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Abstract — A new algorithm for the first zone of protective
distance relays for transmission lines compensated by series
capacitors, installed in the middle and at both ends, is pre-
sented. The concept relies on determining two conditional
impedances and comparing them with three characteristics
specially shaped on the impedance plan. The conditional im-
pedances are calculated from the fault loop quantities com-
posed as for the classic distance relays, but in case of voltages
additionally the compensation for the voltage drop across the
bank (or banks) of series capacitors is performed. The sample
fault cases and the evaluation results for the developed algo-
rithm are presented. ATP-EMTP package has been used for
simulation versatile faults and generating reliable fault data
used in the evaluation of the algorithm.
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I. INTRODUCTION

Both, the technical and economical benefits resulting
from using series capacitor compensation in power trans-
mission lines are well-recognized and known [1]. At the
same time such lines are considered as the power system
items, which are extremely difficult for protecting them
[2]-[7] as well as for locating faults [8].

In this paper a new distance protection principle for a
transmission line compensated with a three phase capacitor
bank installed in the middle (Fig. 1a), or with capacitor
banks at both ends (Fig. 1b), is investigated. Series Capaci-
tors (SCs) equipped with Metal-Oxide Varistors (MOVs)
(Fig. 2a, b), when set on a transmission line, create certain
problems for its protective devices. Under faults behind
SCs&MOVs a fault loop becomes strongly nonlinear, and
in consequence the nature of transients, as well as the
steady state situation, is entirely different, when comparing
with traditional lines. Operation of the thermal protection
(TP) at the MOV sparks the associated air-gap and thus
shunts the MOV. However, high speed tripping of the first
zone algorithm is basically prior to operation of the TP and
thus there is no need to reflect the TP within the consid-
ered here distance algorithm.

Direct application of the classic distance protection (de-
signed for traditional lines) to the series-compensated lines
results in considerable shortening of the first zone reach
and also in poor transient behavior [1]. In order to over-
come these difficulties the new distance protection princi-
ple for the first zone has been developed.
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Fig. 1 Transmission line compensated with: a) capacitor
bank in the middle, b) capacitor banks at both ends

The new protection principle for a line compensated
with a capacitor bank installed in the middle (Fig. 1a) has
been introduced in [2] and in this paper further evaluation
of this idea is presented. Moreover, the principle from [2]
is adapted here to application to lines compensated with
capacitor banks installed at both ends (Fig. 1b).

In Fig.1 the characteristic locations of faults are de-
picted. Faults: F2, F3 (Fig. 1a), F2 (Fig. 1b) belong to the
first zone and have to be reliably tripped. As a result of
applying the new principle one assures that the first zone
covers the same portion of a line as in case of classic dis-
tance relays applied for protecting traditional uncompen-
sated lines, i.e. around 80% of the line length. The other
forward faults: F4 (Fig. 1a), F3, F4 (Fig. 1b), which over-
reach such first zone have to cause blocking. On the other
hand, the backward faults F1 (Fig. 1a, b) can be discrimi-
nated with use of the directional element from [9].

II. NEwW DISTANCE PROTECTION PRINCIPLE

The new concept relies on determining the conditional
impedances (Fig. 3a) and comparing them with the three
characteristics specially shaped on the impedance plan
(Fig. 3b). The characteristic Al plays a role of the funda-
mental first zone area covering some 80% of the line
length. The region A2 is provided for recognition of close
faults, while the characteristic A3 is shaped for detecting
whether a fault involving not too high fault resistance oc-
curs behind the SCs&MOVs (F3, F4 — Fig. 1a) or not.
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Fig.2 Compensation bank: a) model of SC&MOV circuit,
b) voltage-current characteristic of MOV

For the considered lines (Fig. la, b) one can distinguish
the three conditional impedances: — impedance without
compensation (Z), — impedance with single compensation
(Z.1), — impedance with double compensation (Z.,).

The respective “compensated” impedance (Z,, or Z.,) is
calculated from the fault loop quantities composed as for
the classic distance relays, but with the compensation in
case of the fault loop voltage. The compensation is per-
formed for the voltage drop across the single capacitor
bank (in both cases of Fig. 1) or for the voltage drops
across two banks (in case of the line from Fig. 1b). For this
purpose the voltage drops across SCs&MOVs have to be
estimated on the base of the parameters of SCs&MOVs
and locally measured phase currents. Such efficient algo-
rithm is presented further and investigated.

Voltages from phases a, b, ¢ after the single ([v,;]..)

and the double compensation ([v,, ], ) are defined as:

abc

[vcl]abc = [V]abc - [Vxl]abc (1)

~ Va2 lase 2
In each phase the respective voltage drop across the lo-
cal SC&MOV ([v,; 1. ) or the voltage drops across both
the local ([v,;],. ) and the remote SC&MOV ([v.5 1)
are subtracted from the original phase voltages ([V],. )-

[VCZ ]abc = [v]abc - [Vxl ]ubc

abc

The single (1) or double (2) compensation requires es-
timation of the voltage drops across the respective
SCs&MOVs. For this purpose let us consider a parallel
connection of the SC and the MOV as shown in Fig. 2a.
Voltage-current characteristic (Fig. 2b) [3, 6] is described
by the following analytical approximation:

v

q
Loy :P[V = j (3)
REF

vl | z
a) wn >
swaLe |Pal | 2
COMPENS. O&
=
e |2y
22 |
&7
DOUBLE | [V, 2 : z
COMPENS. " = EER
[i]

b)

M
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘

Reactance (Q)

n ) Y

'
N

20 40 __ 60 80
Resistance (Q)
Fig. 3 New distance protection principle:
a) determination of conditional impedances,

b) three impedance characteristics

Thus, the non-linear circuit of Fig. 2a can be described
by the following non-linear differential equation:

dv (1), (v . . _
C o +P[VREFJ i(1)=0 4)

In order to solve (4) for the unknown voltage drop
(vx(t)) one needs to transform this continuous-time differ-
ential equation into its algebraic discrete-time form. The
2" order Gear differentiation rule [10] has been taken for
this purpose, i.c. the following substitutions apply:

i(t) > i(n), v (t) - v.(n) (5a)
d;; (t) - DP3v,(n)=4v, (n-1)+v, (n—2)| (5b)
D= 2 (5¢)

2\/ (1-cos(a))* +(2sin(a) - 0.5sin(2a))*

where: a = 21¢T,, f— frequency,

T, — sampling period, n — discrete time index.

Inserting (5) into (4) yields the algebraic equation:

A, x(n)? + Ax(n) = 4y(n) =0 6)
in which:

x(n) = v, (W)/V per (7a)

A, =P, A4 =3DCVpgp (7b)

Ay(n) = i(n) + 3 VAl 4. (n-1)-v (n-2)) (7c)

REF
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Equation (6) is to be solved for x(n) (the pu value of
the sought voltage drop v,(n) at the present sampling in-
stant (n). The parameters of this equation: 4, and 4, are
constant, while 4¢(n) depends on the present sample of the
current entering the bank and the two previous samples of
the voltage drop. In order to ensure good convergence of
the algorithm, appropriately modified Newton-Raphson
method has been used [2]. The form (6) of the equation is
numerically efficient for "small” values of Ay(n) while for
"large" values of Ay(n), it should be re-written to:

A, y(m)+ A y(m) P = 4y (n) =0 (8)

where: y(n) = x(n)? and solved for y(n).
The border value of 4, alternating the optimal forms: (6)

and (8) is:
Ay =4, (4 Agap ) F a4y g1, ) o) 0)

Using the Newton-Raphson method the form (6) is
solved iteratively by applying the following algorithm:

Ay X g (M) + A1x 4 (1) = Ay (n)
qA,X 1 (M) + 4,

Xnew (n) = Xold (n) - (10)

while the form (8) with the algorithm:
AgYoia (M) + A Yo (m)" P = 4y (n)
Ay + (A /@)y ()07

The flow-chart of the algorithm for estimation of a volt-
age drop is shown in Fig. 4. At the outputs of the proce-
dures for “SMALL” and “LARGE” values of Ay(n), the
convergency of iterative calculations according (10) and
(11) is checked. For this purpose the difference between
two consecutive values of x(n) (or y(n)) is checked — if is
lower than the prescribed value the iterative calculations
are stopped. Otherwise, the calculations are continued.

It has been found that the algorithm ensures satisfactory
accuracy for time steps as large as 1/20th of a cycle (it
needs 2-3 iterations to find a solution). For shorter time
steps (higher sampling frequencies) the algorithm performs
even better. Instead of checking the convergency of the
calculations, the pre-scribed number of iterations (for ex-
ample performing only 3 iterations) can be used.

ynew(”) = Yold (}’l)— (11)
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Fig. 4 Flow-chart of the algorithm for estimation
of a voltage drop across SC&MOV

Fig. 5 shows the example of the estimation of the volt-
age drop across SC&MOV circuit under single phase-to-
ground fault applied behind the SCs&MOVs in the line
with the single compensation (Fig. 1a). The specifications
of the fault were as follows — distance to fault: 0.667 pu,
fault inception: 40 ms, fault resistance: 10 Q.

In Fig. 5a the typical distortion of phase currents, rele-
vant for series-compensated lines, is shown. In healthy
phases the linear operation of MOVs results in distorting
of currents with slowly decaying sub-harmonic oscilla-
tions. Air-gap firing, short-circuiting the SC&MOV, takes
place at around 120 ms, thus after around 80 ms from the
fault inception.

In Fig. 5b the actual and estimated voltage drop across
the SC&MOV from the faulted phase are shown. The es-
timation algorithm is of the recursive form (see: Ay(n) —
(7¢)) and thus at the beginning of estimation the constant
offset is visible, which after applying the special starting
procedure [2] is then removed. After removal of this offset
the estimated voltage drop is very close to the actual drop
registered from the simulation. It is worth to notice that the
estimated voltage drop reproduces the actual drop more
accurately during the fault. This is so since shunt capaci-
tances of the line, which are neglected within the estima-
tion algorithm, introduce then lower errors. Slightly higher
errors of the estimation are observed during the pre-fault
period.
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Fig. 5 Example of estimation of a voltage drop across
SC&MOV: a) phase currents, b) actual and estimated volt-
age drop from the faulted phase
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III. ATP-EMTP TESTING OF THE NEW DISTANCE
PROTECTION ALGORITHM

A. Line compensated with capacitor bank in the middle

The 300 km, 400 kV transmission line, compensated in
the middle at the rate of 70% (Fig. 1a) was modeled using
ATP-EMTP [11]. The line was represented by the Clarke
model. The measurement channels, containing Capacitive
Voltage Transformers, Current Transformers and analog
filters, have been implemented in the model as well [2].

The following parameters for the MOV characteristic
(3) have been set:

. VREF =150kV

*« P=1kA

e g=23

¢ maximum MOV energy: 15MJ.

Fig. 6 shows the results for the example 1 with the fol-

lowing specifications:

e g-g fault

* distance to fault: 0.667 pu
* fault resistance: 10 Q.

The conditional impedance Z without the compensation
(Fig. 6c) settles inside the regions: Al, A2 and outside:
A3. The conditional impedance Z., with the single com-
pensation (Fig. 6d) settles inside all the regions: Al, A2,
A3. This assures reliable and fast (around 10 ms) tripping.

Selected results of evaluation of the presented algorithm
were reported in [2]. Here the further evaluation has been
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performed. The robustness of the algorithm against the
change of the infeed impedances has been taken for inter-
est (Table I). It was assumed that the “average” infeed
impedance (of equivalent sources at both ends Z,, Zp) is
equal to around 16% of the line impedance. The infeed
impedances were — increased by 10, — decreased by 10 (in
comparison to the “average” value).

From Table I results that under the considered condi-
tions certain worsening of the presented algorithm is ob-
served, especially for the week sources at both sides (Test
Group 8). In order not to allow for that, the new settings
for the regions (A1, A2, A3) and introducing some internal
delays has been considered. As a result of that the quality
of protection has been obtained comparable with that for
the “average” infeed impedances [2].

Table I Results of testing the algorithm with respect to
the change of infeed impedances

False | Missing | Average
Test | Zy/Zy wer | Z8/Z5 aver Trip. | operations | tripping
Group N - [%] [%] time
[ms]
1 1 0.1 0 4.17 12.64
2 1 10 0 0 12.62
3 0.1 0.1 0 2.38 12.21
4 0.1 1 12.5 1.79 11.98
5 0.1 10 4.17 0 11.64
6 10 0.1 4.17 17.26 18.19
7 10 1 16.67 11.90 17.60
8 10 10 45.83 12.50 17.64
x10°
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Fig. 6 Example 1 — line compensated in the middle: a) phase currents, b) phase voltages,
c) trajectory of the conditional fault loop impedance determined without the compensation,
d) trajectory of the conditional fault loop impedance determined with the single compensation
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B. Line compensated with capacitor bank at both ends

The simulation studies have been performed with use of
the ATP-EMTP model of the 400kV, 300km line with se-
ries capacitors at both ends — SC, and SCy are identical
and provide the compensation of 35% each (together 70%
compensation).

The following parameters for the MOV characteristic
(3) have been set:

d VREF:75kV
e P=1kA
e g=23

¢ maximum MOV energy: 15MJ.

The system impedances at both ends A and B were as-
sumed as identical and equal to 16% of the total line im-
pedance, what corresponds to the “average” infeed imped-
ances. Power exchange from the systems A, B was taken
as follows:
¢ the side A pumps 917MW and —251.9MVA to the line
¢ the side B pumps —891.8MW and 76.5MVA to the line.

Operation of the presented distance algorithm under the
representative fault case is shown in Fig. 7. The specifica-
tions of this fault are as follows:

« fault type: a-g
« fault distance: 0.667 pu
« fault resistance: 10 Q.
Fig. 7 presents the results for the example 2: the
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measured phase currents (Fig. 7a) and voltages (Fig. 7b),
the conditional impedance Z_ — determined with the sin-

gle compensation (Fig. 7c) and the conditional impedance
Z ., —determined with the double compensation (Fig. 7d).

The conditional impedance Z  settles inside the regions:

Al, A3 and outside: A2. Similarly, the conditional imped-
ance Z, settles inside the regions: Al, A3 and outside:
A2. This assures reliable and fast (after around 10 ms)
tripping.

Using the developed ATP-EMTP model, a number of
fault cases have been studied. The diversity of the cases
has been achieved by changing:

+ type of fault (single phase, phase-to-phase, phase-to-
phase-to-ground, three-phase),

« fault location (backward, forward — within the line at
every 50km),

« fault resistance (0, 5, 25 ohms).

The influence of the direction of the pre-fault power
flow on the operation of the algorithm was studied by ana-
lyzing operation of relays A and B. In total 528 fault cases
have been studied.

The presented new distance protection algorithm has
been tested on the simulated testing cases and the follow-
ing results have been obtained for the relays from both the
ends:

b)

o S WA VA N o VPO,

Phase voltages (V)
o
N

0 0.02 0.04 0.06 0.08 0.1
Time (s)

d) 140
120}
100}
8of .
\
604 -
40 | 7 ()

20F

Reactance: imag(Z,,) (Q)

-20 0 20 40 60 80
Resistance: real(Z,,) (Q)

Fig. 7 Example 2 — line compensated at both ends: a) phase currents, b) phase voltages, c) trajectory of the conditional
fault loop impedance determined with the single compensation, d) trajectory of the conditional fault loop impedance de-
termined with the double compensation
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REL,:

10% missing operations out of 120 internal faults, aver-
age tripping time: 13.2ms, 0% false trippings out of 96
cases.

RELg:

12.5% missing operations out of 120 internal faults, av-
erage tripping time 10.9ms, 0% false trippings out of 96
cases.

The above results have been obtained for the settings
identical to those applied for the line compensated by SCs
installed in the middle [2].

In the next step the algorithm has been optimized in
terms of its settings. In the way of digital ATP-EMTP
simulation the new set of settings has been found. As a
result certain further improvement of the algorithm per-
formance has been achieved. Finally, pretty satisfactory
performance has been provided since the algorithm oper-
ates for some 94-95% of all the faults located on the line
with the reach of 70% of the actual (geometrical) line
length. The average time of the first zone unit only slightly
exceeds half a cycle.

IV. CONCLUSIONS

This paper presents the new distance protection algo-
rithm for transmission lines compensated with capacitor
bank installed in the middle or with the banks at both ends.
In the algorithm the specific conditions for impedance
measurement, which are relevant for such lines, are fully
taken into account.

Good dynamic performance of impedance measurement
is achieved by including SCs&MOVs into the fault loop
model. For this purpose effective digital algorithm for es-
timation of the voltage drop across SCs&MOVs has been
developed. The algorithm relies on on-line solving the
strongly nonlinear differential equation describing the
SC&MOV circuit. Fast convergence of iterative calcula-
tions has been achieved due to moderating the strong non-
linearity of the considered equation by altering between
two optimal forms, depending on the operating point of the
MOV. As a result, only two or three iterations are re-
quired, allowing for on-line application even under not
too high sampling frequency of 1000 Hz.

The presented distance protection is based on determin-
ing the two conditional impedances and comparing them
with three specially shaped impedance characteristics. In
case of the line compensated with a capacitor bank in-
stalled in the middle the conditional impedances, accord-
ingly without the compensation and with the single com-
pensation, are determined. The single and the double com-
pensations are used for the line compensated at both ends.
The proposed three impedance characteristics suit for both
modes of capacitor compensation considered in this paper.
However, for improving the distance algorithm for the line

compensated at both ends slight changes of the impedance
characteristics were considered.

ATP-EMTP study of diverse fault cases proved satisfac-
tory performance of the presented protection algorithm.
Different specifications of the faults and for the infeed
impedances were considered in the study. Correct opera-
tion of the presented distance algorithm has been obtained
for some 94-95% of all the faults located on the line with
the reach of 70-80% of the actual, i.e. geometrical line
length. The average time of the first zone unit is around
half a cycle. Thus, the quality of protection of the consid-
ered series-compensated lines with use of the presented
distance algorithm is comparable with that, which is for
the classic distance protection applied for traditional un-
compensated lines.
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