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Abstract — Differential protection algorithms
normally need synchronized sampled values at
the terminals of a multi terminal line for com-
parison. Using the new differential protection
algorithms it is possible to observe the protec-
tion zone without synchronized samples. These
new algorithms use the positive sequence com-
ponents of the currents and the voltages at the
tap points. Then, using line parameters and the
first Kirchhoff law, the protection zone is ob-
served. Calculating the positive sequence com-
ponents at each terminal, it is possible to
economise the data rate and minimise the effort
for calculating the sum at the tap point.

These methods were tested wusing a
110 kV multi terminal line. The next step in the
processing is to expand the simulation and the
investigation to other voltage levels. To that end
the utilizability of the algorithms in medium
voltage is investigated. These experiences can
lead to an advanced adjustment of the tapping
characteristic. Subsequently the results of the
algorithms are compared with the results of a
distance protection relay which is normally
used to protect transmission lines. Finally the
comparison between these two different meth-
ods is presented and the advantages and disad-
vantages of each protection method are shown.

Keywords: Differential protection, digital algo-
rithms, distance protection, symmetrical compo-
nents, power transmission lines

1 INTRODUCTION

One of the main difficulties in protection is to
guarantee selectivity. For this, the use of differen-
tial protection is becoming more important. In
contrast to distance protection it is able to realize a
reliable fast time tripping of the protection zone.
But it needs a great amount of data in comparison
with distance protection for analyzing the protec-
tion zone. The measured currents and voltages

have to be transferred to the measurement points
and above all they have to be sampled synchro-
nously. This very aspect of synchronous sampling
data means additional expenses with regard to the
measurement equipment.

In a former paper [1] new methods of differen-
tial protection were presented which did not need
synchronized sampling data. The currents and
voltages were translated at the tap point. By cal-
culating the admittances or the powers at the tap
point the unknown phase shifts due to the not syn-
chronized data were eliminated. Additionally it is
possible to calculate the phase shift from the volt-
ages in a prefault stage. These methods can be
used to protect simple lines, multi-terminal lines
and tapped lines.

In this paper these differential protection as-
pects are investigated for some special fault con-
ditions and compared with distance protection. All
the investigations given in chap. 3 and 4 were in-
tensively investigated using the EMTP packet. In
the paper the investigation results are presented.
The results show that the differential protection
algorithms presented in this paper are the best
solution for protecting multi-terminal lines or
tapped lines. The comparisons prove that the dis-
tance protection is too uncertain for a selective
protection system.

2 BASICS

2.1 New differential protection algorithms

With eq. (1), voltage and current at the tap point
can be calculated from voltage and current at the
terminal using the line parameters. The equation
for section A of the line shown in Fig. 1 is:
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At the tap point the first Kirchhoff law yields
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Lop +1g +1pe =0 )

Here attention has to be paid to the not synchro-
nized values. Since the currents at the tap point are
calculated by eq. (1) for the sound line, there will
be a discrepancy Al in eq. (2) for the faulted line.
Normally this discrepancy is related to the sum of
the absolute values

Loy +Lp
| Loy [+ Log [+ e |
If this relative discrepancy exceeds a given limit

e.g. 0.1 a short circuit in the protection zone is
recognized.
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Figure 1: Equivalent scheme of a three-terminal line; [ - tap
point; A, B, C — measured terminals of the three line sections

2.1.1
In the admittance approach the currents of eq. (2)
are divided by the voltage at the tap point:
!EIA + !EIB + LEIC =0
Uy U Uce

In the case of fault the relative discrepancy of the
sum of the admittances is

| ZDA + ZDB + Z[IC |

[ Yo [+ X g [+ X e |

Admittance and Power Approach

Y +Yp+Y o =

®)

|AY, = (6

and the fault condition |AY ., | >0.1 @)

The admittances do not rely upon the synchro-
nization.

In the power approach the conjugated currents
of eq. (2) are multiplied by the voltage at the tap
point:

Son *+Sm *Sce =U nulon +Unilip +U pil e =0
®)

In the case of a fault the relative discrepancy of
the sum of the apparent power is
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and the fault condition |AS, [>0.1 (10)

The apparent power does not rely upon the syn-
chronization. The apparent power eq. (9) can be
divided into one equation for the active power and
one for reactive power
Py +Pp+P=0 an
Qns +Qm +09nc =0 12)

In a case of fault the relative discrepancies for
active and reactive power are

[Py +*Pop + P |

|AP, | = (13)
[Py | +| Py [+] P |
19 ,t92., T2,
|%Dr |= =014 = 0B =0ac (14)
10, 1+1Q, 1+10 |
Fault conditions: |AP, [>0.1 (15)
|@Dr [>0.1 (16)
2.1.2 Current Approach or Synchronization by
Measurements

In the current approach the currents of eq. (2) are
synchronized by
Uy =Up=Uy=U, a7
calculated by eq. (1) using the measurements at the
terminals of the line. This simple and low cost
method to synchronize the phasors consists in
finding the desynchronization angles in the pre-
fault stage. In the case of fault on the line these
angles are kept constant.
The complex domains in which the phasors of the
currents and voltages of the different line terminals
are represented (characterized by ®® or © ) are
not synchronized. The complex domains are so
defined, that the voltages of the line terminals in
the prefault stage are purely real:
U =U Uy =Us U =UC (18)
Then the currents can be expressed by their active
and reactive part:
!Ef) =14 = s Jg) =1, = jls §£(cc) =1,c =l
(19)
To process these quantities together they are trans-
formed in a common complex domain which is so
defined, that the phasor of the voltage at the tap
point in the prefault stage is purely real
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U,=Ug, .DTherefore the complex domains of the

different line terminals are shifted by the line an-
gle 3. The complex quantities of this common
complex domain are not especially characterized.
For section A of Fig. 1 the voltage at the tap point
has to be calculated by eq. (1) as a synchronizing
equation:

C .
Uih 2Un =405 R+ X U g7 +

(R + X I = [l )e
(20)
U Uy =(Egy + jFoy)e ™ Q1)
where

C
E, =(1_w7AXA)UA R, X 1, (22)

C
Fry :wTARAUA X, 1., + Ry, (23)
Then
Uy, =yEL +F2, (24)
and

3, = arctan%%% (25)
04

The synchronizing equations for the other line
terminals can be derived similarly.

These synchronizations are executed in prefault
stage which is defined by eq. (17) and

U
U, [>0.872 (26)

NE)

), 7(B), 7(C)
In the case of a fault the currents 7, ; 1 5; 1 at

the tap point are calculated by eq. (1) using the

measured  quantities U ;A) ;U %B) ;U (CC) and

1 ff);[ ;B);L (CC) .~ The currents at the tap point are
then transformed into the common complex do-
main using eq. (19)
Loy =IQe™™ I =Itpe ™™ 1 =1
27)
In the case of fault the relative discrepancy of
the sum of the currents is

Lo + 1 +1 0|

AL, [ —— == (28)
Loy [+ Log [+ e |

and the fault condition | Al -, |>0.1 (29)

! The common complex domain can be any other e.g. the complex
domain of one of the line terminals.

2 Note: In case of fault the voltages of the line terminals are not
real anymore in their complex domains, because of the sudden phase
shift due to the short circuit. And the real and imaginary parts of the
currents are not anymore the active and reactive components.
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2.2 Distance Protection

Distance protection relays have been used for
years to protect lines. For this comparison a digital
distance protection algorithm is used. There are a
lot of different methods for calculating the imped-
ances from the sampling data. The algorithm ap-
plied in this paper uses a first order line model to
calculate the impedance. Using 4 sampling values
the real and the imaginary part of the impedances
are:

uy iy =iy )~ us(i5 —iy)
Rp=t2Va "k 3\U3 7 (30)
iz(i4 _iz)_i(z,(’}_il) )
Usly — Uyl
X =2sinA3 32 23 31
iz(i4_i2)_i3(i3_i1)
with A = w [\t (32)

and At is an equidistant time step [2].

3 SIMULATION AND FAULT
CONDITIONS

3.1 General Information

All the investigations were made using the
EMTP packet. Fig. 3 shows the ATP model used
for simulation. The nominal voltage of the simu-
lated network is normally 20 kV, except for the
simulations of the saturation effects. These simu-
lations were made for a nominal voltage of
110 kV. The sampling rate in all investigations is
1 kHz. The simulation time and the time of the
fault occurrence are varied. The lines are simu-
lated using the distributed line model. The investi-
gations were carried out for different tap points,
different fault locations, fault resistances and kinds
of faults.

[protection zone

MP B

sl na G

Figure 2: ATP/EMTP-Simulated three-terminal line 22kV

For each fault, the relative discrepancies (6),
(13), (14) and (28) were calculated. The imped-
ances (30) and (31) were also estimated.
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3.2 Special Fault Conditions

Additionally to these standard cases some in-
vestigations were made for special fault condi-
tions. In regard of these special fault conditions a
discrimination is necessary between multi-terminal
lines, lines having three or more terminals with
substantial generation behind each, and tapped
lines, lines having one or more terminals with sub-
stantial generation behind them and taps feeding
load only. These taps do not have sufficient cur-
rent feed-back to operate relays [5].

Under these circumstances for example external
faults, saturation effects of the current transformer
and outfeed conditions are investigated.

Figure 3: Outfeed condition

Fig. 3 shows the situation of the outfeed condi-
tion. This may occur in the case of a weak terminal
C, interconnected externally to terminal A. The
short-circuit current can flow out of terminal C and
contribute to the short-circuit current of terminal
A. Under these circumstances directional or phase
comparison relays at terminal C may fail to oper-
ate because the fault is seen in the reverse direc-
tion [5].

4 RESULTS

In a former paper [1] the results for single phase
and three phase faults under normal condition
were presented. For this case the following tables
and figures contain the results of special fault con-
ditions (chap. 3) in regard of the results of the
distance protection algorithm.

4.1 Outfeed condition

Fig. 3 shows the three different faults simulated
for the outfeed condition. The fault F1 is a internal
fault (2 km on line A), F2 is a internal fault near
the busbar A and F3 is an external busbar fault at
busbar A. All faults are three phase faults. The
fault resistance for this investigations is R=1 Q.

In Fig. 4 the results of the current approach (28)
are presented. A relative discrepancy near 1 means
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there is a fault in the protection zone, a relative
discrepancy near zero describes a faultless line.
These investigations point out that this protection
method can precisely discriminate external (F3)

and internal faults (F1, F2).

AT |

1

0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

%

T

L iF3

L g -

F1

________________________________________ 3 F2

)

1 L !

L Il L

20 40

60
t

80 100 120

140 160

180
ms

200

Figure 4: Current Approach (28) under different outfeed
conditions (Fig. 3)

It is remarkable that for these cases the tripping
time is very short, about <20 ms.

Fault MP A MP B MP C
Fault- | R=1130 Q R=-441Q R=679 Q
less X=-339Q | X=-164Q [ X=-116Q
F1 R=1.6 Q R=149Q [ R=-37.0Q

X=0.7Q X=6.5Q [ X=36.5Q
F2 R=1.1 Q R=134Q [[R=149Q
X=0.02 Q X=3.7Q X=5.9Q
F3 R=-18.4 Q R=134Q [[R=149Q
X=73Q X=3.7Q X=5.9Q

Table 1: Distance protection under different outfeed

conditions (Fig. 3); MP: measuring point

The circumstances of the outfeed conditions
cause problems using the distance protection algo-
rithm.

Table 1 shows the investigation results of the
distance protection algorithm. The impedances of
the three measuring points are shown. The meas-
uring point A can detect all three faults. The
problems appear at the terminals B and C. At the
measuring point B there is no possibility to differ-
entiate between the internal fault F2 and the exter-
nal fault F3 at the busbar A. More interesting is the
behavior at the terminal C. For faultless condition
the currents flow into the line. For the three faults
from Fig. 2 the short-circuit current flow out of
terminal C. A directional or phase comparison
relay fail to operate because the fault is seen in the
reverse direction.



14th PSCC, Sevilla, 24-28 June 2002

The tripping time is difficult to estimate for
these cases. The relays A and B will trip first.
Then the short-circuit current at C will reverse and
the relay C can trip.

4.2 Current transformer saturation

The current transformer saturation effects were
simulated on three terminal-110 kV-line [1]. The
current transformer on line A has saturation ef-
fects. Fig. 5 shows the current of one phase of a
three-phase fault without resistance with saturation
effects and the current of the same phase without
saturation.

In Fig. 6 the current (28) and the active power
approach (13) is shown. The fault location is on
line A 10 km distant from the tap point. The rela-
tive discrepancy of the current approach points out
that there is only a small gap using ideal measured
values or using the values regarding the saturation
effects. For the power and the admittance approach
there are some problems with three-phase faults
without fault resistance [1]. Further, Fig. 6 shows
that the results even get better in the case of cur-
rent transformer saturation.
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Figure 5: Current of phase A in case of a three phase fault
with (las) and without (la) saturation effects

This effect is also recognizable in Fig. 7. Here the
fault resistance is 1 Q. The current and the admit-
tance approach are shown. For the results of the
admittance approach the current transformer satu-
ration has positive effects, too.

Thus it can be stated that saturation effects from
one current transformer on internal faults have
only small negative effects (current approach) and
even positive effects on the power and admittance
approaches.
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Figure 6: Current and active power approach with (Al
APry) and without (Aly, APry) CT saturation, R=0 Q
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Figure 7: Current and admittance approach with (Al s AY )
and without (Al AY ) CT saturation; R=1 Q

4.3 Fault with small fault currents

The influence of the fault resistance on the results
of the current approach is shown in Fig. 8. The
simulation of three different loads is taken into
account. The loads P=0 MW, 4.38MW and 30MW
were connected at busbar B.

P=0 MW

0 I L 1 ] |
0 500 1000 1500 2000 2500 o

R
Figure 8: Current approach (28) for a single phase fault,
different fault resistances and different loads

3000

The fault resistance varies from 0 Q up to 3 kQ.
Fig. 8 spots that the bigger the load on the line, the
less the fault resistance that can be detected in the
case of single phase faults. But up to a resistance
of 100 Q there is no problem recognizing the
faults. With higher impedances and higher loads
the relative discrepancy becomes less than 0.2.
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The single-phase-to-earth faults carry out the
main difficulties of distance protection. The dis-
tance zone reach problem is strongly dependent on
the fault resistances. In Table 2 the impedances
(30) and (31) are shown. For higher fault resis-
tances the impedances of the faulty line are high.
This means that in some cases a faultless line has a

impedance in the same range.

MP A MP B MP C
Fault- |R=-3874Q |R=1480Q R=2206 Q
less X=-3858 Q |X=-2236Q [X=-4922 Q
R~0Q [R=530Q R=7.2Q R=4.7 Q
X=124 Q X=159Q X=112Q
R=100 [R=306.6 Q R=3432 Q R=273.1Q
Q X=1.8Q X=-28.9 Q X=2.79 Q
Re1kQ [R=3441 Q R=1458 QX [R=2556 Q
X=-2027Q |=-957Q X=-1361 Q
R=3kQ [R=-854 Q R=1598 Q R=1674 Q
X=-7673 Q |X=-1681 Q [X=-5466 Q

Table 2: Distance protection results for the faulty phase and
different fault resistances

4.4 General comparison between distance and
differential protection

Generally it can be stated that the distance pro-
tection needs a lot of adjustments for every line
configuration. The protection relays have to be
matched for every fault conditions and all kind of
faults. That means a great amount of simulation
and analyzing work. For the differential protection
algorithms there is no need to adjust. The knowl-
edge of line length, the topology of the protection
zone and voltage level is sufficient for a satisfac-
tory investigation.

The disadvantage of the differential protection
is the need for communication between the meas-
uring points and the data which have to be trans-
mitted to all stations. But these new algorithms
have the advantage that they need less data than
the other differential protection methods. The cur-
rent approach needs three real values at one sam-
ple, the admittance approach two real values and
in terms of data rate the best methods are active
and reactive power approaches. They need only
one real value at one sample.

5 CONCLUSIONS

In the paper, the new differential protection al-
gorithms of multi-terminal lines are proposed. The
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algorithms do not require sampled values and
therefore no synchronization. Four different crite-
ria have been developed and investigated: admit-
tance, active and reactive power and the current
criteria.

The differential protection algorithms are tested
under special fault conditions. The results are
compared with the results of a distance protection
algorithm. The outfeed condition, saturation ef-
fects and faults with small short-circuit currents
are investigated. The differential protection meth-
ods can detect all faults. The internal and external
faults are detected and the selectivity is guaran-
teed. The distance protection has problems de-
tecting these kinds of faults. Internal faults with
current transformer saturation effects and faults
with small short-circuit currents can also be de-
tected.

The disadvantage of differential protection, the
great amount of data transfer between the meas-
uring points, becomes less using these new algo-
rithms. They need less data than traditional differ-
ential protection methods. A distance protection
relay without telecommunications does not work
accurately and it does not have the selectivity of
these differential protection methods.
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