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Abstract – A new one-end fault location algorithm 

designated for series-compensated transmission lines is 
delivered in this paper. It is based on differential equation 
approach, which allows good reflection of the dynamic 
phenomena relevant for faults occurring behind the bank 
of series capacitors (SCs) equipped with metal oxide 
varistors (MOVs). As a result of that, a good stabilisation 
of the estimation results (distance to fault, fault path 
resistance) is assured. This algorithm is recommended for 
application to the heavy fault cases with high level of noise 
components in the measured current / voltage signals, 
which appear as difficult for filtering out with using the 
earlier known fundamental frequency phasor approach. 
The algorithm is derived with use of the Clarke 
transformation for description of the network and the 
fault. The presented fault location algorithm has been 
tested and evaluated with use of the ATP-EMTP fault 
simulation data. The sample results are delivered and 
discussed. 

Keywords: transmission line, series-compensation, 
MOV, fault location algorithm, differential equation,  
simulation, ATP-EMTP 

1 INTRODUCTION 
Use of series capacitor compensation in power 

transmission line results in achieving the well-known 
technical and economical benefits. At the same time, 
series-compensated lines are considered as the power 
system items, which are extremely difficult for 
protecting [1]–[5] and for locating faults aimed at the 
inspection-repair purpose [6]–[8]. 

In this paper the transmission line compensated with 
a three-phase capacitor bank installed in the middle 
(Fig.1a) is considered. Series capacitors (SCs) are 
equipped for over-voltage protection with non-linear 
Metal-Oxide Varistors (MOVs) (Fig.1b). Under faults 
behind SCs&MOVs the fault loop becomes strongly 

non-linear, and in consequence the nature of transients, 
as well as the steady state situation, is entirely different, 
when comparing with traditional uncompensated lines. 
It is considered that the fault location is performed prior 
operation of the thermal protection (TP) at the MOV, 
which sparks the associated air-gap and thus shunts the 
MOV. 

Faults in series-compensated lines can be located us-
ing deterministic [6]–[7] and also using artificial intelli-
gence methods [8]. In [6] the fundamental frequency 
phasor based fault location algorithm, utilising one-end 
measurements, has been introduced. SCs&MOVs were 
equivalented there for the fundamental frequency and 
the phase co-ordinates approach has been used for for-
mulation of the algorithm. This algorithm is composed 
of two subroutines, designated for locating faults behind 
(fault F1 – Fig.1a) and in front of SCs&MOVs (fault F2 
– Fig.1a). The final result is obtained by selecting the 
valid subroutine. The reference [7] deals with applica-
tion of two-end synchronised measurements for fault 
location, which appears attractive, however requires the 
communication means and the GPS. 

This paper, as its innovative contribution, delivers 
the new one-end fault location algorithm, which is 
based on differential equation approach. The algorithm 
has been developed with the aim of applying it under 
heavy fault cases, as the supplementary subroutine to 
the previous – fundamental frequency phasor approach 
[6]. This is highly required when a fault appears behind 
SCs&MOVs (Fig.1a – fault F1) through high fault resis-
tance (considerably above 10Ω) and the fault location is 
performed from the side of the weak source. Under such 
faults the measured voltages and currents are grossly 
contaminated with the components, which are difficult 
for filtering out with the standard filtering techniques. 
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Figure 1:  Fault location in series-compensated line: a) schematic diagram, b) voltage-current characteristic of MOV. 
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The presented fault location algorithm is derived 
with description of the transmission network for the  
0, α, β modes. Application of the generalised fault 
model, and use of the estimated instantaneous voltage 
drop across the SC&MOV circuit, are the core of the 
delivered new fault location algorithm. After derivation 
of the algorithm, its testing and evaluation with  
ATP-EMTP fault simulation data follows. 

2 FAULT LOCATION ALGORITHM 

2.1 Clarke transformation 
Transformation of the phase co-ordinates (in time 

domain) of a 3-phase (a, b, c) symmetrical system into 
the 0, α, β co-ordinates can be performed according to 
the following matrix relation: 
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It is also possible to use the Clarke transformation to 
phasor representation of a 3-phase system. In this case 
the instantaneous 0, α, β coordinates can be obtained by 
taking into account only a real part of the complex 
transformation. 

Considering the phasor representation of currents, 
the following relations between the Clarke and 
symmetrical components can be derived: 

0120 iCi s=αβ  (2) 

αβ
−= 0

1
012 iCi s  (3) 

where: 
















=

jj-
11

0
0

001

sC , 















=−

j-1
j1

0
0

002

2
11

sC  

Analogously is for voltages and as a result of that 
one derives the relation between impedance parameters 
for the 0, α, β and symmetrical sequences: 
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The transmission network is a static network 
(positive and negative sequence parameters are 
identical: 21 ZZ = ) and therefore one gets that 
impedance parameters for the 0, α, β and symmetrical 
sequences are respectively equal to each other: 
{ } { }01200α0 ZZ =β , 1α ZZ = , 1β ZZ =  (5) 

2.2 Description of  the transmission network for  
0, α, β modes 

Taking into account the above considerations with 
respect to the Clarke transformation (5) one can 
represent the transmission network with the series-
compensated line as depicted in Fig.2. The equivalent 
diagram from Fig.2 is valid for each of 0, α, β modes. 

It assumed in Fig.2 that the SCs&MOVs banks are 
installed at distance p (pu) from the terminal A. The 
respective voltage drops across the SCs&MOVs (VV) 
for particular 0, α, β modes represent the banks. These 
voltage drops are obtained from the instantaneous 
voltage drops, which in this study are considered as 
estimated by solving the non-linear differential equation 
stated for the SC&MOV circuit [3]. 

The respective resistances and inductances represent 
the transmission line (note: shunt parameters of the line 
are not taken into account at this stage). The respective 
impedance parameters and the EMFs represent the 
equivalent systems behind the line terminals. For the 
balanced 3-phase sources their representation for the 0 
mode involves the EMF equal to zero. 

2.3 Generalised fault loop model 
A generalised model of the fault loop considered for 

different fault types can be described in the similar way 
as for the symmetrical components [9]. Taking the 
Laplace transformation ( s  - Laplace operator) one 
obtains the following fault loop model: 

( ) 0)()()(

)()()()(

FβFβFαFαF0F0F

V_pA_p1LA_p

=++−

−−

sIasIasIaR

sVsIsdZsV
 (6) 

where: 
d  – unknown and sought distance to fault (pu), 

1L1L1L )( sLRsZ += , 1LR , 1LL  – positive sequence 
resistance and inductance of the faulted line, 

)(  ),( A_pA_p sIsV  – fault loop voltage and current, 

composed according to the fault type, 
)(V_p sV  - voltage drop across SC&MOV circuit for the 

considered fault loop (single phase or inter-phase loop), 
FR  – fault resistance, 

)(F sI i  – sequence components of the total fault current 
(i = 0 – zero,  i = 1 – positive,  i = 2 – negative 
sequences), 

iaF  – share coefficients dependent on fault type. 
Fault loop voltage and current from (6) are 

determined in the following way: 
)()()( A_A_αA_00A_p sVaVasVasV ββα ++=  (7) 

)()(
)(
)()( A_ββA_ααA_0

1L

0L
0A_p sIaIasI

sZ
sZasI ++=  (8) 

The weighting coefficients 0a , αa , βa  in (7)–(8) 

and the share coefficients  F0a , Fαa , Fβa  from (6) have 
to be determined in such a way that they take the real 
number values, what facilitates the algorithm formula-
tion. Using the transformation rules (2)–(3) one deter-
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mines their values, which are gathered in Table 1 and 
Table 2. 

The share coefficients for 0, α, β modes can be 
determined as follows: 

0F0F aa =  (9) 
( )F2F1Fα 5.0 aaa +=  (10) 
( )F2F1Fβ j5.0 aaa −=  (11) 

There is some freedom in selecting the share 
coefficients [9]. In order to get the share coefficients 
(9)–(11) as real numbers special set of these coefficients 
for the symmetrical components has been selected 
(Table 2). This was obtained from analysis of the 
boundary conditions of faults. 

Next step in the derivation of the fault location 
algorithm is related with determination of the total fault 
current components for the respective 0, α, β modes. 
This requires considering the flow of fault currents in 
the circuits for particular 0, α, β modes (Fig.3 shows 
this circuit for the α mode). As a result of that one 
obtains: 
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where: 
)(F0 sI , )(Fα sI ; )(Fβ sI  – 0, α, β components of the 

total fault current, 
)(F0 sk , )(Fα sk , )(Fβ sk  – fault current distribution 

factors for particular modal quantities, 
)(A0 sI , )()()( preAAαAα sIsIsI α_−=∆  and  

)()()( re_pAβAβAβ sIsIsI −=∆  – 0, α, β components of 
currents measured at the terminal A, 

)(V0 sV ,  )()()( _preVVVα sVsVsV αα −=∆  and 

)()()( _preVVV sVsVsV βββ −=∆  – 0, α, β components of 
incremental voltage drop across the SC&MOV, as seen 
from the station A; 

)(0V sZ∆ , )(V sZ α∆ , )(V sZ β∆  – impedance of the 
equivalent circuit, which reflects participation of the 
adequate voltage components: )(0V sV∆ , )(V sV α∆ and 

)(V sV β∆  in particular components of the total fault 
current. 

Note that in cases of the α and β modes the 
superimposed (incremental) quantity (post-fault current 
minus pre-fault quantity) is used. 

Fault current distribution factors and mentioned 
impedances of the equivalent circuits depend on the 
configuration of the transmission network (Fig.3) and 
impedance parameters. Assuming that all impedances 
for the positive and for the negative sequence are equal 
to each other, one obtains analogously as for the 
symmetrical components approach: 
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Coefficients, which are used for composing the fault 
current distribution factor (15) and impedance of the 
equivalent circuit (16) are gathered in Table 3. The case 
of a single (Fig.3) line has been considered for that. 
Parameters for the zero sequence circuit are not consid-
ered here because the share coefficient for the zero 
sequence and thus for the 0 mode equals zero. 
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Figure 2:  Equivalent circuit diagram of the investigated transmission network for  0, α, β components. 
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Symmetrical components α, β components; note: 00 aa =   
Fault type 

0a  1a  2a  αa  βa  

a–g 1 1 1 1 0 
b–g 1 2a  a  –0.5 0.5 3  
c–g 1 a  2a  –0.5 –0.5 3  

a–b, a–b–g 
a–b–c, a–b–c–g 

0 2–1 a  a–1  1.5 –0.5 3  

b–c, b–c–g 0 aa −2  2aa −  0 3  
c–a, c–a–g 0 1−a  12 −a  –1.5 -0.5 3  

( )3/2jexp π=a  
 

Table 1:  Composition of fault loop signals for symmetrical components and 0, α, β components. 

Symmetrical components α, β components; note: 0F0F aa =   
Fault type 

F0a  F1a  F2a  Fαa  Fβa  

a–g 0 1.5 1.5 1.5 0 
b–g 0 1.5 2a  1.5 a  –0.75 0.75 3  
c–g 0 1.5 a  1.5 2a  –0.75 –0.75 3  
a–b 0 ( )2–10.5 a  ( )a–10.5  0.75 –0.25 3  
b–c 0 ( )aa −25.0  ( )25.0 aa −  0 0.5 3  
c–a 0 ( )15.0 −a  ( )15.0 2 −a  –0.75 –0.25 3  

 a–b–g 0 2–1 a  a–1  1.5 –0.5 3  
b–c–g 0 aa −2  2aa −  0 3  
c–a–g 0 1−a  12 −a  –1.5 –0.5 3  

a-b-c-g, a-b-c 0 2–1 a  a–1  1.5 –0.5 3  
 

Table 2:  Sets of the weighting coefficients for determining the voltage drop across the fault path resistance. 
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Figure 3:  Circuit diagram for α mode for consideration of fault currents flow. 
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Table 3:  Coefficients used for composing fault current distribution factors. 
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After introducing the fault current distribution factors 
(15)–(16) into the generalized fault loop model (1) the 
quadratic formula with two unknowns (d (pu) – sought 
fault distance, FR  – fault resistance) is obtained: 

0)()()()( F
2 =−+− sDRsCdsBdsA  (9) 

where: 
)()()()( A_p1L1 sIsZsKsA −= , 

( )( ))()()()()()()( V_pA_p1A_p1L1 sVsVsKsIsZsLsB −−= , 

( ))()()()( V_pA_p1 sVsVsLsC −= ,

( )
( ))()()(            

)()()()(

VβFβVαFα1

AβFβAFα1

sVasVasN

sIasIasMsD

∆+∆+

∆+∆= α  

Then, the bilinear transformation is used for 
transforming (9) from the Laplace (s) domain into the 
discrete time (k) domain: 

1

1

s 1
1m −

−

+
−=

z
zs  (11) 

where: 

)5.0tan( s1

1

T
ms ω

ω= , 

sT  – sampling period, 1ω  – angular frequency. 
Application of (11) yields: 

0)()()()( F
2 =−+− kDRkCdkBdkA  (12)   

The coefficients involved in () are determined by the 
network parameters, three consecutive samples of the 
measured signals and three consecutive samples of the 
estimated voltage drop across the SC&MOV [9]. 

 

The coefficients of (12) were orthogonalised with the 
half-cycle Fourier algorithm and then the formula (12) 
was solved as for the phasor-based approach. Because 
of transients in the measured signals, the obtained re-
sults exhibit extensive fluctuations. Therefore, for stabi-
lisation of the final result the half-period (processing 

2/N  samples) mean value filter was applied. The re-
cursive form of such a filter for a distance to fault 
(analogously is for a fault resistance) is as follows: 

( ))2/N()(
N
2)1()( ff −−+−= kdkdkdkd  (13) 

The other possibility of smoothing results can also be 
considered for that, as for example use of median filters. 

3 ATP-EMTP EVALUATION 
The presented fault location algorithm has been 

evaluated with using the fault data obtained from ATP-
EMTP [10] versatile simulations of faults. The studied 
network contains the 400 kV, 300 km transmission line, 
compensated at 70% rate. The parameters of the net-
work are gathered in Table 4. Capacitive voltage trans-
formers (CVTs) and current transformers (CTs) have 
been modelled together with the second order analogue 
anti-aliasing filters with the cut-off frequency set to 350 
Hz. Signals were sampled at 1000 Hz. 

Different specifications of faults have been consid-
ered in the study. Selected results are depicted in  
Fig.4–Fig.5. 

4

0 20 40 60 80 100 120
-4

–3

–2

–1

0

1

2

3

Time (ms)

Si
de

 A
 –

 P
ha

se
 V

ol
ta

ge
s (

10
5 
V

)

                      
0 20 40 60 80 100 120

–2000

–1000

0

1000

2000

Time (ms)

Si
de

 A
 –

 P
ha

se
 C

ur
re

nt
s (

A
)

 

0 20 40 60 80
0

1

2

3

4

Post-Fault Time (ms)

Si
de

 A
 –

 A
m

pl
itu

de
s o

f P
ha

se
 V

ol
ta

ge
s (

10
5 
V

)

                      
0 20 40 60 80

0

500

1000

1500

2000

2500

Post-Fault Time (ms)

Si
de

 A
 –

 A
m

pl
itu

de
s o

f P
ha

se
 C

ur
re

nt
s (

A
)

 
Figure 4:  Example of heavy fault location: a) phase voltages, b) phase currents, c) amplitudes of voltages, d) amplitudes of currents. 

a) b) 

c) d) 
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Figure 5:  Example of heavy fault location: a) estimated distance to fault, b) estimated fault resistance, c) estimated equivalent 
fundamental frequency resistance, d) estimated equivalent fundamental frequency reactance, e) input signal of the procedure for 
estimation of SC&MOV voltage drop, f) output signal of the procedure for estimation of SC&MOV voltage drop . 

The simulation case, for which the results are pre-
sented in Fig.4 – Fig.5 has the following specifications: 
a–g fault at distance 0.5+ (pu), i.e. just behind 
SCs&MOVs, fault resistance Ω= 25FR , fault location: 
performed from the terminal A (weak equivalent system 
behind this terminal – Table 4). Waveforms of the fault 
locator input voltage (Fig.4a) and current (Fig. 4b) for 
this case are contaminated with components difficult for 
filtering out. As a result of that one observes rather pure 
stabilisation of the signals amplitudes (Fig.4c, Fig.4d), 
calculated with use of the standard full-cycle Fourier 
technique. 

Fig.5a – Fig.5b present the estimation results. The re-
sults obtained with the earlier method, i.e. with the 
fundamental frequency phasor based approach [6]: 

phasord , phasor
FR  exhibit some transients. The fault loca-

tion error is around 2%. In contrast, for the results ob-
tained with use of the method delivered in this paper, 
i.e. with the differential equation based approach: diffd , 

diff
FR  very good stabilisation is observed. The fault 

location error is below 0.5%. 
Fig.5c – Fig.5d show the fluctuations in the funda-

mental frequency equivalent of SCs&MOV [6]: resis-

a) b)

c) d)

e) f)
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tance ( V_aR ) and reactance ( V_aX ) from the faulted 
phase. These fluctuations show how the considered 
fault case is difficult for the location. 

 Fig.5e – Fig.5f show the input signal (measured 
current) and the output of the procedure [3] (estimated 
voltage drop across the SC&MOV), which is used for 
determining the representation of the capacitor bank 
used in the presented technique. The estimated drop 
(Fig.5f – dashed line with the calculations points 
marked by dots) accurately follows the actual voltage 
drop (solid line).  

 

Component                 Parameter 
l  300 km 

'
L1Z  (0.0276+0.3151) Ω/km 

'
L0Z  (0.2750+1.0265) Ω/km 

'
L1C  13.0 nF/km 

Line AB 

'
L0C  8.5 nF/km 

CX  1L 70.0 X  Series  
capacitors  p  0.5 pu 

 P  1 kA 

VREF  150 kV 

MOVs  
characteristic: 

q

REF

V
MOV P 








=

V
vi  

 q  23 
Z1SA  (8.0+j100.0) Ω 
Z0SA  (14.0+j150.0) Ω 

Equivalent 
system  
at terminal A Angle of 

EMFs  0 deg 

Z1SB  (1.312+j15) Ω 
Z0SB  (2.334+j26.6) Ω 

Equivalent 
system  
at terminal B Angle of 

EMFs  –30 deg 
 

Table 4:  Parameters of the transmission network. 

4 CONCLUSIONS 
In the paper the new accurate algorithm for locating 

faults on power transmission line with series capacitor 
compensation has been delivered. The algorithm allows 
achieving good stabilization of the estimation results for 
the heavy fault cases with grossly contaminated the 
fault locator input signals. Such cases happen for faults 
behind SCs&MOVs with involving high fault 
resistance, especially if the location is performed from 
the week equivalent system side. 

The delivered fault location algorithm imposes 
higher computational burden than the previous phasor 
based approach. However, this can be accepted since 
the computations are to be performed in the off-line 
regime. 

Innovative contribution of this paper relies on: 
– the dynamic behaviour of SCs&MOVs has been 

accounted for by representing them with the esti-
mated voltage drops across the capacitor banks, 

– inclusion of such representation of SCs&MOVs 
has become possible with the derived differential 
equation based fault location algorithm 

– use of the Clarke transformation together with the 
general fault loop model has allowed to get the 
algorithm in which the measured signals are 
processed in a convenient way, i.e. with use only 
real number coefficients. 

The performed testing and evaluation with the fault 
data obtained from ATP-EMTP simulations proved 
superior (in comparison to the previous approach) 
performance of the presented fault location algorithm 
under heavy fault cases. 
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