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Abstract

Traditional current differential protection is based on Kirchhoff's Law, certainly is severely
influenced by the distributed capacitance current. A new traveling wave based differential protective
principle is proposed by employing the characteristics of current traveling waves for the distributed
parameter line model. There are fixed propagation relations between traveling waves of terminals as the
line is healthy or the fault is external, however, the relationship is broken for the internal faults. The
protective criterion and scheme are established by this character. The key technique is to quickly calculate
the propagating traveling waves from the other terminal on line. The coefficients of propagation function
from one terminal to another are obtained by using orthogonal projection methods. The principle and
algorithm need not high sampling frequency, are adaptive for not only fundamental component but the
transient components, as well as is not sensitive to setting parameters. The large amounts of ATP
simulation tests show that the protective scheme and algorithm is simple with high reliability, security,
speedy and sensitivity.
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1. Introduction

Transmission lines play an important role in power transmission system. However,
traditional transmission line protections, such as directional pilot protection, distance pilot
protection, differential pilot protection, etc, are all employing the steady state power frequency
component, based on the simple RL line model. For Extra High Voltage (EHV) or Ultra High
Voltage (UHV) transmission lines, due to the distributed capacitances, the capacitive current
increases significantly. These results in the amplitude and phase angle shift of the currents at
the terminals of transmission line [1, 2]. Therefore, the capacitive currents caused by distributed
parameters should be taken into account in the traditional current differential protective relays.

On the other hand, the fault transients in long EHV/UHV lines, due to the distributed
parameters and the non-linear boundary conditions, have not only long decaying period, but
also significant amplitude, which will lead to the mal-operation of differential protective system
that based on steady state power frequency components [3, 4].

In order to match the capacitive currents for the differential protection in EHV/UHV long
distance transmission lines, some capacitive current compensation schemes for current
differential protection have been proposed, which can be classified into three categories: half-
compensation, full-compensation and mixing compensation. However, the compensating errors
are great if we use bus voltage to calculate capacitive current compensation, in additional, the
fault transients are not considered yet. Therefore, it will reduce the sensitivity and security of
differential protection with the distributed capacitance compensation [5-7].

The traveling wave based differential protection based on distributed parameter line
model is proposed by document [8] and [9], however, they are all based on the non-distortion or
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nonlossy line model. Moreover, the principle and algorithms they proposed need higher
sampling frequency and complex computation, therefore are not adaptive for realization.

This paper presents a novel scheme and algorithm of differential protection based on
distributed parameter line model, which the fault transients and the distributed capacitive current
are all taken into account completely. By fault analysis of transmission line, one can find that
there are fixed propagation relations between traveling waves of terminals as the line is healthy
or the fault is external, however, the relationship is broken for the internal faults. The protective
criterion and scheme are established comparing an operating current traveling wave and
restraint current traveling wave. The operating current traveling wave is defined as the
difference of that between the two terminals, as well as the restraint current traveling is defined
as the sum of the two terminals. The key technique is to quickly calculate the propagating
traveling waves from one terminal to the other terminal on line. The coefficients of propagation
function from one terminal to another are obtained by using orthogonal projection methods [10].
The principle and algorithm need not high sampling frequency, match for not only fundamental
component but the transient components, as well as is not sensitive to setting parameters. The
large amounts of ATP simulation tests show that the protective scheme and algorithm is simple
with high reliability, security, speedy and sensitivity.

2. Transient Differential Protection Principle

Consider a single phase transmission line, shown in Figure 1. Suppose that there is a
fault at location F, where is x kilometers far from terminal M, the line length is | . Based on the
traveling wave theories, one can get the relationship of Forward Current Traveling Wave
(FCTW) and Backward Current Traveling Wave (BCTW) between the two terminals M and N in
frequency domain.

| — Y

Figure 1. Typical Single Phase Line

At the case of no fault or external faults, there are fixed propagation relations between
the two terminals:

(1)

FN (S) = FM (S) AL (S)
By (s) = By (S)AL(s)

Where, F =1 +V /Z_, means Forward Current Traveling Wave, B =1-V /Z_means
BCTW, A (S) =exp[-y(s)L]means propagating function, »(S)=+/Z(S)Y(S) means the

propagation coefficient, Z and Y are respectively the per-length series impedance and shunt
admittance of transmission line.

However, at the case of internal fault, see Figure 1, the relations of the traveling waves
are shown in the follows:

{FN (8) =Fy (s)AL(s) — I - exp[y(L — x)] )
By () =By (S)A_(s) — I exp[y(L - x)]
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Where, | is the fault current of the branch of fault point to ground.
The novel transient differential protection principle will be detailedly explained utilizing
the single-phase transmission network shown as Figure 2.
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Figure 2. Single Phase Fault Line Model

2.1. Propagation Relationship
When the line is healthy or the exterior fault occurs, the propagation relation at two
teminal (M,N) of line is written as:

Bu (2) = AL(2)By (2) (3)
Fu(2)=AL(@)Fy (2)

Where, 7. = /Z(z)/Y(z) is surge impedance, g -y -z, andr =u +z, are respectively the
backward and forward voltage traveling wave, A (Z) =exp(—/Z(2)Y(z)L) is propagation function.
Supposed that, at terminal M and terminal N:

{Bop(z) =A(2)By(2) (4)
Fo(2) = A(2)Fy (2)

Hence, the longitudinal differential protection discriminant at the two terminal will be
constructed as followed.

4By, =[B,, (2)-By (2)] 5)
ARy, =|Fy, (2)-Fy (2)]
Where, | || stands for 2-norm, that is to say, virtual value.
bviously, when the line is healthy or the exterior fault occurs, we can easily concluded
that:
AB, =0 (6)
AF, =0

However, internal fault occurs at location K, where the distance to terminal M is x. Equation
(22) will be rewritten as,

{ AB,, = exp(=)Z, I | @)
AFy =|lexp(=y(L=X)Z 1|

Where, |, is the short circuit current at location K.
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Therefore, the protection criterion is:

AB,, >Bg, (8)
AR, > F,

Where, Bset and Fset are respectively the threshold values of differential discriminat at
both terminals.

2.2. Criterion Realization
The voltage u,, (k) and current i, (k) at both terminal M, N can be obtained from

communication equipments on the busbar. The backward traveling wave at both terminal will
be:

by () =Uy (k)= Z.iyy (K) ©)
by (k) =y, ()~ Z,iy (K)

Where, z_.=,/X,/B,, X,, B, are respectively the reactance and susceptance per

kilometer at power frequency, which will bring error to the algorithm. Then, parameter estimation
method will be adopted to make up the error in the propagation function and the transformer.
In the discrete z domain, combined with (4), that is,

bop(k):zale(k_Nmin_I)_Zﬂlbop(k_l) (10)
1=0 =
Then, the real-time backward traveling wave criterion will be got utilizing time window
W.
k
Aby, () = — | 3o, (1)~ by, (O (11)
W Aow

Similarly, the real-time forward traveling wave criterion at terminal N can be obtained.

2.3. Propagation Function Fitting Online

Whether the propagation funcion is accurate will affect the dependability of protection.
Although parameter {«,,---,a,,, f,,--+, B,} can be fitting according to transmission distribute
parameter, due to the accuracy of distribute parameter and frequency characteristic of
transformer, the propagation relation of actual traveling wave at both terminal still disagrees with
that of line primary side. Meanwhile, the above analysis is carried on at power frequency, which
also brings on error in calculation. Hence, the best solution to reduce the error lies in fitting
online and real-time, according to the actual datum at both terminal when the line is healthy.

When the line is healthy, the backward traveling wave at M terminal is:

b () = 3. ey (k= Npyw =)= > /iy, (k =1) (12)

The matrix equation will be constructed of sample values during time k to time k-p-
Nmin-m.

%
0D [Blp-Na) - BEp-No) Bbp-D) - 6P (13)
B0 | BkND o bkNem Bk o nken |

A
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Equation (13) can be simpledly written as:
Bo=B1C (14)

Where, B, =[b, (k- p),---h, (K)]'» whose dimension is px1;

By k—p-Nyp) - ByK=p-Ny—m byk-p-D - by, (k—p-n)
B = !
Bk-Ny) - B&k-Ny-m  B,&k-D - b,k-n)

Whose dimension is px(m+n), C=[a,,---a,,A,--- 4] » whose dimension is (m+n)x1. By
means of Least Square Method, C can be estimated as:

C=(B1'B4)"'B1'Bo (15)

2.4. Threshold Value Setting

Based on Equation (24), when interior fault occurs, AbM=IZcIKI. The criterion of
threshold setting is shown as followed.Threshold value should be smaller than differential
quantity, when the slightest fault occurs at the end of potective areas.

Threshold value should also be bigger than differential quantity caused by actual and
computation error, when the worse fault occurs at the side of exterior areas, e.g. three-phase
short circuit.

Obviously, single-phase to earth fault through transition resister is slight fault,
meanwhile, protection threshold seletion is relevant to the transition resister. Supposed that the
biggest transition resister that protection can immune is Rmax. Then the differential quantity is:

Ze (16)

Abyg ~——
ATLTIRR,, "

Considered that transition resister and surge impedance protection can immune are
respectively 500 and 300, besides, the maximum calculation error and imbalance factors
account for about 20%. The threshold will be set:

B, =0.2~0.4U (17)
3. Simulation Tests

The ATPDraw simulation tests concerns a typical double source 500kV transmission
system, as shown in Figure 3. The system included two generators. Em=408 £-40°kV,
Z»=1+j500hm/km; En=408 £-60°kV, Z,=5+j1000hm/km.

The sampling period is 1.0x107s, that is, 20 samples per cycle. The protected
transmission line length is 280km. The distributed parameters are shown as follows.

Zero-mode parameters:

Ro=1.03625%10-1 Q) /km, Z,,=8.95272x102 (2, v;=2.52210x105km/s.

Positive and negative mode parameters:

R1=1.93967x10-2 Q) /km,Z:1=3.45328x%102 Q) , v,=2.94788%105km/s;

R,=1.96010%10-2 €2 /km,Z.,=3.87593x102 €2 , v,=2.95260%105km/s.

Internal External
Hiy T fault L fault By
Otet—#
Zm Zrz
M N

Figure 3. Simulation Model
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3.1. Propagation Function Parameter Estimation
When the line is healthy, the coefficient of propagation function will adopt two points o,

and «, with time window is 10 samples. Figure 4 is the curve of parameter vary with time.

Based on traveling wave at terminal M, traveling wave fop at terminal N will be calculated
employing fitted propagation function. The comparison result between fop and the actual
traveling wave fn is shown in Figure 5(A) and error in Figure 5(B).
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Figure 4. Parameter Fitting Result
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Figure 5(A). Comparison Result Figure 5(B). Fitting Error

Under assumption that the whole line is healthy, the only two propagation function
coefficient &;anda, can be estimated, o, = 0.0567 ,, = 0.9376 . Known from Figure 5(A),
the calculated and actual forward traveling wave at terminal N are similar, which provide that
novel principle in this paper is available. Whilst, the error in Figure 5(B) is smaller than 2x10°,
which would not affect the algorithm result with the coefficient ranks increasing.

3.2. Protection Criterion Validation

The operating results of the new differential protection for three-phase short circuit fault
are respectively shown in Figure 6-8.

The comparison result between calculated traveling wave fop and actual traveling wave
f, is displayed in Figure 6(A). Figure 6(B) shows the error, which is defined as the formula given
below. The error is no more than 40% when internal fault occurs.

f,— f
error% = ‘”"f

" %100 (18)

o

The operating and restraint value curves are respectively shown in Figure 7(C). It is
known that the operating values are much larger than the restraint value when the internal fault
occurs, due to the operating voltage approximately equals the ZclF, where IF is fault current.
The ratio of operating and restraint value is larger than 1, seen from Figure 7(D), which proves
that the protection is reliable.
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Figure 6. Simulation Results of Internal Short Circuit Fault

The simulation results of external fault, where the faults are located at the Bus N and
Bus M, are respectively shown in Figure 7 and Figure 8. It can be seen that for external faults,
the operating voltages are much less than restraint voltages at both terminal of the transmission
line. For external fault at terminal N and M, the ratio of operating and restraint values are
respectively about 0.08 and 0.3, much less than 1, which proves that the protection is security

and dependability
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Figure 7. Simulation Results of External Short Circuit Fault at Terminal N
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Figure 8. Simulation Results of External Short Circuit Fault at Terminal M
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4. Conclusion

A novel transient differential protection is proposed, breaking through the traditional
techniques, by means of projection operators and z transform for the distributed parameter
lines. The benefit of this new method lies in that calculations are simplified and in particular, the
precision of algorithm has greatly improved. Time-domain simulations based on the new model
show the good agreement with those calculated by ATPDraw. The new differential principle is
capable of instantaneously identifying internal and external faults. At the same time the criterion
has higher reliability and security. Additionally, the trip order can be sent within 10ms. This new
method is primarily intended for the transient analysis.
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