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Abstract: A reactor winding has been damaged due to induction of resonance voltages on
the de-energized circuit of two parallel 230 kV shunt compensated lines between Zahedan
and Iranshahr. The phenomenon is modeled in PSCAD and the safe range of shunt
compensation is derived. In this study the effect of various faults on the lines, the reactor
saturation and corona dissipation are considered and the results are compared to the
electrostatic no-loss method results. Various ways are examined for damping the resonance
condition and the best solution is chosen.
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1 Introduction

Shunt reactors have many applications in extra high voltage transmission lines and
using them has some challenges [1-7]. For example, the application of shunt
reactor compensation to one or more circuits of mutually coupled multi-circuit
overhead transmission lines requires special considerations beyond those
ordinarily required for single-circuit lines as a result of voltages which may be
coupled from one circuit to an adjacent circuit. This is particularly true when two
lines are completely or partially untransposed [8, 9]. Previous measurements
revealed that unusually high voltages and currents were experienced by the
reactors when their associated circuit was disconnected from the system [10]
which could damage them. Some papers previously developed a matrix analysis
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for deriving the general curves which show the resonance voltages versus the
shunt compensations [8], [11-15]. Some others have used software like EMTP for
studying the resonance conditions [16, 17]. This paper presents the analysis and
solutions for a similar situation using PSCAD.

A reactor winding is damaged in Zahedan-Iranshahr double-circuit 230 kV
untransposed transmission line which is compensated with two 25 MV Ar reactors
at each end of the circuit. Figure 1 shows the circuit and the transmission line
configuration. First, the Zahedan-Iranshahr line was tripped out by the distance
relay because of a fault on that circuit. A voltage of about 15 percent higher than
the nominal voltage was observed by the operator in this situation while the
parallel line, Zahedan-Khash-Iranshahr line, was still live. By the idea that the
voltage is real and because of failure of circuit breakers, the bus bar at Iranshahr
substation was de-energized and the Iranshahr-Khash line was disconnected as
well. Unfortunately the bottom line had remained in a resonance condition even
when one part of the top line was de-energized and only one part of it was
remained live, so the voltage was still observed on the first line. Therefore, the bus
bar of Iranshahr substation had to be de-energized.

Since only 25 MVAr reactors are available in the short-term in Zahedan power
section, damping seems to be a good solution. Using the PSCAD, various
conditions are examined for damping the mentioned circuit and the best one is
proposed. As well, the safe range of shunt compensation is derived for various
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Figure 1
(a) Double-circuit 230 kV system configuration; (b) Double-circuit transmission line configuration
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2 The Range of Shunt Compensation for Safe
Operation

2.1 System Modeling in PSCAD

For modeling the system configuration, first we used three PSCAD simple
reactors in each terminal. In this way we are able to measure the neutral currents
and voltages before and after adding elements in the neutral of reactors. For
modeling the transmission line configuration we used a PSCAD double-circuit
transmission line tower without transposition. The dimension between conductors
is the same as the one showed in Figure 1. The ACSR Canary was chosen as a
phase conductor type. The sags of phase and ground wires were set to 7.5 m and
5.7 m respectively.

The soil resistivity and shunt conductance of the line have an enormous effect on
the level of resulted resonance voltages. Lower shunt conductance leads to higher
resonant voltages [16, 18]. A range of shunt conductance from 0.76 pS/km (non-
ceramic insulator) to 6.5 nS/km (polluted glass-type insulator) in 230 kV class is
reported in previous works [16]. As this transmission line is located in the desert
and has ceramic type insulators, the shunt conductance of the line is set to 5
nS/km. In the case of lower values of soil resistivity, higher values of resonant
voltages were computed [16]. Because of a sandy soil in the transmission line’s
right of the way, a value of 500 Q.m was selected as the soil resistivity.
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Figure 2
Three phase line to ground peak voltages and phase C temporary peak overvoltage versus three phase
shunt reactor ratings: no-fault, the bottom line is opened and the other ones are energized

We put a generator at each terminal of the double-circuit line. These two
generators have the nominal line voltages equal to 230 kV. About 60 MW active
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power is flowing from right to left due to a small difference between two
generators load angel.

The PSCAD has various transmission line solver models. In this case the analysis
is for low frequency so the Bergeron model was picked as a solver which is a
constant frequency model based on travelling waves [19], [20]. The results from
the Bergeron model without damping approximation are with a good accordance
with the ones from electrostatic matrix solution explained in the next section, so
we used this option of Bergeron solver.

2.2 Analysis with Linear Reactors

Three values of shunt compensations may result in resonance on the opened
untransposed line. These resonant conditions can occur in a no-fault condition and
during the occurrence of any fault on the energized circuit as well. Faults in the
energized circuit may lead to higher values of resonant voltage because of
unbalancing, but they won't change the resonant points [13]. However, faults in
the opened circuit can result in resonance for other shunt-reactor values. In
previous works the faults on both the opened and the energized circuits were
analyzed and up to 19 shunt-reactor values can cause resonance on an
untransposed line [13].

To find these values, in the first step we changed the shunt linear reactors in a
wide range and recorded the three phase line to ground voltages in no-fault
condition. Both lines are energized in the first state and then the breakers in the
bottom one in Figure 1 are opened and then the steady state line to ground
voltages of each phase are recorded. A temporary transient overvoltage is
observed after breakers operation anyway. Figure 2 shows the line to ground peak
voltages values versus MVAr shunt reactor ratings in no-fault conditions with
linear reactor simulation. Also, it contains the peak values of these temporary
overvoltages recorded after breaker opening. This figure has a very good
accordance with the previous works done by matrix solution [8], [11-14] and
EMTP [16].

The corresponding resonant points are 33.3, 44.9 and 48.8 MVAr reactive
compensations. The electrostatic analysis results are 30.8, 45 and 50.5 MVAr
reactor compensations with the guard wire consideration. These values from the
simulation are favorably comparable with the electrostatic no-loss solution. The
details of the electrostatic method have been explained in the next section.

Faults on the opened line lead to different resonant points from no-fault ones [13].
Various faults comprise line to ground, line to line and line to line to ground was
applied to the opened line and the line to ground peak voltages of the reactors
were recorded. These voltages for phase C are shown in figure 3. There are two
resonant points in LG fault on phase B: 38.7 and 44.9 MVAr reactive
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compensations, two points in LL fault on phases A and B: 33.4 and 45.8 MVAr
compensations, and one point in LLG fault on phases A and B: 42.1 MVAr
compensation. The results from electrostatic solution are 42.7, 48.9, 31.2, 45.5,
and 49.3 MVAr compensations respectively. Regarding to above outcomes, the
simulation results are comparable with the ones derived from the electrostatic
method.

This procedure should be done for two other situations. In the first one, the bottom
line is opened and only one of the top lines is live. This situation leads to some
resonant points as well. The diagram has not been reported here but in this
situation the corresponding resonant points are 36.6, 46.7 and 48.1 MVAr
compensations of the bottom line. In the second situation, the bottom line is live
and the above lines are open. This yields 16.8, 22.5 and 24.4 MVAr shunt
compensations as resonant points of the top lines. The corresponding inductor
amounts of these reactors are approximately the same for the reactors which lead
to a resonance condition in the bottom line. This was predictable, because the line
length and shunt compensation in one of the top lines are half compared to the
bottom one, so the same inductor amounts cause resonance. This procedure should
also be done in fault conditions for choosing the right values of reactors regarding

to the value of compensation which is appropriate for voltage controlling in
terminals.

T

== == = | G Fault on Phase B

"‘_ | | we || G Faulton Phases AB
V- - - o === LI Faulton Phases AB [|

Rated Reactor Voltage [

10f------ dozoooos

Line to ground voltage (kV peak)

20 30 40 50 60 70
Shunt reactor rating (MVAr)
Figure 3

Phase C line to ground peak voltage versus three phase shunt reactor ratings with faults in opened line:
LG fault on phase B, LLG and LL faults on phases A and B, the bottom line is opened and the other

ones are energized

The safe range of shunt reactive compensation for bottom line according to the
simulation results is below 27 MVAr and above 60 MVAr with15% certainty
margin. This range is below 12 MVAr and above 32 MVAr for top lines
separately with a 15% margin. The minimum and maximum resonant points for
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bottom line from electrostatic analysis are 27.4 and 55.7 MVAr. With a 15%
margin these values become 23 and 64 MVAr. Therefore, the electrostatic method
gives a good approximation about the safe range of shunt compensation.

2.3 Analysis with Saturation and Corona Loss Considerations

The results derived from linear reactor simulation have a good estimation about
the resonant points. However, it doesn't have a good estimation of resonance
voltage levels. In some areas, the voltage levels reported in Figure 2 and Figure 3
are much higher than the reactor and line rating voltages. In this case two
phenomena happen. The former is reactor saturation and the latter is corona
dissipation due to the high level of voltages. Reactor saturation reduces the
voltage over the reactor terminals because of changes in effective reactor value.
But, it causes large currents going through the windings damaging the reactor as a
result of excessive losses. As well, additional losses due to corona dissipations
decrease the resulted voltage levels.

The PSCAD doesn't have a reactor with saturation capability. Therefore, for
modeling a non-linear reactor we used a saturable unit transformer which has an
inductor in secondary circuit. The parameters of transformer are set in a way that
below nominal voltage the primary of transformer has the current equal to the
linear reactor. The knee voltage of the reactor was selected equal to 1 pu, so above
the nominal voltage the transformer becomes saturated and extra currents would
go through the transformer. Because of air gaps in reactors the slope of B-H
diagrams doesn't change very much in the saturation region. The flux versus
current diagram of whole reactor and transformer is shown in the upside in Figure
4.

The corona has two major effects. First, the effective radius of the conductor
increases resulting in changes in the capacitances of the transmission line [21],
[22] and, second, the additional losses [21-24]. The former effect is important in
fast transient analysis like lightning. However, it has an insignificant effect on
steady state analysis like this work. But, the latter effect is important in our work.

The routine way of modeling corona losses is connecting a shunt resistor to the
modeled circuit. There are two major ways of this resistor determination. One of
them is for fast transients and is determined from the real time voltage of
conductors and has different coefficients for positive and negative waves [23].
The other one is for steady state analysis and declares the resistor from the RMS
voltage of conductors for modeling the average losses of corona [24]. We used the
second one in the simulation. We connected six shunt resistors to the lines and the
values of them are set real-time from RMS line to ground voltages. We
determined the resistors in a way that the corona mean losses for 1 km of a
conductor equal to the formula given in (1) [24].
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p =241(f +25) /”6/“‘—+0'04(e —ey)?107° (1)
N

p = the loss per kilometer of conductor in kW

f = the frequency

e = line to ground RMS voltage in kV

e = disruptive critical line to ground voltage in kV
r = the radius of the conductor in cm

s = the distance between conductor centers in cm

Figure 4 shows the resulted resonance voltage of phase C in no-fault condition
versus the three phase shunt reactor ratings from simulations with linear and non-
linear reactors. The voltage levels have dropped very much due to the saturation
and corona losses.

T T
s |_inear Reactor
= == = Saturable Reactor with Corona Dissipation

Phase C line to ground voltage (kV peak)

Shunt reactor rating (MVAr)

Figure 4
The opened line phase C line to ground peak voltage versus three phase shunt reactor ratings: linear
reactor and non-linear with corona loss simulation results, the bottom line is opened and the other ones

are energized. The upside diagram is Flux versus primary current of the saturable transformer.

2.4  Electrostatic No-Loss Analysis

In multi-conductor system, a capacitance matrix can be defined. First, the
potential coefficient matrix (P) should be declared. It can be easily calculated
based on the radiuses of conductors and the spaces between them [8, 25, and 26].

v =PQ )

In this stage, the effect of ground can be participated with electromagnetic mirror
rule. By reversing the potential coefficient matrix the capacitance matrix is
derived.
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0=Cv.,c=P"' 3)

In a n-conductor system, the capacitance matrix would be in the order of n. If the
order reduces to six, which is the number of line conductors (without guard wire),
the capacitance matrix can be separated into four parts, as in (4) and after that the
potential of the opened line conductors can be derived from the potential matrix of
energized line conductors, regardless of the currents [8, 12, 27, and 28].

{l} } . [C11 Crn }[61 }
. =jo
374 Cu-r Cu_p |len
1 -1
[911] = _|:CII—II + ]_(o YH—II} [CH—I ] [el] 4

i = current matrix of the energized line

iy = current matrix of the opened line

e; = potential matrix of the energized line

ey = potential matrix of the opened line

Y. = the admittance matrix of the reactors connected to the opened line
o = 2*pi*frequency

Without loss consideration, the opened line potentials go to infinity when the
resonance occurs and it happens when the determinant of the first matrix becomes
zero. So the equation that gives the resonant points is:

1
det(|:CII—II +—Y }) =0 ©)
Jjo

In a six-conductor system like a double-circuit transmission line without a guard
wire, the capacitance matrix can be separated into four 3*3 matrixes and then the
resonance points can be calculated. In a double circuit transmission line with
guard wires, the order of capacitance matrix is above 6 and for using this method
we should decrease the matrix to the order of 6. We can use the principles of the
capacitance matrix to reduce the order of the matrix.

In a capacitance matrix, the non-diagonal elements are the minus of the capacitors
between corresponding conductors (6). The diagonal elements are the sum of the
capacitors related to a conductor including the capacitance of that matrix to
ground (7).

Cij = non-diagonal element of the capacitance matrix

cij = capacitor between conductor i and j.
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Cii =cig + Zcij (7)
1#]

C;; = diagonal element of the capacitance matrix

cig = capacitor between conductor i and ground

cij = capacitor between conductor i and j.

So in a multi-conductor system with given capacitors, the capacitance matrix can
be calculated using (6) and (7). In a system with a guard wire, regardless of the
guard resistor, the wire has the potential of ground. This approximation is good
especially in this case which we deal with low frequencies. So like the six-
conductor system, we have seven potential references: six conductors of double-
circuit and ground. For decreasing the order of the matrix, we should add the
capacitors between each conductor and guard wire to the corresponding diagonal
element because this capacitor is between a conductor and a guard wire having
ground potential. After decreasing the order of the matrix, it can be separated and
resonance points can be derived.

This method also can be used in fault conditions [13]. For example, when we have
a line to ground fault on a conductor of the opened line, the potential of that
conductor would be ground and we would have six potential points besides seven
ones. We can add the capacitors between other conductors and the faulty one to
the diagonal elements and then the matrix can be separated into four parts. In this
case we have two unknown potentials on the opened line, so the Cy;; would be
2*2 and therefore we have two resonant points in this case.

When we have a line to line fault, we have again six potential points because the
potentials of two conductors, which are faulty, would be the same. The equivalent
element of these two conductors in the capacitance matrix would be the sum of
diagonal corresponding elements minus two times of the capacitor between them
[13]. In this case, the admittance matrix would be different because one phase of
reactor is on the conductor of the opened line which is not faulty and two parallel
phases of the reactor are on the two conductors having a fault.

As a numerical example, the Cy; matrix is given in (8) when the bottom line is
opened and the top ones are live. By solving the (5) for this matrix, the resonant
points will be 5.4, 3.7 and 3.3 H corresponding to 30.8, 45 and 50.5 MVAr in 230
kV. The other resonance points for fault conditions can be calculated respectively
by this method.

2451 —0.401 —0.173
Cy_y =|-0401 2512 0417 |(uf) )
~0.173 0417 2.642
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3 Methods of Damping the Resonance Condition

Several possible routine avenues are possible for correcting the resonance
situation. Assuming the reactor rating, reactive capability, stability, and light load
or open circuit voltage limitations, the following alternatives are present [8]:

1) Complete transposition of the circuits.
2) Ungrounding the neutral of the reactor.
3) Insertion of a resistor between ground and neutral of the reactor.

4) Insertion of a reactor (either directly connected or coupled via a transformer)
between ground and neutral of the reactor.

The solution works if it decreases the resonance voltages over reactor terminals in
no-fault and faulty situations in three configurations: the bottom line is open and
the top ones are live, the bottom line is open and one of the top lines is live, the
bottom line is live and one or both of the top lines are open.

The first alternative may not be economically justified, especially when the circuit
is constructed like here. The last three alternatives require analysis not only to
ascertain the effectiveness of reducing the line-to-ground voltages, but since
reactors have graded insulation, to determine that the neutral-to-ground voltage on
the reactor is within the insulation specifications.

Ungrounding the neutral of reactor does not have any considerable effect.
Moreover, because of low neutral current in resonance situation, adding a resistor
or a reactor in the neutral of the reactors does not help much and the reactor
terminal voltages are still higher than the rated ones. Therefore, none of these
routine solutions work in present circuit and new ways should be found to reduce
the resonance voltages.

A possible way that is routine but has considerable cost is to add three 25 MV Ar
reactors in the system; one in Zahedan-Iranshahr line in Zahedan substation and
the others in Khash substation, on Khash-Iranshahr and Zahedan-Khash lines as
shown in Figure 5 (a). In this situation the bottom line will have overall 75 MVAr
reactive compensation and each top line will have a 50 MVAr compensation; so
the circuit will go far from resonance situation. In addition, when two lines are
live, the compensation in Zahedan and Iranshahr substation will be 50 and 75
MVAr respectively and the voltage does not reduce too much because of high
shunt compensation. The reason of choosing 25 MV Ar reactors is that this type of
reactors is routine and available in the Zahedan power section. Lower reactor
ratings like 10 MV Ar reactors can be added instead of 25 MV Ar reactors, but this
needs to build and design new reactors and so that buying three 35 MVAr reactors
and replacing with the present ones will have the better reliability for system and
the 25 MV Ar reactors can be used in other places, so it is more beneficial.
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Another way which has lower cost is replacing the ground disconnector switches
with breakers. In this way, when one line is opened, the breakers can be closed
and earth the system. Earthing with disconnector switches can be dangerous
because high voltage induction on the line can cause arcing between switch
terminals. This solution has a disadvantage. In the time between opening the line
breakers and closing the earth breakers the reactors will withstand the temporary
over voltages and this can damage them, but if this time decreases this overvoltage
will be eliminated and the reactors will not be stressed out. Another disadvantage
is that in this method the reactor windings suddenly become short circuited. If the
windings have major voltages before the breaker closure it can damage the
winding insulation due to the high voltage variation and non uniform voltage
distribution over winding loops. Also the current that goes through the circuit
breaker has a decay DC with large time constant and goes to zero in about 20
seconds, so the breaker must not open before this time because the current has no
zero crossing. Adding a resistor in series with breaker can lower the time constant
and the voltage variation stress on reactor windings.

Another way, which doesn't need any new equipment, is to change the reactor
configuration in a way that no resonance happens. Figure 5 (b) shows the new
proposed configuration. In this configuration, the Zahedan-Iranshahr line has 75
MVAr shunt compensation and has no strict resonance in open condition. The top
lines have no shunt compensation in dead condition and have no resonance as
well. Moreover, when the top line is connected, it has a 25 MVAr reactive
compensation and the reactor is located in the middle of the line, so the
overvoltage of half of the top line is not so high. Substations have also other lines
with reactive compensation and there isn't a severe overvoltage in the light load
situation. Figure 6 shows the voltage on the bottom line when it opens at 1.5 s and
the top lines are connected.

Another strategy is using a TCR configuration with resistor instead of an indicator
for damping the resonance condition. The proposed layout is shown in Figure 7
(a). When the line to ground voltage of a line becomes higher than 1.2 pu, then a
controller can increase the duty cycle of switching and intensify the effective
resistor resulted in the decrease of resonance voltage. A wide range of resistors
will lower the resonance voltage below the rated terminal level. As an example in
the presented circuit, a 270 Q resistor can reduce the resonance induction below
the nominal voltage of rector terminals and the corresponding power loss is
about120 kW. By using the substation internal feeding transformer type as the
TCR transformer, it doesn't need to design and buy a special transformer and the
cost will decrease. These types of transformers have the rated 300 kVA nominal
power so are suitable for this application. These transformers have the ratio of 230
kV/400 V, so there isn't any need to high voltage thyristors and the high current
low voltage ones, which are very usual, can fit into this structure. The main
disadvantage of this solution and the ones which need adding equipments are
lowering the system reliability.

~73-



M. H. Samimi et al.

Reactor Failure due to Resonance in Zahedan-Iranshahr Parallel EHV Lines,
Analysis and Practical Solutions

Zahedan

Khash Khash

:

r b Tt

oy
Iranshahr

Zahedan
Iranshahr

]
[ s
o]

&

(a) (b)

Figure 5

The new configuration proposed for lowering resonance voltage levels: (a) by adding new reactors, (b)
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Damping of resonance in phase C with re-configuration

Another possible approach is to insert a transformer like the previous solution but
connecting a capacitor bank in the secondary of the transformer. In this way the
voltage level will decrease very much, if a suitable capacitor is chosen. The
considerations in this solution are the capacitor bank current, switching the
transformer and ferroresonance of the transformer and the capacitor. The voltage
reduces due to equivalent capacitor seen by the system but there is a current which
is related to residual voltage on the system. If the capacitor selection will be
correct the residual voltage will be very low and the current of capacitor bank will
be limited. In this case, insertion of a 3 MVAr capacitor bank in the secondary of
a 230 kV/ 20 kV transformer just in one side of the bottom line will decrease the
all reactor terminal line to ground voltages to 15 kV peak from 240 kV peak in the
absence of the capacitor bank and the steady state current of capacitor bank will
be 110 A RMS in the worst phase. The switching of capacitor bank always has
some transients, but in this situation switching is done through the transformer and
the equivalent inductor of transformer limits the transient overcurrent. In the
presented case, using a regular transformer with 0.1 pu series impedance, the first
peak during switching becomes 55 A when the steady state current of the primary
of the transformer is 10 A RMS. The last consideration is ferroresonance of the
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transformer with the capacitor bank. When the transformer is connected to the
system, the ferroresonance happens but the voltage peaks aren't too high and by
adding a resistor in series with the capacitor banks, this ferroresonance will damp.
Therefore, there is no strict stress over transformer and the capacitor bank. In this
case, a 1 Q resistor in each phase will damp the ferroresonance in about 5 seconds
and the power loss of each of them during connection to the circuit is about 12
kW. In this procedure, the reactor will be stressed out during the time between the
opening of the line breaker and the connection of the capacitor bank. Figure 7 (b)
shows the detail of the configuration of this solution. Figure 8 shows the voltage
on the bottom line when this solution has been applied. In this figure the top lines
are energized and the bottom line opens at 1.5 s, then, the capacitor bank connects
at 5 s. It is obvious that there is a slight ferroresonance but it damps within 2 s and
the steady state voltage of line is lower than the re-conﬁguration method.
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Figure 7
Proposed configurations for damping the resonance circuit: (a) using a switching resistor, (b) using a

capacitor bank
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Damping of resonance in phase C with capacitor bank
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Among all above approaches, changing the configuration of reactors (Figure 5 (b))
is the best solution, because it doesn't need any additional equipment and it is
cheaper than others. Also the reliability of the final system will be the best
compared to the other solutions.

Conclusions

1.

Choosing the reactors rating in a double circuit transmission line needs special
considerations of parallel resonance probability.

For finding the resonance points, all available configurations of the line
including various faults on the energized and opened line should be
considered.

Faults on the opened line leads to different resonant points, but faults on the
live circuit changes the resonance voltage levels.

The electrostatic no-loss solution gives good estimation about the resonance
points and can be used for selecting the appropriate shunt reactive
compensation.

Modeling the system in PSCAD using Bergeron transmission line model
without damping approximation leads to answers which are favorably
comparable to the ones from electrostatic method and can be used for reactors
rating selection. As well, Reactor saturation and corona losses can be modeled
to get better results.

In resonance situations which the neutral of reactor current is low, insertion of
reactor or resistor in the neutral of the reactors does not have considerable
effect on the voltage levels.

The TCR configuration with appropriate resistors can be used to lower the
resonance voltage.

Insertion of suitable capacitor can highly affect the resonance condition and
can be used for damping the resonance circuit, but needs special
considerations.

In resonance condition the opened line can be earthed by using circuit breakers
instead of the earth disconnector switches.
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