Fault Type Estimation in Power Systems
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Abstract: This paper presents a novel approach for fault type estimation in power systems.
The Fault type estimation is the first step to estimate instantaneous voltage, voltage sag
magnitude and duration in a three-phase system at fault duration. The approach is based on
time-domain state estimation where redundant measurements are available. The current
based model allows a linear mapping between the measured variable and the states to be
estimated. This paper shows a possible for fault instance detection, fault location
identification and fault type estimation utilizing residual analysis and topology error
processing. The idea is that the fault status does not change measurement matrix
dimensions but changes some elements of the measurement matrix. The paper addresses
how to rebuilt measurement matrix for each type of faults. The proposed algorithm is
shown that the method has high effectiveness and high performance for forecasting fault
type and for estimating instantaneous bus voltage. The performance of the novel approach

is tested on IEEE 14-bus test system and the results are shown.

Keywords: Fault type, Power system quality, State estimation, Residual analysis.

1 Introduction

Fault is one of the reasons for voltage sag in power
systems. Voltage sag is the most concern to electric
utilities and consumers. According to the IEEE standard
1346 voltage sag is a decrease in root-mean-square
(rms) voltage at the power frequency for durations of
0.5 cycles to 1 min. Typical voltage sag values are 0.1
to 0.9 pu [1]. In most of studies related to voltage sag
analysis the power system is considered as a balanced
system. Therefore, this assumption can allow the use of
single-phase modeling for entire network. But most
short circuits cause unbalanced condition in power
systems.

Three-phase (symmetrical) faults lead to severe sags
at a large number of buses over the wide geographical
region (depending on the network topology). These
faults fortunately, are very rare in the power system.
Single phase-to-ground fault and other asymmetrical
faults (phase-to-phase and double-phase-to-ground
faults) typically cause sags with higher magnitudes
(voltage sag magnitude being defined as the magnitude
of the remaining voltage at the bus), however, they are
much more common in power systems [2]. Probability
of single phase-to-ground fault is 80%, double phase-to-
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ground fault is 17%, phase-to-phase fault is 2%, and
three-phase fault is 1% [3]. As a result, it is necessary to
assess voltage sag in a three-phase system.

There are many researches about voltage sag
stochastic assessment. Most of them are based on
critical distance and fault positions where combines
stochastic data concerning the fault likelihood with
deterministic data regarding the residual voltages during
the occurrence of faults. The probabilistic nature of
stochastic methods makes them suitable for long term
estimations, but in a specific year, the predicted number
of voltage sags can differ substantially from the
measurement. In addition, in some cases, historic data
are not available when analyzing a part of the system
recently introduced or modified [4]. Also, monitoring of
voltage sag indices are needed to calibrate stochastic
methods. In addition, dynamic performance of the
power system is neglected in most of the stochastic
assessments which is most effects on voltage sag
indices. As a result, there is a gap to overcome the
aforementioned shortcoming of stochastic procedures.
In order to fill this gap, it is necessary to monitor
Instantaneous voltage in time domain which is fulfilled
on state estimation (SE).

In order to identify the current operating state of the
system, state estimators facilitate accurate and efficient
monitoring of the power system. State estimation is a
fundamental tool for control and monitoring of
electrical power systems. State estimation is required to
produce a best estimation of state variables and to

Iranian Journal of Electrical & Electronic Engineering, Vol. 5, No. 3, Sep. 2009 185



detect, identify and surpass gross measurement errors
and to product an estimate of non-metered or lost data
points. Also, State estimation is one of the essential
functions in energy management systems (EMS).
Nowadays, in supervisory control and data acquisition
(SCADA) control centers (C.C), EMS servers execute
real time state estimation. Weighted Least Square
(WLS) state estimation algorithm is used to solve the
normal equation widely [5]. It is necessary to say that
traditional SCADA monitoring system is not suitable
for this application because the scanning of signal is
very low.

In the voltage sag state estimation procedure, it is
necessary to estimate instantaneous voltage at any time.
When a fault is occurred, there is one topology error. At
the first step, it is important to estimate type of fault.
The estimation is used to forecast how to rebuild
measurement matrix for next step of instantaneous
voltage estimation after fault instance. Accordingly, the
main application of the proposed method is to consider
new algorithm for estimating type of fault in a three-
phase system and for rebuilding measurement equations
for time - domain voltage sag state estimation.

There are several researches for fault classification
and fault location algorithm which are based on
synchronized sampling of the voltage and current data
from one end or multi ends of transmission line [7, 8].

Wide area monitoring (WAM) and clock
synchronization were not feasible up to a few years ago.
Communication technologies simply were not available
to handle the demands imposed by the complexity of
WAM requirements. But, nowadays, communication
standards have been developed to be able to address
many of these demands [6]. According to the above
issues, there is not any concern about WAM, clock
synchronization and real time implementation
challenges. It is necessary to say that the goal of the
power system voltage sag monitoring is not to
determine preventive actions in order to maintain the
system in the normal secure state. Therefore, real time
implementation is unnecessary for this application. But
clock synchronization signal must be available for
synchronization. At this state, GPS (Globally
Positioning System) time signal plays the best role for
removing the challenges.

The remainder of the paper is organized as follows.
In section 2, fundamental concepts of state estimation
are described. Section 3 discusses the time domain state
estimation. In section 4, fault detection and
identification is described, which includes time domain
measurement matrix and residual analysis. New
algorithm for fault type estimation is illustrated in
section 5. Numerical results are shown in section 6.
Finally, conclusions are noted in section 7.

2 State Estimation

State Estimation (SE) was introduced by Gauss and
Legendre in 18th century. The basic idea was to "fine-
tune" state variables by minimizing the sum of the
residual squares. This is the well-known least squares
(LS) method. The other method is the Weighted Least
Square (WLS). The method is used to minimize the
weighted sum of the residual squares. WLS calculates
the best estimation of states [9, 10]. In fact, the
measurement errors are assumed to have a known
probability density function. Most of time, Gaussian
(normal) distribution probability density functions with
zero mean value and known variance is used. Another
objective of SE is detection, identification and
suppression of gross measurement errors [11]. In this
paper, the aforementioned subject is developed to detect
fault location in order to voltage sag estimation.

Consider the set of measurements given by vector z
[12]:

2| [ (XX Xa) | [ 8
z, hy (X, X5, X)) e,
zZ= = + =h(x)+e Q)
[Zm | [N (X0 %o Xn) | [ €

where, h;(x) is the nonlinear function relating i-th
measurement to the states, x; is the state, m is the
number of measurements and n is the number of states.
Also, X is the system state vector and e is the
measurement error vector. Equation (1) is named as
measurement equation.

Regarding the statistical properties of the
measurement errors, the following assumptions are
made:

E(g)=0,i=12,..,.m 2
E(ei.ej):o,izl,z,...,m 3)

Equations (2) and (3) express that the mean values
of measurements errors vectors are zero, and also the
measurement errors are independent. Hence,

Cov(e) = E(ee’) =R =diag(c,,5,%,...6,,>)  (4)

where, o; is the standard deviation for measurement i
which is computed to reflect the expected accuracy of
the corresponding meter used.

Now, objective function is defined as follows:

) =3 -y (X)? Ry
i=1

=[z-h()I"R™z~h(x)]

®)
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Finally, the weighted least squares state estimation
leads to an iterative solution of the following equation
namely Normal Equation (NE) [12]:

G(x*)Ax* = HT (x*)R 1az® (6)
where, H is measurement Jacobian matrix of h(x), G is

. . . Tp-1
gain matrix and is equal to H'R™H and k denotes the
iteration index.

The residual index is as follows:

r=Az=z-H(x) @)

In the conventional power system telemetry stations,
both active power and reactive power are analogue
measurements. If these parameters are chosen as set of
measurements and bus voltages are chosen as states
then measurement equation is nonlinear. Decoupled
weighted least squares state estimation is introduced to
have linear measurement equation [12]. Also, when line
currents and some bus voltages are chosen as state
variables, measurement equation becomes linear [13].

In linear measurement equation:

z=Hx+e (8)
In this case the objective function is:
J(x) =[z-Hx]"R[z-Hx] 9)

In order to have a unique solution, linear equation
must be completely determined or over determined. At
these conditions, the system state vector is estimated as
follows [5], [9]:

Xestimated =G —lH T R —lZ (10)

Network observability analysis must be checked
prior to SE. This analysis will be determined if a unique
estimate can be found for the system states [12, 14].

In this paper, according to [14] the network
observability analysis is done to determine observability
of the network.

3 Time Domain State Estimation

Time domain state estimation requires time domain
modeling of power system components and some
assumptions in power system. These assumptions allow
the use of single phase circuit for modeling power
system. If measurement sets are placed on the lines,
main component for state estimation in power system is
line or branch modeling. Therefore, the following issues
are concentrated to develop line modeling for time
domain state estimation.

The pi line model is used to show equivalent circuit
for a line in power system. The standard differential
voltage-current relationships for resistor, inductor and
capacitor elements are given at [15]:
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where oo is the compensating constant factor,
Vg (1),ig (t) are the voltage and current of the series

branch, respectively and v-().ic(t) are the voltage and

current across shunt branch, respectively. Also, R,L,
and C are the values of resistance, inductance and
capacitance of the line, respectively.

Let X, represents the vector of all bus voltages at

time t. Then the measurement equation can be written
as:

Zy =i (1) =iy (1) = HX, (13)

where, X, iy (1) are the vector of all bus voltages and
measurement current at t instance, respectively. Also, H
and i, (t) are measurement matrix in time domain and
history term of components at t instance, respectively.
The mth row of corresponding to the mth branch
between buses k and j is obtained as follows:

2C,.
Hmi)=———W _,_ 1*o (14)
At(t+a) —Zij+(1+oc)R
At K
. 1+a
H(m,j) = T (15)

K
I
at T ETORy

where o is a constant referred as the compensating
factor, which is zero for the trapezoidal approach.
Assuming there are Npy, measurements and N

states (bus voltages), then iy (1) is a vector of
measurements, H is the N, xNg Measurement matrix,
Xt is a Ns vector of bus voltages, and ih(t) is an
Nm vector of history terms. Instantaneous bus voltages
are then calculated using (10).
4 Fault Detection and Identification Approach

SE has typically several functions. One of these

functions is topology error processing. The topology
error processing can be classified in two categories:
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branch status error and configuration error. When a fault
is occurred, there is one topology error. It is categorized
as branch status error. In the fault status, the
measurement matrix dimensions are not changed but
some elements of the measurement matrix are changed.
This subject is described in the following.

For deriving the measurement matrix at fault
duration, it is assumed that there is a fault on a line
connecting bus #k and bus #j. Fig. 1 shows the fault
status on a line, in which

Lf :ﬂ—kj’Rf :7Rkj’Cf :7'ij

ZYij l1+a (16)

At(l )+2vL

+ o kj
——+([@+a)yRy
At (L+a)y ki

H(m,k) =

and
H(m,j)=0 17

where v is fault distance and Rkj 'ij are values of

.ij
resistance, inductance and capacitance of the line.

The proposed approach combines two test methods
for fault detection and identification. The main idea is
that when there is a fault, there is a single error on
network topology at fault duration. The selected
methods are the largest normalized residual test and
residual analysis. They are based on residual value and
residual mean value, respectively.

The largest normalized residual test can be used to
devise a test for identifying and detecting a single error
[12].

The test has the following steps: 1. Solve WLS to
obtain residual vector. 2. Compute the normalized
residuals as follows:

N :ﬂ,izl,z,...,m (18)

\/Q_”
where, m is the number of measurements and Q is the
residual covariance matrix. If rkN >3, then there is a
fault, 5 is chosen as a threshold for fault detection.

Network

>
| il Fju]t l

Fig. 1. The fault status on a line

It is necessary to say that fault location must be
determined to solve SE. In other words, measurement
matrix at the steady state is different from measurement
matrix at fault duration. In this case, a method is
required to detect and identify on which line or branch
the fault occurs. The proposed approach uses the
residual analysis concept to determine fault location and
to rebuild measurement matrix.

Basic point in fault status is the fact that
measurement matrix dimensions are not changed.
Therefore, the relation between measurement matrixes
in two statues is described as [1, 16]:

Hfaure = Hsteady +E (19)

where, E is the error measurement matrix.
In fault duration SE equation is defined as:

Z=HpyX +€ = Hgepgqy X + EX+€ (20)

Before fault detection and identification, residual
vector at fault duration is given as:

X (21)

r=z- Hsteadyx

Mean and covariance values for residual are
expressed as:

E(r) = (I-K)Ex (22)
Cov(r)=(I-K)R (23)
where K is hat matrix as follows

K= HsteadyG&HsteadyT R™ (24)

The following equation relates relationship between
residuals and vector line error [17].

r=TFf (25)
where f is vector line error and T is given by:
T=(-K)M (26)

where M is measurement - to - line incident matrix.
According to the co linearity test which is described
in [17] the dot product between T and r is as follows:

T'r
oS0 = — 27

[l

where HTJH"r" are the largest singular value of
Tj, r,respectively.

Line j has a short circuit fault if cosej is

approximately equal to one. For other lines they are less
than one. In this case, the two described methods with
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power network topology at fault duration can be used to
detect and identify fault as fault indices.

5 Fault Type Estimation Algorithm

Time domain state estimation requires time domain
modeling. At fault, power system network operates
under unbalance condition for three-phase system.
Therefore, it is necessary to develop measurement
equation in the structure of three-phase system. In
addition, the method can be used to estimate state
variables under unbalance condition at steady state. Fig.
2 shows typical three-phase line of the network with
current measurement connecting bus s and bus r.
Measurement equation in a three-phase system at time
domain is as follows:

l,=H.V,+h V.4 +hi.l4 (28)
where
Lo =[las () Ty (®) 1T (29)
Ve =[VL () Vo) V(T
(30)
H, 0 ©
H,o= 0 H, 0 (31)
0 0 H,
h, 0 0
he,=[0 h, O (32)
|0 0 h
(h, 0 0
hi,=/0 h, 0 (33)
|0 0 h',
las (£) = [imaz (1) imaw (0] (34)
V, (1) = [V (1) i ()] (35)
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Fig. 2. Typical three-phase line of the network with
measurement set
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in which N is number of buses and M is number of
measurements.

When a fault is occurred, fault zone is determined
using fault detection and identification method which is
described is section 4. Type of fault forecasting and
measurement  equation  structure rebuilding are
described in the following subsections.

5.1 Single-Phase-to-Ground Fault (SLG)

Assume there is a single-line-to-ground fault in
phase A of line m. At this condition, the largest element
of normalized residual vector can be compared against a
statistical threshold to decide about the existence of a
fault. This threshold can be chosen based on the desired
level of detection sensitivity. The normalized residual
vector related to phase A measurement will be increased
at the fault. Also, theta cosine index vector related to
phase A, for the line m, will be approximately equal to
one. State estimation procedure detects and identifies
line-to-ground fault type. The duration of estimation is
one time step after fault instance. After this conduction,
measurement matrix is rebuilt as follows:

Cfa = YCrsa ) Lfa = YLrsa ) Rfa = ersa (36)

2Cs, . 1+a

Atl+a) 2L
R +a)R
At 1+ )Ry,

Ha(m,s) =

@37)

H,(m,r)=0 (38)
2C l-a
h,(m,s) = fa 39
«(M9= e T2, R, (39)
At a
h,(m,r)=0 (40)

where measurement m is located on line k.
Measurement matrixes for other two phases do not
change and assuming fault resistance is zero.

5.2 Two-Phase-to-Ground Fault (LLG)

When two-phase-to-ground fault is occurred, for
example between phase A and phase B, fault indices for
two phases are increased. But there is not any difference
between this condition and phase-to-phase fault
condition. The increscent for two condition are the same
and unable to detect. The proposed solution is that state
estimation is done based on two-phase-to-ground fault
condition after that fault indices are calculated again. In
that case, measurement matrix can be calculated as:

qu = YCrsq ) qu = YLrsq ) qu =7R rsq (41)
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2C
Ho(ms)=|— "0, 1+ (42)
At+a)  2heg +(1+o)R
At fa
Hq(m,r)=0 (43)
2C _
y(m.s) =| il ST Lo (44)
—+1+a)R
At ( OL) fq
hg(m,r)=0 (45)

where q=a,b. In fact, equations are valid for phase A
and phase B. If fault indices can be returned to steady
state zones then the assumption is true. Otherwise, there
is phase-to-phase fault. The mentioned determination is
done at one step time duration.

5.3 Phase-to-Phase Fault (LL)

In steady state condition, current measurement at
sending end for phase A depends on what happened at
sending end voltage and receiving end voltage in phase
A at same time and at one step time earlier. When LLG
fault is occurred, the dependency at receiving end
voltage in phase A and phase B is neglected. This
subject is implemented using equations (46), (50).

In LL fault, current measurement at sending end for
phase A, approximately, depends on what happened at
sending end voltage in phase A and B at the same time
and at one step time earlier. There is same condition for
the current measurement at sending end for phase B.

Therefore, measurement matrixes are illustrated as
follows:

H,(m,r)=0 (46)
h,(m,r)=0 (47)
Hy.(m,s) =—-H,(m,s) (48)
hy, (M,s) =—h, (m,s) (49)
H,(m,r)=0 (50)
h,(m,r)=0 (51)
Hap (M,5) = —Hy (M,5) (52)
h,,(m,s) =-h,(m,s) (53)
where
H, Hp, O
Hi=|Hyp H, O (54)
0 0 H

ha hba 0
heg=|{hs hy O (55)

5.4 Three-Phase Symmetric Fault (LLL)
Three-phase fault and three-phase-to-ground fault
cause to increase all the fault indices of the three phases.
Therefore, measurement equation is constructed as the
following:

qu = YCrsq J qu = YLrsq J qu =7R rsq (56)
2C
Ho(ms)=|— 0y 1+ (57)
AtL+a) - 2heg +@1+a)R
At fq
Hy(m,r) =0 (58)
2C _
y(m.s) =| fa 43T Lo (59)
—+(@Q+o)R
At ( 0L) fq
hg(m,r)=0 (60)

where g =a,b,c. In fact, equations are valid for phase
A, phase B, and phase C. The algorithm for voltage sag
estimation is summarized in Fig. 3.

6 Numerical Analysis

Since field data are not available, case studies based
on simulated data are presented for demonstrating the
effectiveness of the new algorithm. IEEE 14-bus test
system is utilized to estimate state variable. The system
with 15 lines, 3 transformers and 2 generators is used to
simulate at the time domain [18]. The set of
measurements are based on the method for observability
analysis according to [14]. The method is used to
guarantee fully observable network. The measurements
placement description is illustrated in the appendix. The
test system with measurement set is shown in Fig. 4. The
system has 17 current measurements on lines and one
voltage measurement on bus 1. The number of the
measurements is relatively high compared to the
number of the voltages to be estimated. It causes to
guarantee the linear equation is over determined.

The power system is simulated in three-phase
structure and in time domain. The Gaussian noise with
zero mean and @ =0.1% s applied to all measured
quantities. The simulation is done with 0.1 ms time step
for 160 ms simulation time. Different fault types occur
in the middle of line 4 at time 40 ms. Fault duration is
assumed to be 4 cycles, assuming zero fault resistance.
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Fig. 5. Normalized Residual Index for measurement set in
three-phase at no fault

Three-Phase Fault
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0 5 10 15 20 25 30 35 40 45 50 55 60
Measurement NO.
Fig. 6. Normalized Residual Index for measurement set at
three-phase fault

Fig. 5 shows normalized residual values for all
measurements in three-phase system at steady state
condition. The measurements 1 to 18 are related to
phase A, the measurements 19 to 36 are related to phase
B and the measurements 37 to 54 are related to phase C.
All of the values are under threshold condition so that
there is not any fault. After LLL fault, these values are
increased from threshold value. The aforementioned
subject is depicted in Fig. 6. The figure shows that
measurements number 17, 35 and 53 have quantity
larger than other values. The measurements number 17,
35 and 53 are related to current measurement of phase
A, B and C of line 4, respectively.

When fault is detected and identified, measurement
equation must be rebuilt during the fault condition. This
case requires fault type determination. The
determination is based on fault index. It is clear that
there is a LLL fault in Fig. 6. Therefore, measurement
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matrix is rebuilt according to section 5. Instantaneous
voltages (estimated and simulated) for bus 10 at both
conditions (fault and steady state) are shown in Figs. 7,
8, and 9. These figures are for phase A, phase B and
phase C, respectively.

For LLG fault analysis, a LLG fault was occurred in
the middle of line 4 at time 40 ms. Fault duration is
assumed to be 4 cycles. The comparisons between the
instantaneous estimated voltages and the simulated
voltages are illustrated in Figs. 10, 11, and 12. These
figures are for bus 10 and for phase A, B and C,
respectively.  These  figures  demonstrate  that
instantaneous voltage estimation provided a good
estimate of the system states and was capable of
correctly detecting fault instance, identifying fault
location, estimating fault type and rebuilding the
measurement matrix.

LL fault is considered in subsection 6.3. Figs. 13, 14
and 15 are for bus 10-phase A, bus 10-phase B and bus
10-phase C, respectively. Phase A and phase B are
considered as faulted phases.

The estimated and simulated results are shown for
SLG fault in Fig. 16 as dotted and solid lines,
respectively. The figure includes phase A waveform,
Phase B waveform and Phase C waveform. Phase A has
fault status.

All plotted figures show that estimated voltages are
coincided on the simulated voltages. In other word, both
estimated and simulated results are indistinguishable
due to similarity. Therefore, this lead to less error in
estimated values so that these figures confirm the
validation of the proposed algorithm.

7 Conclusion

In this paper, an efficient algorithm is applied to
estimate fault type for instantaneous voltage estimation
with more accurate estimation. Main application of the
algorithm is considered for voltage sag estimation. It is
clearly shown that different fault types can be detected
and identified using the proposed fault indices.
Threshold value for detecting fault depends on network
parameters. In addition, it is shown that the largest
normalized residual analysis and residual analysis can
be used to estimate fault instance and to estimate fault
location. Also, the results of estimated and simulated
voltages emphasize the validation of the novel
algorithm. With the proposed method, not only voltage
sag magnitude but also voltage sag duration can be
calculated. Generally, the proposed novel algorithm is
suitable for other aspects of power quality monitoring as
well as voltage sag.

6.1 Figures of Three-Phase Symmetric Fault (LLL)

Bus 10-Phase A-LLL Fault
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Fig. 7. Instantaneous voltage for phase A-bus #10 at LLL
Fault (estimation and simulation)

Bus 10-Phase B-LLL Fault

— — — Estimation
165 - — - - ___ Simulation | _ _ _ _ _ _ _ _ _ _ _

Voltage(p.u.)

!
|
1 1 1 1 1l 1
0 200 400 600 800 1000 1200 1400 1600
Number of Samples

Fig. 8. Instantaneous voltage for phase B-bus #10 at LLL
Fault(estimation and simulation)

Bus 10-Phase C-LLL Fault
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Fig. 9. Instantaneous voltage for phase C-bus #10 at LLL
Fault(estimation and simulation)
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6.2

Voltage(p.u.)

-2
0 200

Figures of Two-Phase-to-Ground Fault (LLG)
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Fig. 10. Instantaneous voltage for phase A-bus #10 at LLG
Fault(estimation and simulation)
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Fig. 11. Instantaneous voltage for phase B-bus #10 at LLG
Fault (estimation and simulation)
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Fig. 12. Instantaneous voltage for phase C-bus #10 at LLG
Fault (estimation and simulation)
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6.3 Figures of Phase-to-Phase Fault (LL)
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Fig. 13. Instantaneous voltage for phase A-
Fault (estimation and simulation)
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Fig. 14. Instantaneous voltage for phase B-bus #10 at LL

Fault (estimation and simulation)
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Fig. 15. Instantaneous voltage for phase C-bus #10 at LL

Fault (estimation and simulation)
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6.4

Voltage(p.u.)

2 I I I I
0 200 400 600 800

Figure of Single-Phase-to-Ground Fault (SLG)
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Fig. 16. Instantaneous voltage for phase A, B, C-bus #10 at
SLG Fault (estimation and simulation)

Table 1. Measurements Placement

Measurement # Placement
1 Line 2
2 Line 1
3 Line 7
4 Line 8
5 Line 10
6 Line 13
7 Line 11
8 Line 15
9 Line 14
10 Line 3
11 Line 12
12 Line 17
13 Line 18
14 Line 16
15 Line 6
16 Line 5
17 Line 4
18 Busl
Appendix

The measurement placement for IEEE 14-bus is

illustrated in Table 1.
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