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(57) Abstract: The present invention is concerned with a faster response and an increased accuracy in power system protection.
& According to the invention, a fault, instability or other contingency potentially requiring some protective action, such as line tripping
& or load adaptation, is detected in a fast and precise way by tracking a non-frequency-selective evolution of a physical parameter (R,
L) in time domain, preferably with adaptive filters. By reverting to a physical parameter having an imminent physical significance,
no additional analysis is required to divulge a fault or contingency, hence the speed of fault detection increases. Due to the skin affect
in electrical conductors, a time domain analysis covering a broad range of frequencies includes more information than an analysis
confined to the fundamental or line frequency, hence the accuracy of the fault detection increases.
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DESCRIPTION

DETECTING FAULTS IN POWER SYSTEMS

FIELD OF THE INVENTION

The invention relates to the field of electric power transmission and distribution. It is

concerned with a fast and accurate detection of faults in power systems.

BACKGROUND OF THE INVENTION

Power systems comprise electric power transmission and distribution networks
connecting generators and loads in geographically separated regions, as well as substations
for transforming voltages and for switching connections between different lines of the
network. Power system protection is concerned with the detection of faults or other
contingencies in the power system and the elaboration of a proper reaction. A key issue in
power system protection is a protection device’s speed and accuracy in detecting a fault
and in responding there to. Conventional algorithms for protection are based on phasor
quantities of voltages and currents, from which the actual impedance, resistance and/or
reactance of a line are calculated in order to evaluate the actual operating characteristics.
Algorithms of this kind are implemented e.g. in digital relays for distance line protection
with the task to disconnect a protected transmission line when the operating point as
characterized by the calculated resistance and reactance values of the line trespasses an

admissible range or a predefined safe-operating area.

The phasor quantities mentioned are obtained by way of transforming a sampled signal
defined in time domain, such as the voltage u(k) or current i(k) at the digital relay, into a
signal in frequency domain by means of discrete Fourier Transform (FT). FT utilizes
information about the fundamental or line frequency (50 Hz or 60 Hz) and the sampling
frequency, which are both assumed to be constant and known a-priori. Likewise, the
amplitude of the periodic signal during the evaluation window is assumed constant,
basically excluding transients in the power system during the FT calculation. FT is

characterized by the fact that an entire cycle (of e.g. 20 ms) of data samples is required
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after a fault in order for any transient behaviour of FT to converge reliably. This is also
true for higher sampling frequencies. Hence, more powerful hardware, in terms of both
computational processing power and signal acquisition, for digital relays or protection
devices, will not automatically lead to an increased performance of this device. Marginally
faster responses with FT can be obtained when a shorter window length is applied.
However, the price to be paid for the slightly increased speed is much higher noise

sensitivity and lower precision of the estimated parameters.

The patent US 4455612 proposes a remedy to the drawbacks of FT by reverting to a
recursive calculation of phasors at the fundamental frequency, i.e. the first harmonic, of the
post-fault signal. In particular, instead of FT, direct parameter estimation in the time-
domain by means of Kalman Filtering techniques (KF) is used to estimate the voltage and
current phasors. The recursive nature of the method permits an updated estimate of the
phasors to be made utilizing the single latest voltage sample of data and the previous
estimate, thereby utilizing all of the information in all previous post-fault samples. The
measured signal is assumed to be of a certain form for which a stochastic state space model
is defined with the states being independent Gaussian random variables which together
provide the phasor of the signal at the fundamental or line frequency f'= 50 Hz or 60 Hz,
1.e. a current or voltage waveform sinusoid estimate. From the phasors, as in the earlier FT

approach, the impedance

Vphasor . .
Z=——=R+j- X=R+j2n-f-L,

phasor
with /= 50 Hz or 60 Hz, is evaluated. From an analysis of the line resistance R finally, a

distance to the fault and/or a fault resistance can be derived.

In the patent application EP 1489714, a dynamic system quantity or signal such as e.g.
amplitude or angle of the voltage or current at a selected node of the network is sampled,
1.e. measured at discrete time intervals, and a series comprising several of the measured
values of said system quantity is generated. From this series, parameters of a parametric
model representing the dynamic behaviour of a power transmission system, or a particular
aspect thereof, are estimated. This process is carried out in an adaptive manner, i.e. every
time a new value of the system quantity is measured, the parameters of the model are
recursively updated by means of recursive least square (RLS) or adaptive Kalman Filtering
(KF) techniques. Finally, as the estimated and updated parameters per se as well as the

parametric model have no physical significance, further quantities such as oscillation and
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damping of oscillatory modes of the power system are computed i a non-recursive
manner there from. This process enables an almost instantancous analysis of the oscillatory
state of the power system as compared to a non-adaptive identification process relying on
the analysis of sampled data collected over a time-window of several minutes and

evaluated only at the end of this time-window.

The parametric model used in this case has a dynamical order n equal to the number of
parameters to be estimated, wherein the dynamical order is selected for the purpose of
optimally divulging the oscillation phenomena. It results in a linear difference equation
containing only n parameters and is suitable to represent frequency spectra with narrow

peaks.

DESCRIPTION OF THE INVENTION

It is an objective of the invention to enable faster response and increased accuracy in
power system protection. This objective is achieved by a method and a device for detecting
a fault in a power system according to the claims 1 and 6. Further preferred embodiments

are evident from the dependent patent claims.

According to the present invention, a fault, instability or other contingency potentially
requiring some protective action, such as line tripping or load adaptation, is detected in a
fast and precise way by tracking a non-frequency-selective evolution of a physical
parameter in time domain. By reverting to a physical parameter having an imminent
physical significance, no additional analysis is required to divulge a fault or contingency,
hence the speed of fault detection increases. Due to the skin affect in electrical conductors,
a time domain analysis covering a broad range of frequencies includes more information
than an analysis confined to the fundamental or line frequency, hence the accuracy of the

fault detection increases.

In particular, the method comprises repeatedly measuring or sampling a dynamic
system quantity y of the power system, such as the amplitude or angle of the voltage or
current at a selected node, and generating a serics of measured or sampled values of the
dynamic system quantity. A frequency in-selective system or circuit parameter, such as an
impedance Z, a resistance R, a reactance X or an inductance L of a particular power
transmission line of the power system, is estimated, and the estimated parameter value is

updated recursively based on the most recently acquired value of the dynamic system
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quantity. In other words, the physical system parameter, belonging to a physically
motivated, discrete-time model for the power system or a part there of, is directly
estimated. An analysis of the ultimately estimated or updated physical parameter, such as a
threshold comparison or a trend display, then allows identifying faults and initiating

protection actions.

In a preferred variant of the invention, a vector of algebraic or otherwise invertible
combinations of at least two physical parameters is estimated recursively, and the result is
solved or inverted in order to determine the physical parameters. In another preferred
embodiment of the invention, the physically motivated, discrete-time model for the power
system is linear in the wanted parameters, and the recursive step is performed by means of

an adaptive Kalman Filter.

All or part of the steps of the method for detecting a fault in a power system may be
implemented as programmed software modules or procedures, i.e. as computer program
code means for controlling one or more processors of a device for detecting a fault in a
power system, wherein the modules or procedures may be stored in a computer readable
medium, either in a memory integrated in said device or on a data carrier that can be

inserted into said device.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter of the invention will be explained in more detail in the following text
with reference to preferred exemplary embodiments which are illustrated in the attached
drawings, in which:

Fig.l shows a simplified power system model with the parameters to be estimated; and
Fig.2 compares the result of a classical phasor approach in the frequency domain (FT)

with a direct parameter estimation approach in the time domain (KF).

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Fig.1 shows a simplified physical model of a power transmission line with the physical
parameters R and L to be determined. At a generation end to the left, instantancous values
of the voltage u and the current i are measured. The transmission section is characterized
by capacitance C, resistance R and inductance L. On a consumer end to the right, a steady

state load impedance Z; might be bypassed by a fault occurring in the transmission section



10

15

20

WO 2007/135073 PCT/EP2007/054789

as indicated by the lightning bolt. If the capacitance C is very small and can be neglected,
this model is characterized by (eq.1) below.

u(t) = Ri(t)+ L di;:)

(eq.1)

The problem of finding the parameters R and L from measured instantaneous values of
u and i such that these parameters fit optimally the selected model (eq.1) can be recast into
an optimal filtering problem employing e.g. KF techniques. Since only instantaneous
measurements of voltage u(r=kT;) and current i(r=kT,) are available once per sampling

period Ty, the model for parameter estimation must be discretized using a suitable

approximation of the integration. Here, the Tustin approximation s= 2271 hag been
T z+1

used. This leads to the following equivalent discrete time model

2L+R7‘S}(k)+[RTS—2L

8

u(k) = —u(k—l)+{ ]i(k—l) =0"¢

8

(eq.2)
Denoting the vector of the estimated parameters 6, the vector of measurements ¢ and
introducing the predicted filter output $(k), wherein y(k) =T, [u(k)+u(k -1)], as well as
the measured filter output y(k), one can rewrite (eq.2) as

i(k) ]

v =6, ezj[i(k_l)

(eq.3)
with the estimated parameter vector 6 given by
0=|RT +2L RT -2L
[ 5 K ] (eq4)
This can be rewritten or inverted as
I, T,
[91 92] =[R L][ 2 __2:|
(eq.5)

and the solution for the estimated physical parameters [R L] is given by

1 1

. T a4

[R L]:[Ql 92][2 _2} _[91 BQJL 1
2T 4

g (eq.6)
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In more detail, standard Kalman Filtering techniques solve recursively an optimal
identification problem of the model parameters a; and b; that are stored in the parameter

vector 6 and replace the physical parameters R and L of the present application, i.e.

0=|a,...a,b,,..b ]T

m

The input and the output signal, respectively, are denoted as u(k) and y(k) and collected in
the measurement vector ¢ and replace the instantancous measurement i(k) and u(k),

respectively, of the present application, i.e.

Q) =[ vk =), y(k = 1), (), ootk — )] |

Hence, in the ARX model, the output estimated by the model at step k reads

klk=1)=Y ap(k—i)+ Y butk - j)=6"p(k)
E = (eq.3")

rewritten also as
y(k)+etk)y=Y aytk—i)+ Y bk~ j)
i=1 j=0

where y(k) is the last measured sample or the desired model response at step k, and where

e(k) = p(klk =)= y(k)
is a prediction error or estimation error at step k.
Minimized is the sum of squared prediction errors as a function of the coefficients a;

and b; stored in the parameter vector O:

2

J= meinz ele= ngnz[}(ﬂk —1)—y(k)}

(criterion)

solving recursively:
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(k)= 9" (K k~Dpk)+ 0,
_ K(k-Dp(k)

g(k) T

W0 =97 (DB -1)

e(k) = (k) - (k)

(ky=0(k-l)+e(k)g(k)

K(k)=K(k-1)-g(k)p" ()K(k-1)+0, (Kalman Filter)

where the additional variables have the following meaning:
K(k) correlation matrix of the estimation error (must be symmetrical by definition).
G(k), d(k) The vector of (Kalman) gains at step k and its denominator (to be inverted).
Qm The correlation matrix of the measurement noise.
Qp The correlation matrix of the process noise.

In the above parameter estimation, the problem as stated in (eq.2) is linear in the
estimated parameters 6. The mathematical details are disclosed in the priority document
and the paper “Fast Parameter Estimation for Power System Protection” by P. Korba, VIII
Symposium on Power System Protection (SIPSEP), Monterrey, Mexico, pp. 1-6, May 21-
26, 2006, which are herewith included for all purposes by way of reference.

Fig.2 compares the performance of a classical phasor approach in the frequency domain
based on the Fourier Transform (FT) with the performance of a direct parameter estimation
approach in the time domain using adaptive Kalman Filtering (KF) techniques. It depicts
the estimated impedance of the respective best results obtained with FT (dashed line,
denoted FT) and KF (solid line, denoted KF) for a particular test case. The step function
indicates the correct and in this case a-priori known value of the estimated line impedance
before and after the fault at t = 0.6 sec. The time-domain approach proposed here shows
better performance in terms of the speed of response and the achieved accuracy of the
estimated parameters. In the test case presented, the proposed KF procedure needs only
about % of the time compared to the standard FT approach and as little as 3 samples to

estimate reliably power system parameters.

In addition, and contrary to classical FT, KF becomes even faster and more precise for
increased sampling frequencies. Nevertheless, combinations of the time- and frequency-
domain approach, i.e. a complementary usage of results obtained by means of Kalman

Filter and Fourier Transform techniques, should remain possible.
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PATENT CLAIMS

. A method of detecting a fault in a power system, comprising

- measuring repeatedly a dynamic system quantity (y) of the power system,

- updating recursively, every time a new value (v(k)) of the dynamic system quantity
(v) is measured and based on the new value (v(k)), a value of a non-frequency-selective
physical parameter (Z; R, X) of a discrete-time physical model of the power system,
and

- analysing the updated value of the non-frequency-selective physical parameter (Z; R,

X) to detect a fault in the power system.

. The method according to claim 1, characterized in that it comprises

- updating recursively, every time a new value (v(k)) of the dynamic system quantity
(v) is measured and based on the new value (v(k)), values of algebraic combinations
(61, 82) of a plurality of non-frequency-selective physical parameters (R, L), and

- updating values of the non-frequency-selective physical parameters (R, L) from the

updated values of the algebraic combinations (6;, 8,).

. The method according to claim 1 or 2, characterized in that the discrete-time physical

model of the power system is linear in the physical parameters (R, L) and/or the

algebraic combinations (8;, ;) there of.

. The method according to claim 3, characterized in that the recursive updating involves

adaptive filters, and preferably an adaptive Kalman Filter.

. The method according to one of the preceding claims, characterized in that the dynamic

system quantity (y) is a time stamped phasor signal provided by a phasor measurement

unit,

. A device for detecting faults in a power system, comprising

- means for updating recursively, every time a new value (y(k)) of a dynamic system
quantity (y) is measured and based on the new value (y(k)), a value of a non-frequency-
selective physical parameter (Z; R, X) of a discrete-time physical model of the power

system, and
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- means for analysing the updated value of the non-frequency-selective physical

parameter (Z; R, X) to detect a fault in the power system.

The device according to claim 6, characterized in that it comprises

- means for updating recursively, every time a new value (y(k)) of the dynamic system
quantity (y) is measured and based on the new value (v(k)), values of algebraic
combinations (8;, 6>) of a plurality of non-frequency-selective physical parameters (R,
L), and

- means for updating values of the non-frequency-selective physical parameters (R, L)

from the updated values of the algebraic combinations (8;, 6,).

The device according to claim 6 or 7, characterized in that it comprises an adaptive
Kalman Filter for recursively updating the value of a non-frequency-selective physical
parameter (Z; R, X) of a discrete-time linear physical model of the power system, or for
recursively updating the values of algebraic combinations (6;, 6>) of a plurality of non-

frequency-selective physical parameters (R, L).

. A computer program product for detecting faults in electric power transmission

systems, which program product is loadable into an internal memory of a digital
computer, comprising computer program code means to make, when said program is
loaded in said internal memory, the computer execute the method of detecting a fault in

a power system according to one of claims 1 to 4.



WO 2007/135073 PCT/EP2007/054789

1M

Fig. 1

50 ! ! g
A5 ........................... ........................... .......................... _

A0 ........................... ......... D PRIREE .......................... -

B35 b ........................................... (RS .......................... |
BO b ............................................... Lo .......................... _

25 o ................................................ 1., .......................... ]

X [Ohm]

20L _____________________________________________________ \ __________________________ i

156 ........................... e .......... — —=

A0 F ........................... SRR URRURRTRRR .......................... |

0.58 0.59 0.6 0.61 0.62
Time [sec]



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - claims
	Page 11 - claims
	Page 12 - drawings

