.4A 

with an absolute maximum of 247.9A whereas the corresponding values for the simulated 

waveform are 5 l4SA and 259.4A respectively. The recorded waveform has a mis value of 

167.87A with a hdamental rms component of 167.16A whereas the simulated wavefonn 

has a rms value of 167.58A with a fundamental rms component of 166.95A. The total 

hamonic distortion factors of the recorded and the simulated wavefonns are 9.26% and 

8.59% respectively. 

The harmonic analysis of the two wavefomis are shown in the Figure 3.28 . 
The harmonic composition of the two waveforms are more or less the same. The significant 

differences are shown only in the 3rd and 5th harmonies. The 3rd harmonic in the simulated 

wavefonn is more than that of the recorded wavefonn and the 5th hannonic in the simulated 

wavefom is less thm that of the recorded waveform. 

recorded 

simulated 

Figure 3 -28 : Harmonic composition of recorded and simulated current wavefonns 

The voltage waveforms associated with the waveforms are not presented here 

since they are more or less harmonic fiee as in the case described in the previous subsection 

3 .3 . l .  



3.4 CONCLUSIONS 

Looking at the Fourier analysis of the wavefom obtained for different 

transformer configurations, susceptibility of transfomers to GIC can be listed in the 

foliowing descending order. 

1. Single phase transformers 

2. Three phase shell form conventional transfonners 

3. Three phase five limb transfomers 

4. Three phase three limb transformers 

This observation agrees with the expeximental results obtauied by Takasu et. 

al. [22] and Kappenman [23] . A theoretical analysis done by McNutt [20] also agrees with 

this observation. 

3.4.2 DIFFERENÇES IN RECORDED AND S -TED WAVEFORMS 

The differences between the recorded and simulated waveforms can be 

attributed to several reasons. The ESP dserence between Forbes and Chisago was assumed 

to be zero since there was no information to decide otherwise. The other unknown was the 

history of the GIC cunent at Dorsey. The history is important since the bias flux in the 

transformer builds up very slowly when the d.c. current in the windings is held constant. 

Apart fiom making it impossible to know the exact state of the bias when given the GIC value 

at any given instant, this slow build up results in very long t h e s  for emtp simulations before 

the steady state is reached. Simulation nuis are usually accelerated towards the steady state 

by some means and in the present case this is achieved by staaing the nuis with a remanent 

flux in the same direction as the bias. 



Given a more precise idormation about the conditions at the time of 

recordings, the ESP distribution and with perhaps more detail of the source at Dorsey 

converter station, it is probable that the simulation could be improved still M e r .  

Nonetheless it was decided to proceed with the present mode1 to investigate numerous other 

system currents and voltages. 



Chapter 4 
Dorsey-ForbeMhisago 500kV system 

This 500kV transmission line system connects three utility companies as 

shown in Figure 4.1 . The northem section of the system is 528km long and it connects 

Manitoba Hydro's Dorsey HVDC Converter station to Northem States Power's Forbes 

substation. The southem section of the system is 220km long and it connects Forbes 

substation to Minnesota Power's Chisago substation. 

Three phase shunt reactors with sizes 225 MVars, 300 MVm and 150 MVm 

are installed in the Dorsey, Forbes and Chisago substations respectively. Neutra1 reactors 

with sizes 4259 32SR and 12500 are located in Dorsey, Forbes and Chisago respectively. 

The Dorsey-Forbes section is transposed at 4 locations and Forbes-Chisago section is 

transposed at 3 locations along the route. 



equivalent 
system 230/500/46kV 

impedance 720/1 200 MVA 
trunJormer Line 
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Reactor r---- 7 rn 

220km transmission line 
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Figure 4.1 : Single line diagram of Dorsey-Forbes-Chisago system 



The a u t m f o r m e r  at Dorsey consists of three single phase uni& and each 

separate unit is a two winding transformer- The windings are connected to form a 

230/500/46kV three phase unit with the 230kV and 5ûûkV windings connected as an 

auto-trmsfomer. The 230kV and 5OkV windings are star connected and grounded 

whereas the 46kV winding is co~ec ted  as a delta winding- The transformer is rated for 

720MVA without cwling and l2ûOMVA with cooling. The auto-&msformer at Forbes is 

a sirnilar one with the exception that the tertiary winding is rated for only 13.8kV. 

In the Dorsey Substation, filters are co~ected  on the 230kV side to rninimize 

the harmonies introduced by the HVDC converter station. There is aiso a delta connected 

bank of capacitors of 15.3pF each co~ected to the 46kV tertiary winding. For the 

simulations, an Earth Surface Potential is applied between Dorsey and Forbes forcing a GIC 

current to go into the transformer neutral at Dorsey and to go through the northem section 

of the transmission line finally leaving the system at Forbes transformer neutral. 

Several assumptions were made in the modelling, sometimes due to lack of 

data and sometimes to make the system simpler. The Chisago subsystem is represented as 

a 500kV source with an intemal inductance, though in reality transfomers and reactors are 

present. It is assumed further that the transformer at Forbes follows the same saturation 

characteristics as that of the Dorsey transformer. 

It was assumed that the ESP difference between Forbes and Chisago is 

negligible compared with that between Dorsey and Forbes. The northem section of the 500 

kV line is closer to the north pole giving rise to higher ESP gradient than the southem section. 

Furthermore the northem section runs in NW-SE direction whereas the southern section 

nuis mainly in NS direction thus giving less ESP gradient in the southern section than the 

northem section. The geographical layout of the transmission line is given in Figure 

4.2 .[24] 
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Figure 4 .2  : Geographical layout of the 500 kV transmission line 

4.2 WORST C M  SCENARIO 

The maximum recordeci GIC flow for the Dorsey-Forbes line was 105 A pet 

phase at the Dorsey end [25][26]. This occurred in 1982 before the Sunburst recorder was 



installed and no wavefonn recordings are available for this event. The predicted maximum 

GIC flow for this line is 223 A per phase on the 500 kV side at Dorsey [25]. 

For this presentation, two GIC levels are chosen; one at the recorded 

maximum GIC level, and one typical level below the maximum recorded. Occasionally 

another GIC level which is more than the recorded maximum but less than the maximum 

predicted was also chosen for some comparisons. 

These simulations are carried out for two different power flow conditions; 

one is a typically high power flow and the other a relatively low power flow. These preGIC 

power flows are described in the tables 4 .1 and 4.2 respectively. 

Table 4 -1  : Fre-GIC system conditions for high power flow study - 500kV side 

Voltage 0 

. . . 
Active Power (MW) 1 1062.0 1 -280.7 1 -698.1 1 

! ringle ( d e p s )  

current (A) 

1 1 I 

Reactive Power (MVar) 1 25 1.4 1 202.9 1 4 . 2  1 

DORSEY 

52 1.4 

Table 4 .2  : M I C  system conditions for low power flow study - 500kV side 

0.0 

1209.0 

FORBES 

503.1 

CHISAGO 

506.1 

-39.8 I -5 1.5 

Voltage 

397.1 

Angle (degcees) 

Current (A) 

796.4 

DORSEY 

534.4 

Active Power (MW) 

Reactive ~ o w e r  (Mvar) 

0.0 

96.6 

FORBES 

5 19.8 

39.0 
40.5 

CHISAGO 

506.4 

4.76 

192.2 

0.98 

299.4 

-1 10.7 

-1 33 .O 

107.5 

-239.5 



The voltage and current waveforms at the 500 kV side for the two different 

power flow conditions selected are presented in this chapter. The cornespondhg system 

quantities at the 230 kV side are presented in appendix B and follow a similar pattern. 

4 3.1 A TYPICAL HIGH POWER FLOW 

Two simulations are presented here with the typical high power flow 

conditions descriûed in table 4.1 . The GIC flows are taken as 50 A per phase and 105 A 

per phase (which is the maximum recorded). 

When the transformers at both ends were satunited due to the applied ESP, 

the system conditions changed to that shown in Table 4.3 assuming that the sources were 

kept constant. The fidamental components of the voltage and the current, relative phase 

of the fiindamental component of the voltage and the active and reactive power produced by 

fundamental components are given in the table. 

Table 4.3 : System conditions after saturation for high power flow 

There is an increased reactive power demand from the transformers due to 

the saturation. At SOA GIC condition, the voltages at Dorsey, Forbes and Chisago dropped 

by 1.1%, 1 .O% and 0.4% respectively dus to the increased reactive power demand. The 

voltage drops were increased to 2.2%, 2.2% and 0.9% when the GIC flow was increased to 

105A. 

Voltage BV) 

Angle (degrees) 

current (A) 

Active Power (MW) 

ReactivePower(MVar) 

50A GIC 

. 

105A GIC 

CHISAGO 

503.9 

-51.8 

789.7 

489.0 

17.75 

I 

DORSEY 

515.7 

0.0 

1200.0 

1043.0 

. 249.0 

FORBES 

497.9 

-40.0 

376.7 

-271.5 

178.3 

CHISAGO 
I 

501 .O 

-52.0 

782.3 

-678.3 

42.8 

DORSEY 

509.7 

0.0 

1190.0 

1022.0 

. 246.1 

FORBES 

491.9 

-40.2 

355.7 

-262.4 

151.8 



There are a number of definitions in use for reactive power during distorted 

conditions [27]. Emmanuel recommends separate treatment of fùndamental and harmonic 

reactive power 1281. A definition of reactive power îimited to the fundamental fiequency 

positive sequence voltage and current components has a distinct advantage in effective 

application of the reactive power relationships discussed in this study. Because only 

fundamental currents have significant impact on the system voltage profile, the narrow 

definition is used here. Also this definition is consistent with the analysis tools used by the 

utility industry [27]. 

The net reactive power consumed at the Dorsey end by the transfomers and 

tertiary capacitors combined is increased by 64.2 MVar at 50 A GIC per phase and it M e r  

increased to 128.3 MVar when the GIC level was increased to 105 A as described in the Table 

4.4 . 

Table 4.4 : Reactive Power Flow at Dorsey for high power flow 

1 1 230kV sidc 1 SûûkV si& 1 Net coosumeâ 1 

It can be observed that the active power flow is dropped due to the drop in 

the voltages. Active power flowing out of Dorsey dropped by about 1.8% at low GIC 

conditions due to the change in magnitudes of the voltages. The active power flow drop 

increased to 3.8% at maximum recorded GIC conditions. 

Before saturation 

low GIC 

maximum recorded GIC 

4 3 -1 -1 WAVEFORMS IN SOKV SIDE 

Figure 4.3 shows the simulated voltage wavefomis on the SOOkV side of 

the Dorsey transformer when the transfomers at Dorsey and Chisago were M y  saturated 

due to the GIC currents of 50 A and 105 A. 
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Figure 4 .3  : Voltage waveforms on 500 kV side of Dorsey at high power flow 

The rms magnitude, the maximum and the minimum peaks of the voltage 

waveforms are given in table 4 .5 . The Fourier analysis of these wavefomis is shown in 

Figure 4.4.  

Table 4 .5  : Details on the 500kV side phase voltage 

1 SOA GTC 1 105A GIC 

1 maximum peak (kV) 1 415.7 1 416.1 1 

50 AGIC 

iO5AGIC 

1 2  3 4  5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

Hannonic Number 

Figure 4.4 : Fourier analysis of 500 kV voltage waveforms at high power flow 



The most prominent hamonic component is the 6th followed by the 2nd and 

4th. The waveform has a total harmonic distortion factor of 6.56% at 50A per phase GIC and 

13.13% at 105 A per phase G E .  

Figure 4 .5  shows the comsponding current wavefom in the 500kV side 

when the transfomen at both ends are satmted due to the applied 50A per phase GIC and 

105 A per phase GIC. 

3 

50 A GIC 

Figure 4.5 : Current waveforms on 500 kV side of Dmey at hi@ power flow 

The details of the cumnt wavefom such as rms magnitude, maximum and 

minimum peaks are given in table 4 .6  . The Fouriet anaiysis of the waveforms is shown 

in Figure 4.6 . 

Table 4.6 : Details on the 500kV side line current 

1 1 50A GIC 1 105A GIC 1 

1 I 

1 minimum peak (A) 1 -1770.0 1 -1 86 1 .O 1 

rms magnitude (A) 

Ilmximum Peak (A) 
1204.5 
1750.0 

1209.8 

1871.0 



Figure 4.6 : Fourier analysis of 500 kV current wavefom at high power flow 

The most prominent harmonic component is the 4th foliowed by the 5th. The 

wavefonns obtained for 50 A per phase GIC and 105 A per phase GIC have a total harmonic 

distortion factor of 8.36% and 18.27% respectively. 

4.3.2 A TYPICAL LOW POWER FLOW 

Two simulations are presented here with the typical low power flow 

conditions described in table 4.2 . The GIC flows are taken as 50 A per phase or lSOA in 

the transformer neutral and 105 A per phase or 3 1 SA in the transformer neutraf which is the 

maximum recorded. 

When the transfomers at both ends were saturated due to the applied ESP, 

the system conditions changed to that shown in Table 4.7 assuming that the sources were 

kept constant. 



Table 4 -7 : System conditions after saturation for hi@ power flow 

There is an increased reactive power demand fiom the transfomers due to 

the sahiration. At 5OA GIC, the voltages at Dorsey, Forbes and Chisago dropped by 1.1%, 

1 .O% and 0.5% respectiveiy due to the increased reactive power demand. The voltages were 

M e r  dmpped by 2.4%, 2.3% and 1 .O% when the GIC flow was increased to 105A. 

Voltsge (kW 

hgle  (Wr=) 

curmt (A) 

Active Power (MW) 

The net reactive power consumed at the Dorsey end by the transfomen and 

capacitors in the tertiary winding is increased by 62.0 MVar at 50 A per phase GIC and it 

M e r  increased to 124.6 MVar when the GIC level was increased to 105 A per phase as 

described in the Table 4.8 . 

Table 4 .8  : Reactive Power Flow at Dorsey 

ReactivePowcr(iWar) 1 -79.7 1 -151.4 1 -214.9 1 

50A GIC 

It cm be observed that the active power flow is dropped due to the drop in 

the voltages and the power lost due to hamw>nic currents. Active power flowing out of 

Dorsey dropped by about 0.8% at low GIC conditions and it dropped by about 5.9% at 

maximum recorded GIC conditions. 

-77.8 1 -173.5 1 -186.3 1 

DORSEY 

528.4 

0.0 

96.8 

38.7 

I05A GIC 

Before saturation 

low GIC 

maximum recorded GIC 

DORSEY 

52 1.6 

0.0 

95.2 

36.7 

FORBES 

514.3 

-0.78 

210.1 

-110.0 

230kV side 

-1 20.1 
-57.3 

7.2 

CHISAGO 

504.1 

0.95 

274.6 

106.4 

FORBES 

507.7 

-0.74 

234.2 

-110.8 

CHISAGO 

501.5 
1 

1 .O2 

248.0 

108.3 

5ûûkV side 

-80.5 

-79.7 
-77.8 

Net coasumed 

-39.6 
22.4 
85.0 



4 3.2.1 WAWFORMS ON THE 5ûOKV S m  

Figure 4.7 shows the simulated voltage waveform on the SOOkV side of the 

Doney transformer when transfomers at Dorsey and Forbes were fidy saturated due to the 

5OA and 105A per phase GIC. 
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Figure 4.7 : Voltage wavefom on 500 kV side of Dorsey at low power flow 

The details of the 500kV side phase voltage such as rms magnitude, 

maximum and minimum peak values for both wavefom are given in table 4 .9 . The 

Fourier analysis of these wavefomis is shown in Figure 4 .8  . 

Table 4.9 : Details on the 500kV side phase voltage 

lOSA GIC 

308.4 tms magnitude OcV) 

maximum peak (kV) 

minimum peak (kV) 

5OA GIC 

307.2 

434.5 

492 .9  

470.1 

-520.9 
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Harmonic Number 

Figure 4.8 : Fourier anaiysis of 500 kV voltage waveforms at low power flow 

For both waveforms, the most prominent harmonic component is the 4th 

followed by the 3rd and 6th. The wavefom at 50A per phase GIC has a total harmonic 

distortion factor of 1 1.70% and that at 105A per phase GIC has a THD factor of 22.10%. 

Figure 4.9 shows the correspondhg current waveforms in the 500kV side 

when the transfomers at both ends are saturated due to the applied GIC. 

Figure 4.9 : Current waveforms on 500 kV side of Dorsey at low power flow 

The details of the wavefom of the SOOkV side iine currents for the two 

different GIC conditions considered are given in table 4 .10 . The Fourier analysis of the two 

wavefom are shown in Figure 4 .10 . 



Table 4 -10 : Details on the 500kV side line curent 

I I SOA GIC I IOSAGIC 1 

Figure 4 . 10 : Fourier analysis of SOOkV current wavefom at low power flow 

rms magnitude (A) 

maximum peak (A) 

minimum peak (A) 

When the power flow is low, there are harmonic components in the current 

which are greater than the f'undarnental component. The most prominent harmoaic 

component is the 4th followed by the 3rd and 5th. The 4th hannonic component in the current 

at low GIC conditions and the 4th and 3rd harmonic components in the current at maximum 

recorded GIC conditions are more than the corresponding fulldamental components in the 

current. The waveform at low GIC conditions bas a total hannonic distortion factor of 

185.48% whereas the wavefonn at maximum recorded GIC conditions has a THD factor of 

33 1.22%. 

205.8 
412.5 

-342.7 

328.8 
650.8 

-495.6 



4.4 EFFECT OF GIC ON D W O m N S  AND W O N I C S  

This subsection describes the effects on hannonics due to a change in applied 

GIC. The harmonic composition of the line cumnts and phase voltages at the 500 kV side 

is presented for different GIC levels. 

Figure 4 . l l  shows the harmonic composition of the 500 kV line currents 

at Dorsey for different GIC levels for a typical high power flow whereas Figure 4 .12 shows 

the hannonic composition of the 500 kV line current for a different GIC unda a typical low 

power flow condition. 

SOAGIC 

105AGiC 

Hannonic Number 

Figure 4 .11 : Fourier anaiysis of 5OO kV side currents with a typical high power flow 

Hatmonic Number 

Figure 4 .12 : Fourier analysis of 500 kV side currcnts with a typical low power flow 



It is clear that the pattern ofharmonic composition for a particulai power flow 

remains more or less the same, but the magnitudes of harmonies other than the fùndamental 

increase with the increase of the level of GIC. There is a slight decrease in the magnitude of 

the fllndamental component with the increase of the GIC. 

Figure 4 -13 shows the total hannonic distortion of the 500 kV line current 

for different GIC levels for the two difEerent power flows considered. 
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Figure 4 .13 : THD Factor of 500 kV side currents 

The total harmonie distortion of the waveforms increases with the applied 

level of GIC, but the distortion factor for the waveform obtained during a low power flow 

condition is much more than that obtained during a high power flow condition for the same 

GIC level. This is to be expected due to the decreased level of the fundamental. 

A similar analysis is done on the 500 kV side voltage waveforms and the 

results are presented in appendix B . The difference in THD factors for low and high power 

flow conditions is not as high as in the current waveforms. This is to be expected since the 

level of the bdamental is more or less the same unlike in the current. 



4.5 EFFECT OF POWER FLOW ON w o m s  

This subsection demibes the effects on harmonics due to the change of 

power fiow for a given GIC. The hannonic composition of the line currents and phase 

voltages at the 500 kV side is presented for différent power flow conditions. 

Figures 4 .l4 and 4 .15 show the harmonic composition of the 500 kV line 

currents and voltage respectively for the two ciiffient power flow conditions considered at 

the maximum recorded GIC level. The harmonic analysis done for wavefom obtained at 

two other GIC levels are presented in appendix B . 

High Power Flow 

LOW Power FIOW 

Harmonic Number 

Figure 4 .14 : Fourier analysis of 500 kV side currents at Dorsey with 105A GIC per phase 

Harmonic Number 

Figure 4 . 15 : Fourier analysis of 500 kV side phase voltages at Dorsey with 105A GIC per phase 



It can be seen that the magnitudes of the hannonic currents are more or less 

the same irrespective of the level of power flow for any given level of GIC. In fact, the 

harmonic magnitudes are slighly more in the case of low power flow condition. This could 

be due to the fact that the voltage appiied to the transfomiers is slightly more in the low power 

flow case. Out of al1 the wavefoms considered, it is clear that the most prominent harmonic 

is the 4th hamionic. 

Figures 4 . l6 and 4 . l î  show the total hmmonic distortion factor as a 

function of the current in the 500 kV side for 500 kV line current and phase voltage 

respectively. The Totai Hannonic Distortion factor of the waveforms for the three different 

GiC levels are presented. 
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Figure 4 .l6 : Hannonic Distortion of current with the Load Flow 
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Figure 4 . i 7 : Harrnonic Distortion of votîage with the Load Flow 

It can be observed that the total hannonic distortion decreases as the level of 

power flow increases. It can also be observed that the distortion of the current wavefom is 

much more than the distortion of the voltage wavefom. 

It is seen from tables 4 .4 and 4 .8 that the increase in reactive power 

consumption of the transformer for a given GIC is more or less the same irrespective of the 

amount of power flow. The slight difference is due mainly to the difference in reactive power 

consumption in the leakage inductance for Merent power flow conditions. Othenvise, 

reactive power drawn by the transformer due to half cycle saturation due to a specific amount 

of GIC is more or less the same irrespective of the power flow, provided the voltage applied 

to the transfomers is more or less the same. This is usuaily true. 

It is also seen that the 4th harmonic is the most prominent harmonic for a 

nurnber of system wavefom during GIC conditions. 

The magnitude of the hamionics in various waveforms increases with the 

amount of GIC. The relationship between harmonic magnitudes with the GIC is roughly 

linear. The magnitude of the harmonics is more or less the same or slightly decreases with 



an increase in power flow. It c m  be concluded that by decreasing the amount of power flow 

during a geomagnetic stomi, the likeiihood of a protection system malhction increases due 

to the increased distortions in the waveforms. But the whole system could be made stable 

since the loss of power is smaii in the event of a false trip. 

More wavefonns related to the studies presented in this section are given in 

appendix B. 



Chapter 5 
Dorsey-ForbeMhisago after series 
compensation 

5.1 DESCRIPTION OF THE SYSTEM 

For the studies of the DorsepForbes-Chisago system afier series 

compensation, the same system described in 4 .1 is used with a detailed 230 kV system. In 

the previous work, the 230 kV system was included as an equivalent source. 

In addition to the 500 kV line, two 230 kV transmission lines from Dorsey 

connect to Northem States Power. These two lines run almost parallel to the 500 kV line. The 

two lines are 141 km and 187 km long. The longer line comects Dorsey to Moranville and 

the shorter one connects Dorsey to Drayton. 
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The northern section of the 500 kV transmission line is 50% series 

compensated at the second transposition location 193km fiom Dorsey. The southem section 

is series compensated at Chisago. The tramformers at Dorsey, Forbes and Chisago were 

doubled to match the increased power capacity of the transmission line. 

The 230 kV DorseyMoranville transmission lhe runs almost parallei to the 

500 kV DorseyForbes transmission line in a N W S E  direction. Therefore the ESP gradient 

at Dorsey-Moranville was assumed the same as that of the Dorsey4orbes line. The 230 kV 

Dorsey-Drayton lies alrnost in a NS direction. Thus the ESP gradient at Dorsey-Drayton 

line was assumed as 12.86% of that of DorseyLForbes line based on the previous studies 

done by Albertson 171. The converter transformers at Dorsey were aiso considered since part 

of the GIC that flows in the 230 kV system flows through their neutrals. 

A single line diagram of the Drayton-Moranvilldlorsey-ForbesChisago 

system used in the simulation is shown in the Figure 5 . l .  Geographical layout of the system 

is shown in the Figure 5 .2 . 
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Figure 5.2 : Geographical layout of the 500 kV transmission line 
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Simulations for two diffemit power flows are studied and also two different 
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ESP levels are chosen. The Earth Surface Potentials at various substations are chosen so that 



one ESP gradient is the same as that which caused the maximum recorded GIC flow in the 

500 kV transmission line before it was series compensatecl, and the other ESP gradient is the 

one which would have given the predicted maximum GIC [25][33]. The two different power 

flows are; one typical low power flow and one typical high power flow. 

Tables 5 .1 and 5.2 show the p d I C  system conditions of the 500 kV and 

230 kV sides respectively for the low power flow study whereas tables 5.3 and 5 -4 show 

the pre-GIC system conditions of the 500 kV and 230 kV sides respectively for the high 

power shrdy. 

Table 5 . i : Pre-GIC system conditions for low power flow study - 500kV side 

1 1 DORSEY 1 FORBES 1 CHISAGO i 
Voltage @v) 

Angle (degmes) 

current (A) 

Table 5 .2 : Re-GIC system conditions for low power fiow study - 230kV side 

Active Power (MW) 

Reactive Power (M'Var) 

5 10.9 

0.0 

355.0 
266.6 

-1 66.1 

Voltage (ic~) 

Angle (degr=) 

current (A) 

500.4 

-5.2 

166.7 

Active Power (MW) 

Reactive Power (MVar) 

496.4 

-1 1.2 

435.2 

123.6 

-74.9 

DORSEY 

233.1 
0.8 

-353.2 

-1 23.4 

4 5 . 9  
3 .O 

DRAYTON 

232.9 

-3.8 

1 63.4 
4 8 . 4  

5.6 

MORANVTLLE 

234.6 
-3.7 

119.8 



Table 5.3 : m I C  system conditions for high power flow study - 5ûûkV side 

1 1 1 

Reactive Power (MVar) 1 32.0 1 456.8 1 127. 1 1 

1 

current (A) 

Active Power (MW) 

Table 5.4 : W I C  system conditions for hi& power flow study - 230kV side 

1610.0 

1387.0 

Voltage (ic~) 

609.6 

-255.8 

Angle (degrees) 

current (A) 

5.2.1 A TYPICAL LOW POWER FLOW 

1 167.0 

-1009.0 

DORSEY 

230.2 

Active Power (MW) 

Reactive Power (MVar) 

Two simulation studies at a typical low power flow are studied here. The two 

earth surface potentials are chosen as one that gave the maximum recorded GIC before series 

compensation and the other that would have given the maximum predicted GIC for this 

particular system. 

4.4 

Tables 5.5 and 5.6 show the posMIC system conditions of the 500 kV 

and 230 kV sides respectively when the tramformers at Dorsey are fully saturated due to the 

applied ESP that corresponds to both the maximum recorded and maximum predicted GIC 

levels. 

DRAYTON 

226.8 

-3 16.5 

87.1 

MORAPMLLE 

224.2 
-1 9.8 

835.5 
-139.9 

2.9 

-9.3 
360.4 



Table 5.5 : PosMIC system conditions for Iow power flow study - 500kV side 

Voltage (kv) 

Active Power (MW) 

Reactive Power (MVar) 

MAXiMüM RECORDED ESP MAXIMUM PREDICTED ESP 1 

Table 5 -6 : PosffiIC system conditions for low power flow study - 230kV side 

MAXIMUM RECORDED ESP 

DORSEY DRAYTON M'VILLE 

Voltage ( k ~ )  232.4 232.6 234.2 

Active Power (MW) 4 5 . 8  4 8 . 3  

Reactive Power (MVar) -1.5 4.9 

MAXIMUM PREDICïED ESP 1 

The voltages at al1 the substations dropped very slightly. The voltage drops 

at maximum recorded ESP level are; Dorsey by 0.3%, Forbes by 0.1%, Drayton by 0.1% 

and Moraaville by 0.2%. The corresponding voltage drops were increased to 0.6%, 0.2%, 

0.3% and 0.4% respectively when the ESP level was increased to the maximum predicted. 

There was no GIC flowing in the 500kV line due to the high resistance for dc created by series 

capacitors in the line. There is a 15A per phase GIC flowing in the 230kV side of the 

230/500kV transformer at Dorsey. This curent increased to 31A when the ESP was 

:. * 
increased to the maximum predicted. This 3 1A pet phase GIC matches with the maximum 

predicted GIC flow in the low voltage side of Dorsey [33]. The active power flowing out 

nom Dorsey dropped slightly, as does the active power received at other substations. The 



reactive power flow out of the SOOkV side of Dorsey dropped slightiy but the reactive power 

flow out fiom Forbes, Chisago, Drayton and Momville increased slightiy. 

5.2.1.1 WAWFORMS ON THE SûûKV SIDE 

Figures 5.3 and 5.4 show the simulated phase voltage and the line current 

on the 500 kV side when the transfomiers are fully satmted due to the GIC created by the 

applied ESP. 
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Figure 5 . 3  : Voltage wavefom on 500 kV side of Dorsey at low power flow 

max. m. ESP 

- 400- 

time (msec.) 

Figure 5 .4 : Current wavefonns on 500 kV side of Dorsey at low power flow 

Tables 5 .7 and 5.8 show the mis magnitudes, maximum and minimum 

peak values of the two wavefom shown in the two preceding figures. 



Table 5 .7  : The details on the 500 kV side voltage at Dorsey after saturation 

1 1 Max. Rec. GIC 1 Max. Red. GIC 1 
I 1 

1 rms magnitude OrV) 1 294.9 1 294.2 I 

Table 5.8 : The detaiis on the 500 kV side current at Dorsey &er saturation 

1 1 Max. Rec. GIC 1 Max. Pred. GIC 1 

The Fourier analysis of the SOOkV side voltage and current waveforms at 

rms magnitude (A) 

maximum peak (A) 

minimum peak (A) 

Dorsey are shown in Figures 5 .5 and 5 .6 respectively. 

max. tec. ESP 

W max. pn. ESP 

358.5 
540.1 

490.4 

Harmonic Number 

Figure 5 .5 : Fourier analysis of 500kV side voltage waveforms at low power flow 

366.8 
600.2 

-508.1 



Figure 5.6 : Fourier analysis of SûûkV side current wavefonns at low power flow 

The distortions of the waveforrns are much less compared to the distortions 

of the wavefom obtained for prwompensated study. The voltage wavefom has a THD 

factor of 1.96% and 4.45% at maximum recorded and maximum predicted ESP conditions 

respectively. The comsponding figures for the curent waveform are 7.96% and 18.16%. 

The most prominent harmonic for both the wavefonns is the 4th harmonic. 

FORMS ON 230KV SIDE 

Figures 5.7 and 5.8 show the simulated phase voltage and the line current 

on the 230 kV side when the transfomers are fulty saturated due to the GIC created by the 

applied ESP. 
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Figure 5 .7  : Voltage wavefom on the 230 kV side at Dorsey at low power flow 
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Figure 5 -8 : Current waveforms on the 230 kV side of Dorsey at low power flow 

Tables 5 -9 and 5 .10 show the rms magnitudes, maximum and minimum 

peak values of the two waveforms shown in the two preceding figures. 

Table 5 .9 : The details on the 230 kV side voltage after saturation 

I Max. Rec. GIC 

nns magnitude (kv) 134.5 
Max. Pred. GIC 

134.2 
maximum peak (kV) 
minimum peak 0 

188.5 
-1 93.0 

186.7 
-197.4 



Table 5 -10 : The details on the 230 kV si& current at Dorsey after saturation 

The Fourier analysis of the 230kV side voltage and current waveforms are 

nns magnitude (A) . 
~~ Peak (A) 

minimum peak (A) 

per phase GIC (A) 

shown in Figures 5.9 and 5 .10 respectively. 

m. rec. ESP 

Max. Rec. GIC 

819.7 
1178.0 

-1 154.0 

15.0 

Harmonic Number 

Max. Pred. GIC 

829.0 

1230.0 

-1238.0 

3 1.0 

Figure 5 .9  : Fourier analysis of 23OkV voltage waveforms at low power flow 

Harmonie Number 

Figure 5 .10 : Fourier analysis of 23OkV si& current waveforms at Dorsey at low power flow 



The THD factors of the two voltage waveforms at the 230 kV side is 2.36% 

and 5.39% respectively for maximum recorded ESP and maximum predicted ESP 

conditions. The comsponâing figures for the cwent waveforms are 8.33% and 19.57%. For 

d l  the waveforms, the most prominent harmonic is the 4th harmonie. 

5.2.1 3 CURRENT W A V E F O R M S D E R S  

Figures 5 .ll and 5 .12 show the waveform of the current flowing to 

Drayton and Moranville respectively. 

t h e  (msec.) 

Figure 5 .ll : Current on Dotsey-Drayton line at Dorsey at low power flow 

Figure 5 .12 : Current on Dorsefloraclville iine at Dorsey at low power flow 
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Table 5 . l l  shows the nns and peak values of the current flowing to Drayton 

at Dorsey whereas table 5 .12 shows the corresponding values of the current flowiag to 

Moranville at Dorsey. 

Table 5.1 1 : The &ta& on the current flowing to Drayton aîter saturation 

1 1 Max. Rec. GIC 1 Max. Pred. GIC 1 

1 per phase GIC (A) 1 4.1 1 8.7 1 

rms magnitude (A) 

xnaxhum Peak (A) 

minun~m peak (A) 

Table 5 .12 : The details of the cwrent flowing to Momviiie a h  saturation 

174.7 
255.9 

-235.5 

176.6 
268.1 

-227.8 

rms magnitude (A) 

I ¶ 

1 per phase GIC (A) 1 32.8 1 69.7 1 

maximum peak (A) 

minimum peak (A) 

The Fourier 

5 .13 whereas Figure 5 

Moranville. 

Max. Rec. GIC 

140.5 

analysis of the current flowing to Drayton is show in Figure 

.14 shows the Fourier analysis of the current flowing to 

Max. Pred. GIC 

141.8 
194.5 

-205.2 

Figure 5 -13 : Fourier analysis of current flowing to Drayton at low power flow 

200.9 
-2 17.2 



max. rec. ESP 

max.pre.ESP 

Figure 5 .l4 : Fourier analysis of current flowing to Momville at low power flow 

The THD factor of the current flowing to Drayton at the 230 kV side of 

Dorsey is 4.1 8 %. and 9.06% respectively for the wavefom at maximum recorded ESP and 

maximum predicted ESP. The most prominent harmonie is the 2nd harmonic followed by 

the 4th. 

The THD factors of the two waveforms of the current flowing to Moranville 

at the 230 kV side of Dorsey are 3.4 1 % and 8.76% respectively for the maximum recorded 

ESP and the maximum predicted ESP conditions. The most prominent harmonic is 4th 

harmonic followed by the 8th and the 2nd. 

Two simulation studies at a typical high power flow are studied herefor the 

same GIC levels as in the low power flow case ( 5.2 .1 ) . The two earth sunace potentials 

chosen are the one that gave the maximum recorded GIC before senes compensation and the 

other that would have given the maximum predicted GIC for this particular system. 

Tables 5 .13 and 5 .14 show the post4IC system conditions of the 500 kV 

and 230 kV sides respectively when the transfomers at Dorsey are fully saturated due to the 

applied ESP. 



Table 5 .13 : Post4IC system conditions for high power flow study - 500kV side 

1 MAXIMUM RECORDED ESP MAXIMUM PREDICTED ESP 1 
FORBES CHiSAûû 

495.5 503.0 + 
Table 5 .l4 : PoseGIC system conditions for high power flow study - 230kV side 

LTM PREDICTED ESP 

D R A W N  1 M'VIWE 1 DORSEY 

- - -  - - -  

Angle (de&) - - 7 4.5 

cw11 t  (A) 1 
Active Power (MW) 1 

Reactive Power W a r )  1 

The voltages at al1 the substations dropped very slightly. The voltage drops 

at the maximum recorded ESP level are; Dorsey by 0.3%, Forbes by O. 1%, Drayton by O. 1% 

and Moranville by 0.2%. The voltage drops at the maximum predicted ESP level are; Dorsey 

by 0.6%, Forbes by O.2%, Drayton by 0.2% and Moranville by 0.4%. There was no GIC 

flowing in the 500kV line due to the high resistance for dc created by series capacitors in the 

line. There is a 1 SA per phase GIC flowing in the 230kV side of the 230/500kV transfomer 

at Dorsey. This current increased to 3 1A when the ESP level was increased to the maximum 

predicted. This 3 1A per phase GIC matches with the maximum predicted GIC flow in the 

low voltage side of Dorsey [33]. The active power flowing out fiom Dorsey dropped slightly. 

So does the active power received at other substations. The reactive power flow out of the 



5iiOkV side of Dorsey dropped slightly but the reactive power flow out fiom Forbes, 

Chisago, Drayton and Moranviiie increased slightly. 

Figures 5 .15 and 5 .16 show the simulated phase voltage and the line 

current on the 500 kV side respectively when the tramformers are M y  saturated due to the 

GIC created by the applied ESP. 

600 

max. rec. ESP 

O 5 10 f 5 20 25 30 35 40 

tirne (msec.) 

Figure 5 .15 : Voltage waveforms on 500 kV side at high power flow 

tirne (mec.) 

Figure 5 -16 : Current wavefonns on 500 kV side of Dorsey at high power flow 

Tables 5 .15 and 5 .16 show the rms magnitudes, maximum and minimum 

peak values of the two waveforms shown in the two preceding figures. 



Table 5 .15 : The details on the 500 kV side voltage after saturation 

1 1 Max. Rec. GIC 1 Max. Pred. GIC 1 

Table 5 -16 : The details on the 500 kV side current d e r  saturation 

nns magnituâe (kv) 

maximum Peak (kv) 

1 1 Max. Rec. GXC 1 Max. Red. GIC 1 

286.9 
404.0 

The Fourier analysis of the 500 kV side voltage and cunent waveforms are 

286.9 
400.0 

nns magnitude (A) 

-um Peak (A) 

minimum peak (A) 

shown in Figures 5 .17 and 5 .18 respectively. 

max. rec. ESP 

max. pre. ESP 

1610.6 

2293 .O 

-2304.0 

Harmonic Number 

Figure 5 .17 : Fourier analysis of 5OOkV voltage waveforms at high power flow 

1609.1 

2305.0 

-2340.0 



Figure 5 .l8 : Fourier analysis of SOOkV cuneat wavefonns at hi& power flow 

The distortions of the waveforms are much less compared to the distortions 

of the wavefonns obtained for the prtwompensated study. The voltage wavefom has a total 

harmonic distortion factor of 1.99% and 4.08% at maximum recorded and maximum 

predicted ESP conditions respectively. The corresponding figures for the current wavefom 

are 1.75% and 4.08%. For both wavefonns, the most prominent harmonic is the 4th 

harmonic. 

The wavefom on the 230 kV side follow a similar pattern. The distortions 

in them are also less in this high power flow condition. The voltage and current waveforms 

on the 230kV side are presented in appendix C . 

5 -2.2.2 CURRENT WAVEFORMS IN 230KV 

Figure 5 .19 shows the waveforms of the current flowing to Moranville at 

Dorsey at a typical high power flow for two different GIC conditions when the transfomers 

are fidly sahinited due to the applied ESP. 



--- max. rec. ESP 
max. pre. ESP 

O 5 10 15 20 25 30 35 40 

t h e  (m.) 

Figure 5 .19 : Current on Dorsey-Moranvi iie line at Dorsey at high power flow 

Table 5 .17 shows the rms magnitudes, maximum and minimum 

values of the two waveforms shown in the Figure 5 .M . 

Table 5 .17 : The details on the current flowing to Moranville after saturation 

1 1 Max. Rec. GIC 1 Max. Pred. GIC 1 
nns magnitude (A) 

maximum peak (A) 

Figure 5 .20 show the Fourier analysis of the wavefomis shown in the 

Figure 5 .l9 . 

minimum peak (A) 

per phase GIC (A) 

364.6 

5 19.6 

366.3 

522.9 

-5 16.5 
32.8 

-520.8 
69.7 



-.m. ESP 

Figure 5.20 : Fourier analysis of c m n t  flowing to Moranville at high power flow 

At low ESP conditions, the THD factor of the current flowing to Moranville 

at the 230 kV side of Dorsey is 1.29% whereas the correspondhg figure at maximum 

predicted ESP conditions is 3.37%. The prominent harmonics are the 4th and the 8th. 

The current flow'mg to Drayton shows less distortions as in the low power 

flow case. They are presented in appendix C . 

5.3 CONCLUSIONS 

Series compensation of the 500kV line completely blocks the GIC flow in the 

5OOkV line. But there is still a small amount of GIC which flows through the 230kV side of 

the transfomers at Dorsey. huiag the series compensation upgrade an additional set of 

transformers were also introduced in order to facilitate the increased power flow. This gives 

a M e r  decreased GIC current per phase per transformer. Thus the effects of GIC are M e r  

reduced. 

However, there is still some distortion of wavefom because of the small 

amount of GIC passing through the 230kV side of the transformer. At the maximum 

predicted ESP conditions, some waveforms have THD factors close to 20%. This could be 

even more if the power flow is less than the presented case of low power flow. 



The 230kV transmission h e  to Moranviile carries more GIC than the line to 

Drayton mainly due to the fact that there is a high ESP gradient dong the line to Moranville. 

More wavefomis related to the studies presented in this chapter are presented 

in appendix C . 



Chapter 6 
Protection Considerations 

6 -1 CURRENT IN H W O N I C  FIJXERS 

At the Dorsey converter station, there are filters tuned to the Sth, 7th, 1 lth and 

13th harmonics. In addition there are high pass filters to filter out higher harmonics generated 

at the converter station. These high pass filters also provide the additional reactive power 

demand by the converter station. When the transfomers are saturated due to the GIC, the 

harmonics produced will flow through these harmonic filters since it has a low impedance 

path. 

6.1.1 HIGH PASS FIJ,TER C-TS 

6 -1 -1.1 BEFORE SERIES COMPENSATION AT MAXIMUM RECORDED ESP 

Figures 6 .1 and 6.2 show the current passing through the equivalent hi& 

pass filter for the high power flow and low power flow conditions respectively. These 



simdated waveforms occur when the transfomers are M y  sanirated at the maximum 

recorded GIC level. 

Figure 6 - 1  : High Pass FiIter current at Dorsey with lOSA GIC per phase and with a high power Bow 

Figure 6.2 : High Pass Fiiter current at Dorsey with 105A GIC per phase and with a low power flow 

The high pass filter current at hi@ power flow conditions has a rms 

magnitude of 937.7 A with a maximum positive peak of 2045 A and a maximum negative 

peak of-1993 A whereas the high pass Nter current at low power flow conditions has a mis 

magnitude of 1270 A with a positive peak of 2586 A and negative peak of -3338 A. 

Figure 6.3 shows the harmonic composition of the high pass filter currents 

at two different power flows and at the maximum recorded GIC level. 



High Power Flow 

LOW Power F~OW 

Figure 6 .3  : Fourier analysis of high pass filter current waveforms at lOSA GIC per phase on 500kV side 

The harmonic composition follows more or less the same pattern irrespective 

of the level of power flow. The most dominant harmonic is the 4th harmonic. In the low 

power flow case, the 4th harmonic is even bigger than the fundamental. Other noticeable 

hannonics are the 6th, 1 Sth, 12th, 14th and 16th. 

Looking at the harmonic analysis of the high pass filter current waveforms 

in figure 6.3 , it is very clear that a lot of harmonics non characteristic to a HVDC converter 

station exist in these currents. In fact, characteristic harmonics in these waveforms are very 

minimal due to the presence of flters tmed for those harmonics. There is a significant 

portion of fidamental component in these wavefonns. This is due to the fact that the hi& 

pass filters at the Dorsey end are also used to give voltage support at Dorsey. The ratios of 

the total rms magnitude to that of the fiuldamental component is 126.7% and 174.7% for hi& 

power flow and low power flow conditions respectively when the GIC flow is 105A per 

phase. These values change to 136.5% and 195.2% respectively when the GIC flow is 

Uicreased to 133A per phase. 

At both GIC levels considered, it is clear that more harmonic currents flow 

through the high pass filter when the power flow is low. Table 6.1 shows the analysis of 

high pass filter currents obtained at maximum recorded GIC conditions. 



Table 6 -1 : Analysis of high pass filter cunents at different power flows before series compensation 

power 1- 11- 1 positive negative rms based 1 ~ -  1 
flow h-rmçsa Peak Peak on Iemsasa 

%age maxpak %age 

hW 93 8 740 126.7 2045 -1 993 1409 150.2 
IOW 1270 727 174.7 2586 -3338 2360 1 85.9 

If the waveforms are assumed to be sinusoida1 and if the nns magnitude is 

derived fiom the absolute peak magnitude, then mis values are 1409A and 2360A 

respectively for high and low power flow conditions. These figures are 50.2% and 85.9% 

more than the actual rms magnitude of their corresponding wavefonns for high and low 

power flow conditions respectively. 

Therefore, if these high pass filters are protected by an overcment 

measurement based on peak detection, it would see a very high increase in the apparent rms 

value. This could trip the filters unnecessarily. 

SERIES COMPENS&I'ION AT MAXIMUM PREDICTED ESP 

Figure 6 .4 shows the current going through the hi& pass filter at high 

power flow conditions when the transfomers are M y  saturatted due to the applied ESP 

which is set to the maximum predicted. 



The high pass filter current has a nns magnitude of 7 14.7 A ,  a positive peak 

2 

1 - 

0- 

-1 - 

-2 

of 1 19 1 A and a negative peak of-1242 A Figure 6.5 shows the current going through the 

high pass filter at low power flow conditions when the transfomers are Mly saturated due 

1 1 1 1 r 1 1 

to the GIC created by the same ESR 

O 5 10 15 20 25 30 35 40 

tirne (m.) 

Figure 6 -4 : High Pass Filter current at Dorsey with a high power flow 

the  (mec.) 

Figure 6.5 : High Pass Filter current at Dorsey at low power flow 

The high pass filter current has a rms magnitude of 722.4 A , a positive peak 

of 120 1 A and a negative peak o f4254  A. The Fourier d y s i s  of these two wavefonns are 

show in Figure 6 .6  . 



High Power Flow 

Low Power Flow 

3 6 9 12 15 18 21 24 

Harmonic Numbet 

Figure 6.6 : Fourier anaiysis of currents in high pass filter 

The hamionic composition is ahost  the same irrespective of the level of 

power flow for this low saturation condition. The most dominant harmonie is the 4th 

hannonic. Other noticeable harmonies are the 6th and 2nd. 

Table 6.2 shows the analysis of the high pass filter currents obtained at the 

maximum predicted GIC conditions for two different power flows. 

Table 6 .2  : Analysis of high pass filter currents at different power flows after series compensation 

If the waveforms are assumed to be sinusoidal and if the rms magnitude is 

derived from the absolute peak magnitude, the wavefom see magnitudes 878A and 887A 

respectively for high and low power flow conditions. These figures are 22.8% more than the 

actual mis magnitude of their conesponding wavefomis for both hi& and low power flow 

conâitions. 

power 
flow 

higb 
low 

LIE 

715 

722 

1 1- 

699 
707 

1, / 
h-rmsasa 

%age 
102.3 

102.1 

positive 
Peak 

1191 

1201 

negative 
Peak 

-1 242 

-1254 

mis based 
on 

max.peak 
878 

887 

1 ~ -  1 
1-asa 

%age 
122.8 

122.8 



Therefore, if these high pass filters are protected by an overcurrent 

measmement based on peak detection, the protection device would see an increase in the 

apparent rms value. This could trip the flters umecessarily. 

6.1.2 CURRENT IN 'ITJNED FILTE= 

The tuned flters at the Dorsey converter station were inaoduced in two 

stages. In the first stage four nuied filters tuned to the 5th, 7th, Il th and 13th harmonies were 

introduced for the 6 pulse bridge installed. Another set of 11th and 13th tuned harmonic 

filters were introduced in the second stage for the 12 puise bridge installed. 

ED ESP 

Figure 6.7 shows the current gohg through one of the 13th harmonic tuned 

filters installed in the second stage when the power flow is high and the GIC is 3 15 A. 

time (mec.) 

Figure 6.7 : 13th Harmonic Filter current at Dorsey with 105A GIC per phase 

and with a high power flow 

The current wavefom has a nns magnitude of 239 A with a positive peak of 

470.8 A and a negative peak of 4 8 2 . 6  A. The 13th hannonic component of the current 

flowing through the Nter is 38.3 A. Figure 6.8 shows the current going through the same 

fiiter at the same GIC level when the power flow is low. 



Figure 6 .8  : 13th Harmonic Filter current at Dorsey with 1 OSA GIC per phase 

and with a low power flow 

The current waveform has a mis magnitude of 357.1 A with a positive peak 

of 666.5 A and a negative peak of XX.7 A. The 13th hannonic component flowing through 

the filter has a magnitude of 48.2 A. Figure 6 -9 shows the Fourier analysis of the two 

current waveforms flowing through the sarne tmed flter for the two different power flow 

conditions. 

High Power Flow 

LOW P o w e r ~ ~ o w  

3 6 9 12 15 18 2 1 24 

Figure 6.9 : Fourier analysis of currents in 13th hannonic filter before compensation 

In both cases, the significant harmonies are the 4th, 6th, 12th, 13th, 14th and 

15th. In the hi& power flow case, the dominant harmonic is the 12th. But in low power flow 



case, the 4th harmonic became the dominant hannonic. In the latter case, the 4th harmonic 

is even biggei than the hdamental component in that current. 

Figure 6.10 shows the waveform of the current flowing through the 5th 

harmonic tuned filter which was installed at the f h t  stage. The waveform is taken at high 

power flow conditions and at a 3 15 A GIC level. 

1 .O 

Figure 6 -10 : 5th Harmonic Filter current at Dorsey with 105A GIC per phase 

and with a high power flow 

The current waveform bas a nns magnitude of 294.5 A with a positive peak 

of 658.7 A and a negative peak of-539.2 A. The 5th hannonic component flowing through 

the filter is 237.6 A. Figure 6 .11 shows the current flowing in the same filter when the 

power flow was changed to the low power flow condition described before. 



Figure 6 . I t : 5th Harmonic Filter current at Dorsey with 105A GIC pet phase 

and with a low power flow 

The current waveform has a mis magnitude of 340.3 A with a positive peak 

of 609.9 A and a negative peak of-738.2 A. The 5th harmonic component flowing through 

the filter is 154.5 A. Figure 6 .12 shows the Fourier analysis of the two current waveforms 

flowing through the same tuned filter for the two different power flow conditions. 

High Power Flow 

0.3 - LOW Power FIOW 

a . - 

Harmonic Number 

Figure 6 .12 : Fourier analysis of currents in 5th harmonic filter before compensation 

In both cases, the siguificant harmonies are the 4th, 5th and 6th. In the hi& 

power flow case, dominant harmonic is the 5th. But in the low power flow case, the 4th 

harmonic became the dominant harmonic. In both cases, the 4th and 5th hannonics are 

bigger than the corresponding fùndamental component. 



Tables 6.3 and 6 A show the detailed analysis of curmts flowing through 

tuned fïIten for both high power flow and low power flow conditions respectively. The 

analysis was done for the waveforms obtained for 105 A GIC per phase condition. The tables 

give the details of the rms magnitude of the current waveform with their positive and 

negative peak values, the rms magnitudes of the hdamentslr fiequency component and the 

tuned fiequency component and ais0 the rms magnitude of the combined fbdamental and 

hined fiequency components. 

Table 6 .3  : Analysis of currents through the tuned harmonie filters for a high power flow 

Tuned Positive 
Filter Peak (A) 

Negative RMS (A) RMS of 
Peak (A) fundamen- 

RMS of 
tuned 
m - c y  
component 
[A) 

UMS of 
fiindamen- 
îai and 
tuned 

compo- 
nents (A) 

RMS of 
hannouics 
other thm 
fwdarnen- 
ta1 and 
tuned fie- 
quency 
compo- 
nents (A) 

147.7 

75.6 



Table 6 -4 : Analysis of currents through the tuned harmonic filters for a low power flow 

Tuned Fil- 
ter 

RMS of 
fimâamen- 
ta1 compo- 
nent (A) 

RMS of 
tuned fie- 
quenCY 

RMS of 
fiuidamen- 
tai and 
tuned fie- 
quency 
compo- 
nents (A) 

RMS of 
harmonies 
other than 
hdamen- 
ta1 and 
~ e d  fie- 
quency 
compo- 
nents (A) 

From the analysis of the hamonic content of the current flowing in the nuied 

filters as illustrated by the tables 6.3 and 6.4, it is clear from the 1s t  colum. of the tables, 

that the total harmonic content of frequencies other than the hdamental and the nined 

fiequency is significant. It is appropnate to consider the ratios between the rms magnitude 

of the waveform with the rms magnitude of combined fiindamental component and the tuned 

fiequency component since those two fiequencies are the fiequemies that are expected to 

flow in the tuned filters at normal operating conditions. The ratios of the rms magnitude of 

the wavefonn to the mis magnitude of the combined fiindamental and the hined fiequency 

varies between 1 1 1 % to 150% in the case of the high power flow condition. It varies between 

113% to 225% in the case of low power flow condition. The harmonic content of fiequencies 

other than the fidamental and the tuned fiequency is more when the power flow is low. 

Table 6.5 shows an analysis of the apparent increase of magnitudes seen if 

the mis magnitudes are derived h m  peak values of the waveforms for both high and low 

power flow conditions. 



Table 6.5 : Apparent increase of rms mapitudes when baseci on peak values 

high power flow 

Tuned 
Filter 

5 
r 

7 

11 

13 

11 

13 

low power flow 

max. 
abs. 
Peak 
(A) 

658.7 

403.3 

270.7 

237.5 

766.9 

682.6 

Figure 6 .13 shows the cment passing through the 13th hannonic filter 

installed in the second stage, when the potential ciifference between Dorsey and Forbes is set 

to the same potential clifference that would have produced the maximum predicted GIC 

before the series compensation. 

Figure 6 . l 3  : 13th Harmonic Filter current at Dorsey with 105A GIC per phase 

and with a high power flow 



The waveform has a mis magnitude of 151.0 A with a positiv~ peak 

magnitude of 268.3 A and a negative pealc magnitude of -276.7 A. 

Figure 6 .l4 shows the current passing through the 13th harmonic filter 

installed in the second stage, when the potential diff'e between Dorsey and Forks is set 

to the same potential ciifference that would have produced the maximum predicted GIC 

before the series compensation. This wavefom was obtained at low power flow conditions. 

400 

Figure 6 .14 : 13th Harmonic Filter current at Dorsey 

The waveform has a rms magnitude of 152.6 A with a positive peak 

magnitude of 270.5 A and a negative peak magnitude of -279.8 A. The Fourier analysis 

of these waveforms are shown in the Figure 6 .15 . 

High Power Flow 

LOW Power ~ î o w  

Figure 6 .15 : Fourier analysis of currents in 13th harmonic filter afkr compensation 

12 1 



The current passing through the 13th harmonic tuned filter contains rnostly 

hdamental and a significant contribution fiom the 4th harmonic. It also has slight 

contributions fiom the 6th, 12th and 14th harmonies. The harmonic compositions of both 

waveforms are almost the same irrespective of the level of power flow. 

Figure 6 -16 shows the cunent passing through the 5th hannonic tuned filter 

at high power flow conditions when the transfomers are fully saturated due to the applied 

t h e  (mec.) 

Figure 6 -16 : 5th Harmonic Filter c m t  at Dorsey with 105A GIC per phase 

and with a high power flow 

The waveform of the current going through the 5th harmonic filter is highly 

distorted. It has an rms magnitude of 1 13.7 A with a positive peak of 195.5 A and a negative 

peak of -2 12.4 A. 

Figure 6 .17 shows the current passing through the 5th harmonic tuned filter 

during the low power flow condition when the transfonners are fully saturated due to the 

applied ESP. 



Figure 6 -17 : 5th Harmonic Fiiter current at Dorsey 

The wavefom of the current going through the 5th hannonic filter is highly 

distorted. It has an mis magnitude of 1 14.3 A with a positive peak of 196.8 A and a negative 

peak of -212.7 A. The Fourier analysis of these wavefom is shown in figure 6 . l8  . 

High Powrr Flow 

LOW Power ~ i o w  

Harmonic Nurnber 

Figure 6 .18 : Fourier analysis of cumats in 5th harmonic filter after compensation 

The waveforms contain not oniy the fundamental and the huied 5th 

hannonic, they contain a lot of 4th harmonic and a significant amount of 6th, 2nd and 3rd 

harmonic components. At this low saturation condition, the harmonic composition of both 

wavefom is almost the same irrespective of the power flow. 

Table 6.6 and Table 6.7 show the results of analysis of the currents going 

through the tuned filters when the transfomers are fully saturated due to the applied ESP at 



high and low power flow conditions respectively. The analysis was done for the wavefomis 

obtained for the rnaximurn predicted ESP condition. The tables give the details of the n m  

magnitude of the current waveform with their positive and negative peak values, the rms 

magnitudes of the fidamental frecumcy component and the tuned frequency component 

and ais0 the rms magnitude of the combined bdamental and tuned fkequency components. 

Table 6 -6 : Analysis of currents though the tuneci hannonic flters for a high power flow 

Tuned Fil- 
ter 

RMS of 
fundamen- 
ta1 compo- 
nent (A) 

86.7 

Negative 
Peak (A) 

RMS of 
tuned fie- 
q"enCY 
compoaent 
(A) 

58.1 

RMS (A) Positive 
Peak (A) 

195.5 

RMS of 
fiindamen- 
ta1 and 
tuned fk- 
quency 
compo- 
nents (A) 

104.4 

RMS of 
harmonics 
other than 
firndamen- 
ta1 and 
tuned fie- 
WW' 
compo- 
nents (A) 

45.1 

Table 6 .7  : Analysis of c w n t s  though the tuned harmonic filters for a low power flow 

RMS of 
tuned h- 
WncY 
component 
(A) 

57.8 

RMS of 
fundamen- 
ta1 and 
tuned fie- 
quency 
compo- 
nents (A) 

105.0 

RMS of 
fundamen- 
tal compo- 
nent (A) 

87.7 

harmonies 
other than 
tùndarnen- 

tuned fie- 
quency 
compo- 
nents (A) 



At this low saturation condition, the fundamental fiequency component and 

the tuned fiequency component make up the major portion of the curent going through the 

tuned filtem. 

Table 6.8 shows an analysis of the apparent increase of magnitudes seen if 

the mis magnitudes are derived fiom peak values of the waveforms for both high and low 

power flow conditions. 

Table 6 -8 : Apparent incrcase of rms magnitudes when based on peak values 

high power flow I ~ o w  power flow 1 

There is an apparent increase of about 30%, if the rms magnitudes were 

derived from the peak magnitudes of the waveforms irrespective of the level of power flow. 

This could change at a higher level of saturation but it is very unlikely since the presented 

data is simulated under maximum predicted ESP conditions which is approximately twice 

the level of the maximum recorded level. 

max. 
abs. 
Peak 
(A) 

212.4 

110.5 

124.7 

90.9 

378.5 

276.7 

From the analysis of waveforms of currents going through the harmonic 

filters at maximum recorded GIC level before series compensation the following 

rms 
based 

on P k  
(A) 

150.2 

78.1 

88.2 

64.3 

267.6 

195.7 

max. 
abs. 
peak 
(A) 

212.7 

111.4 

125.7 

92.1 

381.2 

279.8 

T ~ S  
based 

on peak 
(A) 

150.4 

78.8 

88.9 

65.1 

269.5 

197.8 

rms 
(A) 

114.3 

57.9 

69.1 

49.7 

215.6 

152.6 

nns 
(A) 

113.7 

57.4 

68.4 

48.9 

213.3 

151.0 

apparent 
increase 
YO 

31.6 

36.1 

28.7 

31.0 

25.0 

29.6 

apparent 
increase 
YO 

32.1 

36.1 

28.9 

31.5 

25.5 

29.6 



observations can be made. A signiticant portion, sometimes a major portion, of the 

wavefom is comprised of harmonics which an uncharacteristic to a DC converter station. 

Cornparison of peak values and mis magnitudes of the waveforms show that peak detection 

overcurrent protection schemes are not suitable for harmonic fïiters when GIC is present. A 

peak detection method can give a false indication 210% h m  the actual nns magnitude at 

maximum recorded GIC level. Another observation is that the peak detection method gives 

a larger error in the 1 lth and 13th harrnonic filters than the 5th and 7th harmonic filters. 

Mer series compensation, the level of saturation was greatly reduced due to 

the increased resistance to dc due to the series capacitors in the GIC path. Therefore the 

amount of harrnonic distortion is less even at maximum predicted ESP level which is more 

than twice the maximum recorded ESP level. The contribution of the uncharacteristic 

harmonics in currents going through the hannonic filters is low. The error of calculating rms 

based on peak value is about 30% even at the maximum predicted ESP conditions. 

It should be noted tbat these wavefonns do not contain the hannonic currents 

generated at the converter station. This is because the converter station is modelled as an 

equivalent AC source. Actual harmonic currents of 5th, 7th, 1 lth and 13th harmonics are 

different than the simulated wavefom. This difference is small at the low power flow 

condition since the characteristic harmonic currents produced by the HVDC converter 

station at low power flow is much smaller[29]. Ail the other hannonics will remain more or 

less the same. 

6.2 STRUMENT TRANSFORMER WPIOIVSE: 

Instrument transformers are used to transform large magnitude voltages and 

currents to smaller magnitudes for metering and protection devices. Voltage transfomers 

(VT) or Capacitive Voltage Transformers (CVT) are used for voltage transformation 

whereas Current Transformers (CT) are used for current transformation. This section looks 

into the effects of GIC on these instrument transformers. 



Current Transfomer ratios for protection systems are detemhed by the 

available load current. But the physical size of the transformer core is determined by the 

available fault cumnt. When this axiom is foliowed, it is unlikely that the CT sahuates 

before the saturation of the power transformer where the physical size of the core is 

determined by the available fault current. 

To investigate the effect of GIC on CTs under no fault GIC conditions, a 

mode1 of the CT on the 500 kV line[l7] is fed with the wavefom obtained for the maximum 

recorded GIC level. A 15 VA 0.85 power factor burden at 5 A is used as the burden for the 

CT. The CT burden is small giving a slow rate of build up of dc bias. But the steady state dc 

bias of the CT is not affected by the size or the power factor of the burden. 

Figure 6 .19 shows the CT response to the 500 kV line current obtained for 

the maximum recorded GIC conditions and at low power flow co~~ditions before series 

compensation. The two wavefom presented are the input current referred to the secondary 

and the output current of the CT for the burden chosen. 

3 
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Figure 6 .l9 : CT Response for 105A GIC per phase, low power case 

Both waveforms follow the same pattern. The GIC current in the input 

wavefom is not transformed to the secondary. The difference between the two waveforms 



is the magnetising current referred to the secondary of the CT. Figure 6 -20 shows the 

harmonic magnitudes of both waveforms. 
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Figure 6 20 : Magnitude of the harmonics in current waveforms at low power flow 

There is hardly any difference in harmonic magnitudes. In fact the difference 

in magnitudes for diffirent harmonics was always less than 6 mA. Figure 6.2 1 shows the 

phase shifi of hannonics when the wavefom is transfonned through the CT. 
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Figure 6.21 : Phase of the harmonics in current wavefom at low power flow 

For al1 the harmonics whose magnitudes are greater than 12 mA the phase 

shift compoued to the input waveform is less than 2 degrees. It is clear that the distortions 

caused by the nodinearity of the CT is very insignificant compared to the distortions caused 

by the non-iinearity of power transfomers under no fault GIC conditions. 



Figures 6.22 and 6.23 show the flux density and the magnetizing core 

current of the current transformer for the low power flow conditions respectively. 
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Figure 6.22 : Flux Density of the CT for 105A GIC per phase, low power case 
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Figure 6.23 : Core current of the CT for lOSA GIC per phase, low power case 

The current transformer operates at a higher flux density due to the GIC 

current in the input waveform. 

Figure 6.24 shows the CT response to the 500 kV line current obtained for 

the maximum recorded GIC conditions and at the high power flow condition before the 

series compensation. The two waveforms presented are the input current referred to the 

secondary and the output current of the CT for the burden chosen. 



Input Cunent refemd to sec. - - - - Output Current 

Figure 6 24 : CT Response for lOSA GIC per phase high power case 

Both wavefom follow the same pattern. The GIC current in the input 

wavefonn is not transformed to the secondary. Figure 6 .25 shows the harmonic 

magnitudes of both waveforms. 

Figure 6.25 : Magnitude of the harmonics in current wavefonns at high power flow 

There is hardly any difference in magnitudes. In fact thz difference in 

magnitudes for different harmonics was always less than 6 mA. Figure 6.26 shows the 

phase &if€ of harmonics when the wavefom is transforrned through the CT. 
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Figure 6.27 : Phase of the tiarmonics in cwrent waveforms at hi& power flow 
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For al1 the hannonics whose magnitudes are pater than 50 rnA the phase 

shift compared to the input waveform is less than 2 degrees. It is clear that the distortions 

caused by the nodineanty of the CT are very insignificant compared to the distortions 

caused by the non-linearity of the power transfomers under no fault GIC conditions. 
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Figures 6 .28 and 6 .29 show the flux density and the magnetizing core 

current of the current transformer for the high power flow condition. 
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Figure 6.28 : Flux Density of the CT for lO5A GIC per phase, high power case 



Figure 6 -29 : Core c m n t  of the CT for 105A GIC per phase high power case 

By anaiyzkg the waveforms in Figures 6 .19 - 6.29 , it can be concluded 

that at steady state, the distortions introduced by current transfomers are very minimal even 

at very high GIC levels. But if a fault occurs during a GIC event, and if that fault creates a 

dc bias of the current towards the same direction as the dc bias created by GK, then the CT 

will saturate sooner. This might cause the relay to take a longer tirne to detect the fault. 

Voltage transfomers have such a relatively high resistance that very little of 

the GIC will flow in the primary winding. In addition there will be other low impedance paths 

in the vicinity such as grounded power transfonners. Capacitively coupled Voltage 

transfomers (CCVT) are even less susceptible to the saturation due to GIC because the 

capacitors will act as an open circuit for the DC current thus avoiding DC current flow to the 

voltage transformer of the CCVT. The effect of passing voltage waveforms through a mode1 

of the CCVT [17] was not noticeable and hence not presented here. 

6.3 SEOUENCE NETWORK PROBLEMS 

Modem line protection systems which utilize sequence voltage or current 

quantities for fault detennination cm be susceptible to misoperation when the protected line 



currents contain harmonics generated during a GIC event. AC harmonics of the order 3n+ 1, 

3n+2 and 3n where n is an integer have the phase sequences of positive, negative and zero 

respectively. Both zero and negative sequence currents are commonly used in direction 

comparison overcurrent schemes and in the time overcurrent backup hction[25]. 

To investigate the behaviour of sequence filters, waveforms obtained fiom 

the high and low power flow cases at maximum recorded GIC conditions were fed hto a 

simple sequence filter. The circuit diagram of the simple sequence filter used is show in 

Figure 6.30 . 

Figure 6.30 : A Simple Negative Sequence Filter 

The relationship among the main circuit parameters, resistance R, 

capacitance C and inductance L is given by equation 6 .1 . 

Given R, the values of inductance LI and capacitance Q are chosen 

according to the quality factor. The relationship among them with resistance R and quality 

factor of the filter Q is given by equation 6.2 . 

If three voltages Vx, Vy and Vz whose fiequency is O are applied to X, Y 

and Z then using Kirchoff s cumnt law, 



This can be e t e n  as, 

It can be shown that VM becomes zero when balanced three phase voltages 

are applied to the points X, Y and Z with the sequence A, C and B thus ghhg voltage across 

X and M as the voltage applied to X. It also can be shown that if the phase sequence is 

reversed, then VM will be the same as Vx thus giving zero voltage across X and M. 

Figure 6.3 1 shows the output of a positive sequence filter for the 500 kV 

side currents obtained for 105 A GIC per phase, high power case before the senes 

compensation. To get the positive sequence output the same filter shown in Figure 6.30 is 

used with the reversed phase sequence. Outputs were taken for different quality factors of 

the filter. 

t h e  (mec.) 

Figure 6 -3 1 : Positive Sequence Output for 3 1 SA GIC high power case 

The three waveforms were taken at three different quality factors 0, 10 and 

20 . The rms magnitudes of the waveforms for the quality factors 0, 10 and 20 are 1207.8 

A, 1 19 1.6 A and 1 190.7 A respectively. If the sequence components were calculated after 

filtering digitally though a FFT, then the positive sequence magnitude is 1 190.3 A. 



Figure 6.32 shows the negative sequence output using the sarne filter. The 

waveforms fed in were the 500 kV line currents obtained for high power flow, 105 A GIC 

per phase condition before the series compensation. 
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Figure 6.32 : Negaiive Sequence Output for lO5A GIC per phase, high power case 

The three waveforms were taken at three different quality factors. The rms 

magnitudes of the output waveforms for the qualiîy factors 0,10 and 20 are 160.7 A, 9.5 A 

and 5.8 A. It is clear that the mis magnitude is very dependant on the quality factor. The 

negative sequence component obtained through FFT fdtering and then calculating gives the 

magnitude as 3.7 A. 

Figure 6 .33 shows the zero sequence output of the 500 kV line current 

obtained for high power flow, maximum recorded GIC conditions. To obtain the zero 

sequence, the three waveforms were added and fed into a tuned filter. 



Figure 6.33 : Zero Sequence Output for 105A GIC per phase, high power case 

The nns magnitudes of the output waveforms for the quality factors 0,lO and 

20 are 34.9 A, 1.58 A and 1.12 A. It is clear that the mis magnitude is very dependant on the 

quality factor. The zero sequeze rcmpocent obtained by filtering the waveforms digitally 

by a FFT and then calcdating gives the magnitude as 1.06 A. 

Figure 6.34 shows the positive sequence output of the filter when fed with 

the 500 kV current waveforms obtained for low power flow maximum recorded GIC 

conditions. 
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Figure 6.34 : Positive Sequence Output for 3 1SA GIC low power case 

With a quality factor of O, the rms magnitude of the output waveform of the 

filter is 28 1.9 A. When the quality factor increased to 10, the nns magnitude decreased to 



96.6 A. With a quality factor of 20, it decreased fbrther to 95.6 A. If the input current 

wavefom were subjected to a FFT and tben sequence components were derived, then the 

mis magnitude is 95.2 A. 

Figure 6.35 shows the negative sequence output using the same filter. The 

waveforms fed in were the 500 kV line currents obtained for low power flow, 105 A GIC pet 

phase condition. 

Figure 6.35 : Negative Sequence Output for lO5A GIC per phase, low power case 

The output waveforms obtained for three quality factors O, 10 aod 20 gives 

the rms magnitudes as 2 16.6 A, 1 1.15A and 5.63 A respectively. Using a FFT to filter the 

individual waveforms and then calculating the sequence components gives the mis 

magnitude of negative sequence as 0.48 A. 

Figure 6.36 shows the zero sequence output wavefom obtained by adding 

the wavefom together and then feeding through a tuned filter. 
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Figure 6.36 : Zero Sequence Output for 105A GIC per phase, low power case 

The nns magnitudes of the output waveforms for the quality factors O, 10 and 

20 are 11 8.5 A, 4.27 A and 2.17 A respectively. It is clear that the dependency on the quality 

factor of the filter is very high . Zero sequence component obtained through a FFT gives the 

magnitude as 0.39 A. 

In the high power flow case, a quality factor of 20 gives a reasonable accuracy 

for al1 the sequence components. But in the low power flow case, only the positive sequence 

filter gives a reasonable accuracy at quality factor 20. In the low power flow simulation, 

where the harmonic components in the current are more than the fiindamental component, 

negative and zero sequence flters give a very poor accuracy. From these results it can be 

concluded that if analog flters are used to extract sequence components, then it could give 

rise to an unnecessary trip during GIC conditions. 

To see the effects of harmonics on a simple d o g  sequence filter, different 

hamonics were injected into the filter and the output responses were taken. Figure 6.37 

shows the effect of positive sequence harmonic signals on the positive sequence filter ( or 

negative sequence harmonics on negative sequence Nter ) whereas Figure 6.38 shows the 

effect of negative sequence hamonic signals on the positive sequence filter ( or positive 

sequence harmonics on negative sequence filter ). 



Figure 6.37 : Effect of positive sequence harmonies on positive sequence filter 

Figure 6.38 : Effect of negative sequence hanaonics on positive sequence filter 

Since there is a signifiant gain at lower order hannonics even at higher 

quality factors, a considerable amount of lower order hannonics are reflected in sequence 

outputs. 

6.4 TRANSFORMER D w m  PROTECTION 

Universal transformer protection practice consists of cornparhg the current 

entering the transformer input winding with the currents leaving the secondaiy windings. 

There are, however, two well known instances where the differential ctiteria will indicate 



a fault condition although none exists. These are the presence of inrush current and over 

excitation. 

The present or most popular design practice is to measure second or nAh 

hannonic content in the differential c m n t  in order to probe for an innish or an over 

excitation condition. S W d  the ratio of harmonic component magnitude over differential 

current magnitude exceed a minimum threshold, a blocking signal will prevent the 

protection h m  operating. 

Figures 6.39 and 6.40 show the transformer differentid current obtained 

for maximum recorded GIC conditions for high and low power flow conditions respectively. 

time (msec.) 

Figure 6.39 : Transfonner differential current seen h m  CT for 105A GIC per phase, hi@ power case 

time (msec.) 

Figure 6 -40 : Transformer differential current seen h m  CT for lOSA GIC per phase, low power case 

140 



The correspondhg Fourier analysis of the waveforms obtained for high and 

low power flow situations are shown in Figures 6.41 and 6.42 respectively. 

Harmonic Number 

Figure 6 .41 : Fourier anaiysis of differentid cunent at bigh power flow 

Harmonic Number 

Figure 6.42 : Fourier analysis of differential current at low powet flow 

For both low power flow and high power flow cases, there is a fùndamental 

component of 0.104 per unit based on 400 MVA in the transformer differential current. The 

second harmonic components are 0.099 pet unit and 0.096 per unit for high and low power 

flow conditions respectively. In both cases, the second harmonic component is more than 

90% of the fiindamental. nie 5th harmonic components are 0.071 p.u. and 0.072 pu. for 

high and low power flow cases respectively. The f i fh  harmonic component is more than 65% 

of the fundamental for both cases. The second harmonic restraint is normally set to 15% of 



the fimdamental[30][3 11. The second hannonic component in the différentia1 current of a 

transformer during an intemal fault is usually less than 5% of the hdamental[3 11. Since 

there is a large amount of second hamonic component in the differential cumnt ( way above 

the threshold of 15% of the fidamental in the no fault condition), there is a need to 

investigate whether GIC induced 2nd harmonie curreats have a significant effect during an 

interna1 fault situation. 



Chapter 7 
Conclusions 

Transformer models for different transformer configurations were developed 

with reasonable accuracy to study the protection problems due to saturation of the 

transformers. Single phase transformers are the most susceptible to GIC whereas three phase 

three limb transformers are the least susceptible to GIC. Three phase conventional 

transformers seem to be more susceptible to GIC than the three phase five limb transformers. 

This observation verifies experimental results obtained before[22][23]. Unfortunately 

today's transmission systems with large power flow capabilities contain single phase 

transfomers to maintain the reliability economically. The test system used in this study also 

contains single phase transformers. 

The results obtained using the models are shown to be in close agreement 

with recorded GIC events in the Dorsey-Forbedhisago SOOkV system. The mode1 derived 

for the Dorsey-Forbes-Chisago system was then used to study the voltages and currents in 

the system for different conditions. Several power flow conditions and several GIC 

conditions were studied. Systern conditions at maximum recorded GIC level were presented 



for two dflerent power flow conditions. Unfortunately there are no recorded line current or 

voltage wavefomis for this maximum recorded GIC event The predicted maximum GIC for 

this system is roughly twice the maximum recorded GIC level. The effects at an ESP level 

corresponding to the maxinium predicted GIC is studied on a revised mode1 of the 

Dorsey-Forbes-€hisago system since it was series compensated recently. 

Before series compensation, line cments show more distortions than the 

phase voltages at both low and high power flow conditions. It is also seen that the 

fiindamental reactive power consumed by the transfomers is more or less the same 

irrespective of the power flow. The slight ciifference mainly cornes fiom different reactive 

power consumption by leakage inductance. ûtherwise, reactive power drawn by 

transfomers due to half cycle saturation due to a specific amount of GIC is more or less the 

same irrespective of power flow provided the level of energization of transformers is more 

or less the same which is usually true. 

The distortions of the waveforms increase with the amount of GIC as 

expected. The relationship between hannonic magnitudes with the GIC is roughly linear. At 

the low power flow conditions, the distortions of the waveforms are higher for the same GIC 

level than the distortions of the waveforms obtained at high power flow. With the decrease 

of power flow, harmonic distortions increase. Current waveforms show a higher rate of 

increase than the voltage waveforms. It cm be said that by decreasing the amount of power 

flow during a geomagnetic stonn, the likelihood of a protection system maloperation 

increases due to the increased distortions in the waveforms. But the whole system would be 

more stable since the possible loss of power is less. 

Series compensation of the 5OOkV line greatly reduces the effects of GIC on 

the system since it blocks the GIC flows completely in the 500kV line. But there is still a 

small amount of GIC flow in the 230kV side of the transfomers at Dorsey. Another reason 

for smaller effects is the introduction of an additional set of transformers. It gives a M e r  



decreased GIC current per phase per transfomer. Thus the effects of GIC on the transformer 

and bence the overall effects are fiuther reduced. 

However, there is still some distortion of the waveforms because of the small 

amount of GIC passing through the 230kV side of the transformer. At the maximum 

predicted ESP conditions, some waveforms have THD factors close to 20%. This could be 

even more if the power flow is h ther  reduced. 

The 230kV transmission line to Momville carries more GIC than the line to 

Drayton mainly because it has a higher ESP gradient dong the h e .  The Dorsey40ranville 

line lies in a direction of NW-SE whereas Dorsey-Drayton line lies in a direction of N 4  

thus giving a higher ESP gradient on Dorsey-Moranville line. 

Both before and after series compensation, the most prominent harmonic in 

the system during GIC conditions is the 4th harmonic. Before the series compensation, the 

line current obtained at low power flow conditions has more 4th harmonic than even the 

hdamental component. 

Before the series compensation, a significant portion of the cwrents flowing 

in the harmonic filters was comprised of harmonies which are uncharacteristic to a DC 

converter station. Comparison of the peak values of the waveforms and actual rms 

magnitudes of them show that the peak detection scheme to evaluate the current is not 

suitable for harmonic filters when GIC is present. A peak detection method cm give a false 

indication of as high as 210% of the achüil rms magnitude at maximum recorded GIC level. 

After series compensation, the level of saturation was greatly reduced due to 

the increased resistance for dc. Therefore the amount of hannonic distortion is less even at 

the maximum predicted ESP level which is more than twice the maximum recorded ESP 

level. The contribution of uncbaractenstic hannonics in currents going through hannonic 

filters is low. The error in evaluating current based on peak current is about 30% even at the 

maximum predicted ESP conditions. 



Senes compensation and the addition of another set of transfomers greatly 

reduces the efEects of GIC. But still there is a possibility of maloperation of protection 

schemes due to the distortion created by haif cycle saturation. The risk seems to be higher 

during low power flow conditions. 

Investigation of instrument transformer response during GIC events shows 

that voltage transfomers are immune to saturation because of higher resistance for dc in 

VT's and CCVT's. At steady state operation during GIC events, current transfomers also 

perfonn very satisfactoriiy zostly because the physical dimensions of the magnetic cores 

of the CT's are d e t e h e d  by available fadt current and not by load current and hence a load 

current with GIC would not drive the CT deep into saturation. It was seen that the distortion 

introduced by CT saturation is very minimal even at high GIC levels. But if a fault occurs 

and if that fault creates a dc bias of the current towards the same direction as the dc bias 

created by GIC, then the CT will saturate sooner. This rnight cause the relay to take a longer 

tirne to detect the fault. 

Modem line protection schemes which utilize sequence components for fault 

detennination can be susceptible to misoperation when the protected line currents contain 

harmonies generated during a GIC event. Both zero and negative sequence currents are 

commody used in direction conparison overcurrent schemes and in time overcurrent 

backup functions. Feeding of waveforms obtained during a GIC event into a generic 

sequence filter shows that unless the output is filtered through a tuned or a low pass filter with 

a very high quality factor, it could produce sequence component magnitudes which are much 

more than the actual values. This could cause the protection devices to misoperate. This 

could be either an unnecessary trip or a blocking of a necessary trip signal. 

Universal transformer protection practice consists of comparing the current 

entering the transformer input winding with the c m n t s  leaving the secondary windings. 

However in the presence of i m h  current or over excitation this critena is violated. Present 



design practice is to measure the second or iXh hamionic content in the differential current 

in order to probe for an inrush or an over excitation condition. Should the ratio of harmonic 

component magnitude over differential c m t  magnitude exceed a minimum threshold, a 

blocking signal will prevent the protection device nom operabng. Investigation of 

transformer differential current obtained at maximum recorded GIC leveI before series 

compensation shows that the transformer ciifferentai current during no fault condition has 

a second harmonic component much more than the typical threshold limit. The operation of 

differential protection during an internal fault under GIC conditions needs to be M e r  

investigated. 

To summarize the conclusions, 

1. Transformer models for different transformer configurations were developed 
with reasonable accuracy. 

2. The results obtained using the rnodels are shown to be in close agreement 
with the recorded GIC events. 

3. The simulation results could be used to assess the protective relay settings in 
the system. 

4. The distortions of the wavefom increase with the amount of GIC. They also 
increase with the decrease of power flow. By decreasing the power flow in 
the event of a GIC, the likelihood of protection system maloperation 
increases. But the whole power system would be more stable since the loss 
of power is small in the event of a false trip. 

5. Series compensation greatly reduces ( not completely ) the effects of GIC in 
the system. 

6. The 4th harmonic is the most prominent hamonic in the system under GIC 
conditions. 

7. Peak detection algonthms used to measure magnitude are not suitable under 
GIC conditions. 

8. Voltage transformers do not show any effects under GIC and the effects of 
Current transfonners are negligible compared to the effects introduced by 
saturation of power transformers. 

9. Analog sequence flters could produce erroneous outputs in the event of GIC 
and could cause protection schemes to misoperate. 

10. There is a need to investigate the effects of GIC induced second harmonic 
currents on transformer differential protection schemes during an internal 
fault situation. 
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Appendix A 
Flow Charts 



Flux Mage  at time t 
Fl&) = FIux(t - At) + V(t) + V(t - At) 

At 

Flux Density at tirne t 
B(t) = finfi~lux(t) V.p 

NorAinear Magnetizing Current at t 
C d t - A O +  V(t)+ V ( t - A t ) A t  

2 

Hysteresis Loss current 
Mt) = khUP-'(t) 

Non Linear current 
M t )  = Gu&) + Ih&) 

Figure A-1 : Simplified Flow Chart for Calculating Nodinear Current 



Appendix B 
More details on Dorsey-ForbesChisago 
before compensation 

FORMS IN 230KV SIDE - RIGE P O W R  FLO W 

Figure B -1 shows the simulated voltage waveform on the 230kV side of 

the Dorsey transformer when transfonners at Dorsey and Chisago were fully saturated due 

to the 50A and 105A per phhse GIC. 

Figure B -1 : Voltage wavefonns on 230 kV side at high power flow 

The rms magnitudes, maximum and minimum values of the waveforms are 

given in table B -1 . The Fourier analysis of the wavefomis are given in figure B -2 . 



TabIe B -1 : Details on the 230 kV side phase voltage at bigh power flow 

200- 

Y 17s- lO5AGIC 
.B 150- 
.- 
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100- 

I 75 - 
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nns magnitude (kV) 

maximumpeak@v) 
-um Peak OcV) 

Figure B -2 : Fourier analysis of 230 kV side voltage waveform at high pwnrer flow 

The most prominent hannonic component is the 4th followed by the 6th and 

2nd. The waveform at 50 A per phase GIC has a total hannonic distortion (THD) factor of 

7.53% and that at 105 A per phase GIC has a THD factor of 15.92%. 

50A GIC 

142.0 

203.3 

-2 10.4 

B -2 WAVEFORMS IN 230KV SIDE - LOW POWER mO W 

105A GIC 

141.9 
208.1 

-22 1 -4 

Figure B -3 shows the simulated voltage waveform on the 230kV side of 

the Dorsey transformer at low power flow conditions when the transfomers at Dorsey and 

Chisago were fully satunited due to the 50A and lO5A per phase GIC. 



Figure B -3 : Voltage waveform on 230 kV side at low power f i ~ w  

The mis magnitudes, maximum and minimum values of the wavefonns are 

given in table B -2 . The Fourier analysis of the wavefonns are given in Figure B -4 . 

Table B -2 : Details on the 230 kV side phase voltage at low power flow 

rms magnitude (kVj 

IOSAGIC 

- 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 t 3 1 4 1 5  

maximum peak (kW 
minimum peak (kv) 

Figure B -4 : Fourier analysis of 23OkV side voltage waveform at low power flow 

50A GIC 

141.3 

105A GIC 

143.8 

197.8 

-229.3 
222.5 

-248.1 



For both wavefom, the most prominent hatmonic component is the 4th 

harmonic. The waveform at 50A per phase GIC has a THD factor of 16.86% whereas the 

waveform at lOSA per phase GIC has a THD factor of 30.83%. 

CT OF GIC ON DIS-S AND -0NICS 
-VOLTAGE WAVEFO- 

Figure B -5 shows the hannonic composition of the 500 kV phase voltages 

for different GIC levek for a typical high power flow whereas the Figure B -6 shows the 

hannonic composition of the 500 kV phase voltage for different GIC under a typical low 

power flow condition. 

Figure B -5 : Fourier analysis of 500 kV side phase voltages with a typical high power flow 



Harmonic Number 

Figure B -6 : Fourier d y s i s  of 500 kV side phase voltages with a typical low power flow 

Again, It is clear that the pattern of hamionic composition for a particular 

power flow remains more or less the same, but the magnitudes of harmonies other than the 

fiindamental increase with an hcrease of the level of GIC. The magnitude of the fundamental 

component decrease slightly with an increase of the amount of GIC. 

Figure B -7 shows the total harxnonic distortion of the 500 kV phase voltage 

for different GIC levels for the two different power flows considered. 

30 
x Low Power Flow High Power Flow 

Figure B -7 : THD Factor of 500 kV side phase voltages 

The Total hannonic distortion of the waveforms increase with the applied 

level of GIC, But the distortion factor for the waveform obtained dutiag low power flow 



condition is more than that obtained during high power flow condition for the same GIC 

level. 

NICS - WAVEFORMS AT 
s 

Figures B -8 and B 4 show the harmonic composition of the SOOkV line 

currents for the two different power flows considered for l5CA and 400A GIC levels 

respec tivel y. 

High Power Flow 

LOW Puwer ~ i o w  

Harmonic Number 

Figure B -8 : Fourier analysis o f  500 kV side currents with 150A GIC 
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Figure B -9 : Fourier analysis of 500 kV side cuxents with 4ûûA GIC 



Figures B -10 and B -1 1 show the harmonic composition of the 500 kV 

phase voltages for the two different power flow conditions considered for 150A and 400A 

GIC levels respectively. 

High Power Fiow 

LOW Power HOW 

Harmonic Number 

Figure B -10 : Fourier arïaiysis of 500 kV side phase voltages with 150A GIC 

Hamonic Number 

Figure B -1 1 : Fourier analysis of 500 kV side phase voltages with 400A GIC 

Again, it is clear that the amount of dependency of harmonic magnitudes on 

the amount of power flow is very low. Out of al1 the wavefomis considered, it is clear that 

the most prominent harmonic is the 4th harmonic. 



Appendix C 
More details on Dorsey-Forbes-Chisago 
after series compensation 

Figures C -1 and C -2 show the simulated phase voltage and the line 

current on the 230 kV side respectively when the transfomen are Mly saturated due to the 

GIC created by the applied ESP. 

300, 

Figure C -1 : Simulateci voltage wavefonn on the 230 kV side 



Figure C -2 : Current waveform on 230 kV side of Dorsey at high power flow 

Tables C -1 and C -2 show the rms magnitudes, maximum and minimum 

peak values of the two waveforms shown in the two preceding figures. 

Table C -1 : The details on the 230 kV side voltage after saturation 

Table C -2 : The details on the 230 kV side current after saturation 

1 1 Max. Rec. GIC 1 Max. Pred. GIC 1 

Max. Pred. GIC 
132.7 

184.1 

-195.3 

I Max. Rec. GIC 

I I 

1 mis magnitude (A) 1 3497.0 1 3499.0 1 

nns magnitude (kv) 

maximum peak (kv) 
minimum peak (kv) 

T 

132.5 
186.4 

-1 90.8 

I 1 1 per phase GIC (A) 1 15.0 1 3 1.0 1 

maximum peak (A) 

minimum peak (A) 

The Fourier analyis of ZOkV side voltage and current waveforms are shown 

in Figures C -3 and C 4 respectively. 

4949.0 

-4990.0 

4949.0 

-5046.0 



Hannonic Number 
Figure C -3 : Fourier analysis of 230 kV voltage waveforms at high power flow 

Iiannonic Number 

Figure C -4 : Fourier analysis of 230 kV side current waveforms at high power flow 

For al1 the waveforms, the most prominent harmonic is the 4th harmonic. The 

THD factor of the voltage waveform obtained at the maximum recorded ESP conditions is 

2.37% and that of the voltage waveform obtained at the maximum predicted ESP conditions 

is 5.47%. 

The current waveforms are presented without the GIC component of current 

in them. The GIC components of 15A and 3 LA were subtracted from their respective current 

waveforms obtained at maximum recorded ESP conditions and maximum predicted ESP 

conditions. 



The THD factors of the curent wavefonns at the 230 kV side of the 

transformer when the transfomers at Dorsey are saturated due to the GIC created by the 

maximum recorded ESP conditiom and maximum predicted ESP conditions respectively 

are 1.94% and 4.56%. 

NT WAVEFORMS IN 230KV FEEDERS AT HIGH POWER 
FLOW - CURBEJYT F ' L O m G  TO DR4yTON 

Figure C -5 shows the wavefom of the cumnt flowing to Drayton at 

Dorsey at a typical high power flow for two different GIC conditions when the transfomers 

are Mly saturated due to the applied ESP. 

- I max. rec. ESP 

Figure C -5 : Current on Dorsey-Drayton line at Dorsey at high power flow 

Table C -3 shows the maximum and minimum values, rms magnitude and 

the amount of per phase GIC in the wavefom shown in the preceding figure. 

Table C -3 : The details on the current flowing to Drayton after saturation 

rms magnitude (A) 

1 per phase GIC (A) 1 4.1 1 8.7 1 

maximum peak (A) 

minimum peak (A) 

Max. Rec. GIC 

843.2 
Max. Pred. GIC 

846.7 

1203.0 

-1 186.0 

1213.0 

-1 178.0 



The Fourier anaiysis of the two wavefom shown in Figure C -5 are shown 

in Figure C 4 . 

Harmonic Number 
Figure C 4 : Fourier analysis of current flowing to Drayton at high power flow 

The total hannonic distortion factors of the two current waveforms are 0.86% 

and 1.89% respectively for maximum recorded and maximum predicted conditions. The 

most prominent harmonic of both the wavefonns is the 2nd harmonic followed by the 4th. 




