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Fault location in power distribution systems 
considering a dynamic load model 

Localización de fallas en sistemas de distribución de energía 
eléctrica considerando un modelo dinámico de carga 

D. Patiño-Ipus 1, H. Cifuentes-Chaves 2, and J. Mora-Flórez 3

ABSTRACT 

In the electrical power systems, load is one of the most difficult elements to be represented by an adequate mathematical model due 
to its complex composition and dynamic and non-deterministic behavior. Nowadays, static and dynamic load models have been 
developed for several studies such as voltage and transient stability, among others. However, on the issue of power quality, dynamic 
load models have not been taken into account in fault location. This paper presents a fault location technique based on sequence 
components, which considers static load models of constant impedance, constant current and constant power. Additionally, an 
exponential recovery dynamic load model, which is included in both the fault locator and the test system, is considered. This last 
model is included in order to consider the dynamic nature of the load and the performance of the fault locators under this situation. 
To demonstrate the adequate performance of the fault locator, tests on the IEEE 34 nodes test feeder are presented. According to the 
results, when the dynamic load model is considered in both the locator and the power system, performance is in an acceptable range.  

Keywords: Fault location, electric power distribution systems, power quality, dynamic load model.

RESUMEN

En los sistemas eléctricos de potencia, la carga es uno de los elementos matemáticamente más difíciles de representar debido a su 
compleja composición y su comportamiento dinámico y no determinístico. Actualmente, se han desarrollado modelos estáticos 
y dinámicos de carga para diversos estudios, tales como estabilidad de tensión y estabilidad transitoria, entre otros. Sin embargo, 
en el campo de la calidad de la energía no se han tenido en cuenta los modelos dinámicos en la localización de fallas. Este 
artículo presenta una técnica de localización de fallas basada en componentes de secuencia, que considera modelos estáticos 
de impedancia constante, corriente constante y potencia constante. Además, se considera un modelo dinámico de recuperación 
exponencial, tanto en el localizador como en el sistema de pruebas. Este modelo se incluye para considerar la naturaleza dinámica 
de la carga y el desempeño de los localizadores ante esta situación. Para demostrar el desempeño adecuado del localizador de fallas, 
se realizaron pruebas en el sistema IEEE de 34 nodos. De acuerdo con los resultados, cuando se considera el modelo dinámico tanto 
en el localizador como en el sistema, el desempeño está en un rango aceptable.

Palabras clave: Localización de fallas, sistemas de distribución de energía, calidad de la energía, modelos dinámicos de carga.
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Power quality includes the quality of the energy supplied 
and the customer service. Quality of supply is related to 
the waveform and continuity. An efficient and timely 
fault location enables power utilities to improve service 
continuity indices (Mora, 2006).

On the other hand, load can be widely defined as one 
network device that absorbs, generates or controls active 
and reactive energy, which is affected by power system 

variations in voltage and frequency (Rifaat, 2004). In 
accordance with (Romero, 2002), in order to select 
an appropriate load model the load composition and 
disturbances behaviour must be previously known. 

Moreover, impedance based fault location techniques 
are highly dependent on the power system representation 
(Mora, 2006). Thus, by using models which accurately 
represent the behaviour of the power system elements, 
these methods could improve its performance. 

Nowadays, transmission lines, electrical generators 
and power compensators, among other devices, have 
acceptable models (Rodriguez, et al., 2013). However, 
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an appropriate load model is difficult to obtain due to the 
large number and diversity of the elements at the power 
distribution system (Chiang, et al., 1996). Besides, load 
variations over time and inaccurate information about load 
composition make this work complex (Stojanovi´c, et al., 
2007). Therefore, an appropriate load model that represents 
variations over time and is simultaneously suitable to be 
used in fault location methods is needed. In order to obtain 
a realistic representation of the power system and more 
operating scenarios in the fault location, the inclusion of 
the load model is analysed in this paper.

Taking into account the dynamic behaviour of the electrical 
loads, this paper proposes a fault location technique which 
considers static and dynamic load models in both the 
locator and the test power distribution system. This new 
approach allows to obtain a better power distribution 
system, modelled for more realistic tests. Finally and 
according to the documentation analysis, dynamic load 
models were not included in previous studies of fault 
location, as these presented in (Roman, 2014), (Herrera, 
2013), (Bedoya, 2013), (Bedoya Cadena, et al., 2013), 
(Panesso, et al, 2015), (Orozco, et al., 2013), (Brahma, 
2011), (Mora, 2006), (Das, 1998) and (Hagh, et al., 2012).

The proposed technique was tested with all shunt fault 
types (single phase to ground, phase to phase, and three 
phase), considering different distances from the main power 
substation, several fault resistances (Rf), and variations on 
the load model (Constant impedance, constant current, 
constant power, and dynamic models).

In the second section of this paper, the theoretical aspects 
for fault location using different dynamic load models 
are presented. In the following section, the exponential 
recovery load model was developed to consider it into 
the fault locator. The fourth section proposes the general 
methodology developed. Tests on the IEEE34 power 
system are then presented in section five. Finally, the most 
important conclusions are presented in the last section.

Theoretical basic aspects
This section is devoted to present the basic concepts used in 
this paper; detailed information can be obtained consulting 
the provided references.

Fault location method

The proposed fault location technique is based on the 
method developed in (Bedoya, et al., 2013). The technique is 
defined in Figure 1, where a line section between the nodes 
(x) and (y) of a faulted power distribution feeder is shown.

Figure. 1. Single-line diagram of faulted system between the nodes (x) 
and (y). 

Where,

Vabcd x
f
( ) : Phase voltage in fault steady state, at node (x).

Iabcd x f
f

( , ) : Phase current in fault steady state, flowing from 
node (x) to node (f).

ZL x y( , ) : Phase line section impedance from node (x) to 
node (y).

Y x( ) : Load admittance matrix at node (x).

m: Per-unit fault distance based on the line section length.  

Rf : Fault resistance.

A sequence equivalent power system was developed for 
each type of fault: single phase to ground, phase to phase, 
and three phase faults. Afterthis, a second order polynomial 
equation for each type of fault is obtained.

The general equation for the fault location is presented in 
Equation (1), where the constants Ka, Kb, Kc and Kd are a 
function of the power system parameters in Figure 1.

 Kbm
2+ Kcm+ Kd = Rf Ka  (1)

Expression (1) is separated into real and imaginary parts. Then, 
two equations with two unknowns (Rf and m) are obtained. 
Finally, solving this equation the m value is estimated.

Load models

Static load models represent the active and reactive power 
as an algebraic function of the nodal voltage and/or the 
system frequency at the same time instant. Equations (2) 
show the general representation.
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A general load model is the ZIP model, which represents 
the active and reactive power as a polynomial equation. 
Equations (3) and (4) contain the combined effect of load 
models of constant impedance, constant current and 
constant power.
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Where Po, Qo is the rated active and reactive power,
v
v0

 is the 

per unit load voltage, and finally, a0, a1, a2, b0, b1, b2 are the 
constant impedance, constant current and constant power 
coefficients of the active and reactive power, respectively. 
These coefficients meet the relations shown in Equations 
(5) and (6).

 a a a0 1 2 1+ + =  (5)

 b b b0 1 2 1+ + =  (6)
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Moreover, different load models can be obtained from 
Equations (3) and (4), assuming coefficients values as:

a0 = b0 =1 Constant power.

a1 = b1 =1 Constant current.

a2 = b2 =1 Constant impedance.

On the other hand, dynamic load models represent the 
active and reactive power through differential equations or 
difference equations, as functions of the absolute voltage 
and the system frequency. Equations (7) and (8) show the 
general representation.
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The exponential recovery load model, which is a dynamic 
model used in this paper, was experimentally developed 
from load behaviour analysis in substations under voltage 
disturbances (Karlsson & Hill, 1994). Equations (9) and (10) 
show the mathematic representation of the model.
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Where,

Sp  , Sq: State variables for active and reactive power, 
respectively.

Tp , Tq: Exponential recovery time for active and reactive 
power, respectively.

Nps  , Nqs: Exponents associated with steady state load res-
ponse.

Npt  , Nqt: Exponents associated with transient load response.

P0  , Q0: Rated active and reactive power, respectively.

Pd  , Qd: Active and reactive power demand of the load.

V: Load voltage.

V0: Load voltage in prefault steady state

Numerical methods to solve the dynamic  
load model

Some of the most popular methods to solve the differential 
equations of the load model are briefly discussed in this 
section.

1. Euler method

This method uses the derivative of a function y(x), evaluated 
at a point xo as the slope of the tangent line at this point. 
Therefore, if a short distance is travelled along this tangent 
line, then it can be getting an approximation to the real 
solution (Zill, 1997). The equations are presented in Equation 
(11).

 
!y = f x, y( ),      y x0( )= y0

yn = yn−1+  f xn−1, yn−1( )*h,  h= x1− x0
 (11)

Where h is the step size, x0 are the initial conditions, y0 are 
the previous states and xn−1, yn−1  are the previous states and 
xn−1, yn−1 are the current states.

2. Improved Euler method

This method calculates an average gradient between the 
current state and the next one. This method provides a better 
approximation than the previous one, according to (Zill, 1997). 
Equations for this method are presented in Equation (12). 
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2
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 (12)

3. Runge-Kutta method

This method is widely used due to its high precision, 
which was developed through the Taylor series (Zill, 
1997). General equations for the fourth order method are 
presented in Equation (13).
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 (13)

Where K1, K2, K3 and K4 are the constants of the method.

Load representation using the exponential 
recovery load model

The purpose of this section is to present the strategy used 
to include the dynamic behaviour of the load inside the 
code of the fault locators, which was done by updating 
voltage and current for each line section under study. The 
proposed method consists in modifying the equations, 
which describe the active and reactive power behaviour. 
Thus, these new modified equations describe the active 
and reactive admittance behaviour, which depends on the 
voltage variations. 

The here presented development of the load representation 
is only for the active power; however, it is similar for 
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the reactive power. The new equations are the results of 
dividing Equation (9) by the square load voltage, as follows:
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With

 

sG =
sp
V 2

Gd =
Pd
V 2

After this, Equation (14) is multiplied and divided by 
the square load voltage in prefault steady state. When 
organizing the equation, an expression for the admittance 
as a function of the exponential recovery load model is 
obtained, as presented in Equation (15). Similarly, the same 
process is done for the reactive power.
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with
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Where,

SG, SB: State variables associated with active and reactive 
admittance. 

G0, B0: Rated admittance related with the active and reactive 
power, respectively. 

Gd, Bd: Load admittance related with the active and reactive 
power, respectively.

Similarly, it is possible to obtain an expression of the load 
admittance for the ZIP model.

Proposed methodology
The flowchart of the proposed methodology used to obtain 
the specific load model and to include it at the fault location 
method is depicted in Figure 2. Following, the stages are 
described:

Stage 1. Determine the fault type

The fault type is determined using the algorithm proposed 
by (Das, 1998).

Stage 2. Select the first line section

The proposed methodology developed in (Bedoya, et al., 
2013), proposes an iterative process, which begins with the 
selection of the first line section as the faulted section.

Stage 3. Application of the fault location method

In this stage, the fault location technique is applied to obtain 
the distance to the fault (m). The m value corresponds to a 
per unit distance in the analysed line section. If the m value is 
between 0 and 1, then the actual section could be the faulted 
section. Otherwise, the next line section is analysed. Finally, 
the fault location method obtains the distance from the 
substation to the fault.

Figure 2. Flowchart of the proposed methodology.

Stage 4. Updating of voltage and current  
of the next line section 

Normally, the measurements are only available in the 
power distribution system and are associated with the main 
power substation. Therefore, an iterative sweep section by 
section is performed for updating voltage and currents in 
fault conditions on the others line sections. This process is 
shown in Figure 3.

To compute the voltage and current at node (j), shown 
in Figure 3, from voltage and current measured in the 
main power substation, Equations (17) and (18) are used, 
respectively.

Figure 3. Pre-faulted power distribution system.
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Where, 
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: Phase line section impedance from node (i) to node (j).
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⎣⎢
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⎦⎥ : Phase load admittance at node (j).

In Equation (18), the load effect in the load admittance 
dependence can be observed. This effect comprises either 
individual loads or equivalent circuits. The integration of the 
load models in the fault location technique is performed in 
this section through the following 4 phases described below:

PHASE 1: Load model identification

In this phase, the model representing the load connected 
to the node under consideration is defined. There are two 
possibilities:

• Static model (ZIP)

• Dynamic model (Exponential recovery load model)

PHASE 2: Load model solution

At this phase, the active and reactive power load is obtained. 
For this phase there are two cases:

In the case of a static model, the P and Q values are directly 
obtained from the model Equations (3) and (4). Otherwise, in 
case of a dynamic model, a numerical method is applied to 
solve the differential equations and to obtain P and Q. In this 
paper, an Euler method is applied to the exponential recovery 
load model due to its easily programming, and to obtain 
Equation (19), which is the solution of Equation (9). Similarly, 
for the case of reactive power, Equation (20) is obtained.
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PHASE 3: Getting load admittance as a function  
of P and Q

At this phase, the load admittance connected in the node 
under consideration is obtained as a function of P and Q. 
These P and Q values contain the static or dynamic load 
behaviour. The expression for load admittance is obtained 
by applying the technique shown in section 3 to Equations 
(19) and (20).

PHASE 4: Updating of voltage and current  
considering the load models

At this phase, Equations (17) and (18) are used with the 
load admittance computed in the previous phase in order to 
update the voltages and currents downstream the analysed 
section.

Stage 5. Calculate distance to the fault

The total distance to the fault is computed with the addition 
of the previous line section lengths and the percentage of 
the line section under fault related to m. This distance is 
computed with Equation (21).

 Ltotal =
i=1

nt−1

∑ Lsectioni( )+m * Lsectionnt  (21)

Where, 

Lest: Total distance from substation to the faulted node.

nt: Number of studied line section.

Lsectionnt
: Length of the last analysed line section.

Tests and results

Test system

The system selected is the 24.9 kV IEEE 34 nodes test 
feeder, shown in Figure 4 This is simulated using ATP power 
simulator. This power distribution system has single and 
three phase laterals, unbalanced loads and different lengths 
and configurations of the line sections. This power system 
was modified to include the here analysed load models.

Figure 4. IEEE 34 nodes test feeder simulated in ATP software using 
models. 
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Test scenarios

The considered load models are constant impedance 
(Zcte), constant current (Icte), constant power (Scte), hybrid 
model, and the exponential recovery load model. For the 
exponential recovery load model, the parameters used are 
those presented in (Romero, 2002). The variation range of 
these parameters is the shown in Table 1.

Table 1. Range of variation of parameters for the exponential recov-
ery load model (Romero, 2002).

αt βt αs βs Tp y Tq

[1.3 – 2.1] [0.7 – 1.3] [0.3 – 1.2] [0.3 – 0.75] [80 - 200]

To validate the methodology, four different test scenarios 
are proposed.

a) First scenario

Test system at the rated operating conditions, with ZIP static 
load model. The fault locator does not take into account the 
ZIP static load models, but, instead, a constant impedance 
model is used.

b) Second scenario

Test system is considered at the rated operating conditions, 
with ZIP static load models. The fault locator takes into 
account the ZIP static load models.

c) Third scenario 

Test system is considered at the rated operating conditions, 
with the exponential recovery load model. The fault locator 
does not contain the dynamic model; instead, a constant 
impedance (Zct) model is used.

d) Fourth scenario 

Test system at the rated operating conditions together with 
the exponential recovery load model is considered at this 
scenario. The fault locator takes into account the dynamic 
model.

In all of the proposed scenarios, single-phase, two-phase and 
three-phase faults with different fault resistances between 
0-40 Ω are considered (Dagenhart, 2000). Constrained by 
the paper length, only the results for single-phase faults will 
be displayed in the four proposed scenarios. 

Results analysis

The performance of the proposed fault location technique 
is defined by an absolute error indicator, as presented in 
Equation (22).

 Errorabs %⎡⎣⎢
⎤
⎦⎥ =

DReal −Dcalculated
LTotal

*100%  (22)

Where DReal is the real distance from the power substation 
to the faulted node, DCalculated corresponds to the estimated 
distance by the fault locator and LTotal is the total length of 
the equivalent radial.

According to Figure 5, the power system with the ZIP load 
model presents the highest error in fault location (-4 %), 
considering Rf equal to 40 Ω. The performance curves in 
this case show an error between -4.0 % and 2 %. In Figure 
6, the errors range from -4.0 % to 2 %, considering ZIP 
load models in both the test system and the fault locator. 
This response is similar to the previous one, which was 
expected. 

Additionally, in Figure 7 the higher error range is from 
-3.0 % to 0.5 %, considering the exponential recovery load 
model in the test system, but not in the fault locator. In this 
case, the performance is better than the first scenario, due 
to better load representation obtained with the dynamic 
load model. Finally, in Figure 8 the errors rangefrom 
-4.0 % to 3 %, considering the exponential recovery load 
model in both the test system and the fault locator. This 
response was not expected, but it fits into an acceptable 
range.

The two-phase faults for the four scenarios present a higher 
error range, from -1.5 % to 3%. Furthermore, the three-
phase faults present a higher error range from -2.0 % to 3 %. 
These errors are in an acceptable range for fault location. 

Figure 5. Performance curve in case of single phase to ground fault 
and rated load for ZIP load model in the test system. Fault locator with 
constant impedance load model. First scenario. 

Figure 6. Performance curve in case of single phase to ground fault 
and rated load for ZIP load model in the test system. Fault locator with 
ZIP load model. Second scenario.
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Figure 7. Performance curve in case of single phase to ground fault 
and rated load for exponential recovery load model in the test system. 
Fault locator with constant impedance load model. Third scenario.

Figure 8. Performance curve in case of single phase to ground fault 
and rated load for exponential recovery load model in the test system. 
Fault locator with exponential recovery load model. Fourth scenario. 

Table 2. Summary of the results for the test scenarios.

Scenarios
Load model in 
the test system

Load model in 
the fault locator

Error (%)
Total Error 

(%)

1 ZIP Zct [-4,2] 6

2 ZIP ZIP [-4,2] 6

3 ERLM Zct [-3,0.5] 3.5

4 ERLM ERLM [-4,3] 7

In Table 2, a summary of the results for all test scenarios is 
presented. It can be observed that a lower total error is pre-
sented when the test power system has a better representa-
tion, which includes the dynamic phenomena.

Conclusions
A fault locator method that considers an exponential 
recovery dynamic load model was presented. The 
performance obtained for the proposed fault location 
technique considering dynamic load models is high, taking 
into account that the errors obtained are lower than 4 %.

Finally, the consideration of the real load models helps to 
improve the performance of the fault locator, providing 
a useful tool to improve the supply continuity at power 
distribution utilities.
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