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 

Abstract-- This article presents the Prony method as a filtering technique for 

distance relays. First, the effect of non-filtered frequency components generated by 

Wind Power Plants in distance relays is evaluated in a simplified model of a doubly 

fed induction generator, resulting in an error of apparent impedance measurement. 

Then, the effects of non-filtered frequency components for typical distance relay are 

presented. The error in apparent impedance measurement is evaluated in reach and 

operation time of the relay; a distorted characteristic of the mho distance relay is 

shown in the impedance plane. Finally, Prony method as a filtering technique is 

implemented as a solution of the apparent impedance measurement error, and the 

simulated case and a real fault event are evaluated to validate the proposed distance 

relay algorithm. Thus the asynchronous frequency components of voltage and current 

signals are identified and filtered, as a result the performance of the distance relay is 

enhanced. 
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1. Introduction 

owadays, the technological advancement of alternative sources of renewable 

energy, such as wind power generation plants which have commonly been used to 

supply power to a determined load block as a distributed generation, has allowed 

interconnection with the electric power system. This has helped to reduce CO2 emissions 

due to the fossil fuel needs of electric generation power plants [1]. The main problem with 

wind power plants grid connection is that the wind is not constant and, consequently, the 

generated power is not constant. This generates fluctuations in voltage and frequency. 

Fluctuations have been minimized by different schemes of operation, like the doubly fed 

induction generator scheme (DFIG) that uses a back-to-back power converter to control the 

active and reactive power generated by the wind turbine [2]. The grid connection of a wind 

power plant affects the electric power system variables, for example: voltage, load current, 

frequency, power generated and power system transients induced by the switching of 

capacitor banks [6,7]. 

Performance studies of protection systems must be made to evaluate the impact of wind 

power plants in protective relays [2-5]. The protective relays of the grid have constant 

pickup values and due to the dynamic behavior of a wind power plant as seen by the 

distance relay as an infeed, the performance of the protection system could be 

compromised. This affects the distance relay operation, which causes an 

overreach/underreach [8-11].  

Also, some frequency components as inter-harmonics and sub-harmonics generated by 

the wind power plant [6] are not filtered by the distance relays and this causes problems in 

fault detection [12].  The main focus of the analysis presented in this paper is to obtain a 

better estimate of fundamental frequency phasors of voltage and current signals required by 

distance relays, because due to non-filtered frequency components, the conventional digital 

N 
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filters generate an error in the fundamental frequency phasor estimation, and by 

consequence a fault detection problem. The Prony method results in a good alternative to 

get a correct apparent impedance measurement by estimating the fundamental frequency 

phasor of voltage and current require by the distance relay [7]. A model of a Wind Power 

Plant is presented to perform transmission line protection analysis, so the conventional filter 

and proposed filter using Prony method could be evaluated. The DFIG scheme and the mho 

characteristic are studied in this paper because are the most common in the power systems; 

however another wind power models and other distance relay characteristic can be used 

with the same methodology. 

2. MODEL SIMPLIFICATION OF DFIG FOR PROTECTION SYSTEM ANALYSIS 

This section describes the model of the DFIG discrete detailed model scheme [1] and an 

evaluation of the model for protection systems analysis. To perform fault analysis in 

transmission systems, it is not practical to represent all wind turbines individually in a wind 

power plant. It should be represented as a single equivalent turbine equal to the sum of each 

one of the turbines in series with a reactance that represents the equivalent impedance of 

each turbine transformer, power cables, etc. In this particular case a DFIG scheme model is 

presented to perform the protection system analysis. The control loops and elements that 

show slow response times in the DFIG scheme when compared with the distance relay 

response times are considered as constants. This is due to the fact that in a fault condition in 

the power grid these elements will not impact on the distance relay operation. This 

simplified model is evaluated in a power system simulation in the following subsections. 

In accordance with the time response of each block of DFIG detailed model scheme, a 

reduction of the system has been made according to the considerations recommended in 

[13]. In the pitch angle controller, the time response of a change in speed to compensate for 

the wind speed up or speed down to optimize the turbine speed is in the range of 1-3Hz (20 
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cycles of fundamental frequency) due to the size and weight of the blades, so the pitch angle 

is considered as a constant. In the rotor speed controller, the time response of a change in 

wind speed is in the range of 20 Hz. It should be mentioned that a change in wind speed 

causes a change of rotor speed and during a grid fault the rotor speed controller will not 

respond. Therefore, the time response of the speed control is not considered due to the time 

of fault detection of distance relays algorithm is 1-2 cycles. 

The voltage terminal controller in DFIG detailed model represents the reactive power 

capacity of the wind power plant during a voltage dip, or an external fault in the power 

system, although not every wind power plant has this configuration. For example, in 

Germany and Spain their grid codes for interconnecting wind power plants to the power 

system specify that the wind power plants should have reactive power compensation of 

100% of capacity of the wind power plant during an external fault in the power system [14]. 

It should be mentioned that during an external fault the time response of the reactive power 

compensation control is about 15 cycles [15], and the reactive power compensation will not 

affect the operation of the distance relay due to the slow time response when it is compared 

to the distance relay response to the fault. 

In Fig. 1 the model scheme for the DFIG for protection system analysis is presented. The 

pitch angle β; the wind speed Vw; the mechanical power generated by the wind Pm; and the 

active and reactive power references required by the power converter Pset and Qset are 

considered constants. This is due to the dynamic responses of these variables being too slow 

in comparison with the response time of the distance relays. 

2.1 Test system 

In this section, a test system is shown in Fig. 2 to evaluate the distance relay operation 

using Matlab/Simulink. The system consists of a wind power plant with DFIG discrete 

model scheme represented as a single equivalent turbine interconnected to a 60Hz power 
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system, with a two-phase fault applied at 80% in the transmission line [16]. The response of 

the wind power plant during an external fault is evaluated in the impedance plane by the 

measurement of voltage and current signals in the bus B of the test system. By using these 

signals as the input signals in the distance relay algorithm the apparent impedance 

measurement can be evaluated. 

The system parameters for the test system for the evaluation of the detailed and 

simplified model are shown in Table 1. 

2.2 Measured Signals 

The voltage and current signals measured at bus B of the test system are shown in Fig. 3 

for the wind power plant proposed model, the sampling rate of the signals is 32 samples per 

cycle. A two phase to ground fault is applied in the transmission line at 0.03s over a 

duration of 100 ms. The two phase to ground fault is analyzed due to the fact that is 

nonsymmetrical and has a major impact in the response of the power converter [1]. 

As shown in Fig. 4, the error in the simplified and detailed model is of low magnitude. 

The difference between the simplified and detailed model is shown in Fig. 4. The 

percentage error of Z estimate using the phasor estimates of one cycle window length of 

voltage and current signals in Bus B of the simplified and detailed model is presented in 

Fig. 5 where the average percentage error is 0.5%. 

2.3 Impedance Plane 

The frequency spectrum of voltage and current signals (Fig. 3 and Fig. 4) is calculated 

during the fault period. The frequency components detected during the fault are shown in 

Table 2 and 3 for the detailed and simplified model respectively, it can be seen that low 

frequency components (sub-harmonics) and inter-harmonics have been detected. The 

frequency spectra of the signals using the detailed and simplified model are shown in Fig. 6. 
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The apparent impedance measured by the relay at bus B is shown in Fig. 7 and it can be 

seen that during the fault period an error in the impedance estimation appears. For 

comparison, the simplified model and the detailed model have been used, it can be seen that 

the simplified model for protection system analysis is appropriate, since the control systems 

time response (considered as constants in the simplified model) of a DFIG scheme are too 

slow in comparison with the time response of the fault detection of the distance relay. Using 

the simplified model, it is possible to analyze the operational dynamics of protection relays 

when wind power plants with the DFIG scheme are interconnected with the power grid. 

3. Distance Relay Model 

The performance evaluation of a distance relay is dependent on its ability to detect faults 

within its zone of protection. The distance relay detects a fault condition when the system 

impedance reaches the tripping characteristic, but the decision to trigger must be considered 

because there are phenomena, such as power oscillations, that can cause penetration of the 

characteristic and that are not the result of a fault condition.  

The distance relay operation is based on the phase comparison of two input signals, 

operation and polarization, to determine the trip condition, and this is performed by having 

signals sampling time, input analog filter, digital filter, and trip output signal [17], all of 

these conventional distance relay stages will be discussed in this section. 

The distance relay models have a phase comparator that responds to the phase angle 

displacement between input signals [18]. The input signals of phase comparator are 

obtained using the electric signals measured by the instrument transformers and design 

constants. The model of the distance relay is shown in (1). 

rRr

rRr

IZVkS

IZVkS


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222
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where S1 and S2  are the input signals to establish the trip signal; 
1k  and 

2k are the constants 

for the design; 
1RZ is the replica impedance of the protected transmission line; and

2RZ   is the 

impedance multiplied by the current, resulting in a polarization voltage; rI and rV are the 

electric input signals which are estimated by the phasor estimation technique to obtain the 

fundamental frequency phasor [15]. 

The phase relays are required for the detection of phase to phase faults, an important 

aspect in the distance relay design is that the correct values of  rI  and  rV  has to be 

selected, the electric input signals that correspond to phase distance relay unit (BC) for 

voltage is Vbn-Vcn and for current is Ib-Ic and the typical sampling time used is 16-32 

samples per cycle for 60 Hz[17,19]. 

In Fig. 8 the Mho operation characteristic is presented in a two dimensional and 

tridimensional space of the impedance plane through time, the time is represented by the 

one cycle window length displacement. The estimated fundamental phasors of voltage and 

current are used for the relay (phase relay unit). The input signals Vr and Ir are used to form 

the operation characteristic and the phase comparator scheme, in this paper the Mho 

characteristic is evaluated. 

The algorithm of the relay should take the voltage and current phasors as input to 

determine the operating condition. These input signals must be filtered, because they may 

include electrical phenomena that exhibit a random characteristic, which makes it 

impossible to determine the fault location. Digital processing should be used to eliminate 

unwanted quantities such as the direct current component, transients from instrument 

transformers, traveling wave reflections, and other interference signals. Relay operation 

should be established using only the fundamental signal components at the nominal 

frequency because these are proportionately affected by the fault location. 



 8 

The fundamental phasors of current and voltage can be calculated with two filter stages 

analog and digital (see Fig. 9). Generally the analog filter used is a Butterworth filter of 2nd 

or 4th order with a cut-off frequency of 360 Hz (see Fig. 10), this filter is preferred because 

it has flat response in passband and decreasing monotonically in stopband [20]. 

After the analog filter stage there is the process of digitalization of the analog signal, the 

increment in the sampling frequency allows a substantial increment in the signal resolution, 

but the microprocessor burden is increased. The “aliasing” effect reduction is obtained by 

tuning between analog and digital filter allowing an overlap of the filter frequencies, it is 

possible to remove analog filter by oversampling the signal. 

The digital filtering is performed with FIR (Finite Impulse Response) filters, because 

there is no recursion, i.e. the output depends only from the input and not from past values of 

the output, the memory of the previous conditions of the signal does not have a benefit in 

obtaining the fault condition by the distance relay. Also, the IIR (Infinite Impulse Response) 

filter produces in general a phase angle distortion, opposite to FIR filters. This condition 

allows that their frequency response has natural zeros in the harmonic frequencies allowing 

a rejection of these frequency components (see Fig. 10).  

The distance relay algorithms used for the fundamental frequency component estimation 

of voltage and current signals use the Fourier or Cosine filter (see Fig. 10). In studies 

performed for the evaluation of digital filters [12] for the estimation of the fundamental 

component the Cosine filter presented good results in the rejection of the DC component 

during the fault period [12].  

The distance relay model is based in the fundamental frequency phasor (Eq. 1), but due 

to the digital filters used in distance relays errors in the fundamental frequency phasor 

estimate are present due to the existence of interharmonics and/or subharmonics in the 

voltage and current signals during the fault period. When these frequency components are 
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present, the digital filter generates an error in the fundamental frequency phasors estimates 

of voltage and current. The distance relay model needs an estimate of the fundamental 

frequency phasors of voltage and current during the fault period, so an estimate of the 

apparent impedance can be calculated by the relay, but with the increment of power 

electronics equipment or compensation used to have a more dependable transmission 

system this type of equipment generate frequency components that the common digital 

filters as Fourier and Cosine cannot reject. 

A characterization of the problem using the distance relay model in (1) its represented in 

(2) as follows: 

 

 

 

where h1=fundamental frequency; i=interharmonics, i>1; s=subharmonics, s<1. The 

graphical representation of the error in the estimate is presented in Fig. 11, when this kind 

of frequency components are present in the voltage and current signals an error in the 

fundamental frequency phasors of voltage and current will cause an error in the operation 

characteristic, the operation characteristic is formed by the comparison signals in (1), and at 

the same time require the voltage and current phasors, so from (2) the resultant operation 

characteristic is formed (see Fig. 11). 

The operation scheme for a distance relay is shown in Fig. 12, where the first step is to 

define the operational characteristic, selecting the design constants and the settings of the 

distance relay. This process is made off-line and is defined by the manufacturer of the relay. 

In the next step, the electric input signals measured on-line from the instrument 

transformers (voltage and current) are used to estimate the fundamental phasor component, 

see Fig. 12 on-line process, the new algorithm is focused in using a different digital filtering 

(2) 
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technique for the estimation of fundamental phasor component. With the fundamental 

phasor component estimated, the comparison signals are formed and the trip condition is 

evaluated. The trip condition criterion is then performed to generate a trip signal. 

4. Distance relay algorithm using Prony method as a filtering technique 

In this section the proposed distance relay algorithm using Prony method is presented. 

The Prony method has been studied as a power quality analysis tool [21, 22, 23] obtaining 

good results in comparison with FFT, also it has been used in power system stability studies 

[24]. The proposed algorithm for distance relay using Prony method estimates the signals 

parameters (amplitude, frequency, phase angle and damping factors) using one cycle 

window of data, so the real fundamental frequency of the voltage and current signals can be 

extracted during the first fault period and that the error in the phasor estimates (see section 

3) could be reduced.  

The Prony method is a signal processing technique based on signal estimation [21,22, 23]  

where a signal y(t) is considered and its samples [y(1) y(2)…y(n)] are obtained using a 

sampling frequency fs. The Prony model approximates the sampled data with the following 

linear combination of N complex exponentials: 
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The signal y(t) in (3) has four elements: Magnitude An, damping factor σn, frequency fn, 

and the phase angle θn.. Each exponential term with different frequency is a unique signal 

mode of the original signal y(t). So, using the Euler theorem and total time t=MT, where M 

is the length of the signal and T is the time between samples, equation (3) can be rewritten 

as (4). From (4) the parameters of the signal y(t) can be found as it is mentioned in the 

(3) 

(4) 
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Prony method literature [21,22,23]. 

So that Prony method can be implemented in distance relay algorithms is necessary to 

obtain the order N of the linear prediction model (LPM). The order is obtained evaluating 

the mean square error (MSE) for one cycle window of data of  N=1,2...Ns, where Ns is the 

samples per cycle in a window data. The MSE for each value of N is calculated and the 

MSE of lesser magnitude is selected for the corresponding N value, so this value of N is the 

optimum estimate of the model signal parameters. The proposed distance relay algorithm is 

shown in Fig. 13, and is intended to estimate the real signal parameters during the first fault 

period. 

In Fig. 14 the Prony phasor magnitude of estimated fundamental phasors and the phase 

angle estimated with Prony are calculated and the compensated phasors are formed, the 

compensated phasors are used as the fundamental phasors in the distance relay model to 

enhance the reach.  

4.1 Formulation 

The formulation of the proposed distance relay algorithm using the Prony estimated 

phasors is presented as follows: 

 

 

 

where P1 is the fundamental component estimated with Prony. For the analysis of the 

proposed algorithm the Mho characteristic will be evaluated. The distance relay model for a 

Mho characteristic is: 
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 where 
o o

1 2 1 2
k =k =1, α =180 , α =0 and R2 2

Z θ =0  in (5) for a Mho characteristic, so the 

distance relay model for the Mho characteristic is as shown in (6). 

5. Analysis of proposed distance relay algorithm 

The proposed algorithm presented in section 4 is validated using voltage and current 

signals of the simulated case using the simplified model in section 2 and using signals from 

a real fault event, it should be mentioned that a phase distance relay unit (BC) is evaluated 

with a pickup value of protection zone 1 of 80% of the line impedance and that a down 

sampling to 16 samples per cycle of the signals is performed. 

5.1 Simulated Case 

The simulated case data is presented in section 2 and the voltage and current signals used 

for the analysis are from Fig. 8. Again we use 60 Hz signals, for this test 65.92 \_73.7° 

ohms is considered for the setting of distance relay (80% of the line). In Fig. 15 the Mho 

characteristic is presented in a tridimensional space of the impedance plane using the 

voltage and current signals (Vr and Ir) of Fig. 9. A reach error of the relay due to the 

frequency components (sub-harmonics and inter-harmonics) can be observed in Fig. 15b, 

the reach error percentage is calculated using the Cosine conventional digital filter to obtain 

the tridimensional estimated mho operation characteristic, then the reach error is calculated 

using the pickup value of zone 1 and the reach value obtained from the tridimensional 

operation characteristic during the first one cycle window data with fault values only. 

The reach error during the first fault period (first one cycle window data with fault values 

only) of the distance relay is 5.7% (maximum deviation of Fig. 16b compared with the 

characteristic of Fig. 8) in the test system of Fig. 2. In contrast the reach error using the 

proposed algorithm is 0.02% (Fig. 16). The operation time (fault detection) using the 

Cosine filter could not generate a trip signal, so the fault could not be detected. The 
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operation time of proposed algorithm is 0.75 cycles, so the fault is detected. The results 

confirm that the use of the proposed distance relay algorithm a reach error reduction in the 

relay is obtained and in consequence a reduction in the operation time. 

The operation characteristic allows to evaluate the reach error in the distance relay. In 

addition the fault impedance trajectory in the impedance plane allows to evaluate the 

operation time of the relay. Then the error measurement due to asynchronous frequency 

components affects the reach and the operation time of the distance relay. 

5.2 Real fault event 

The real fault event corresponds to a 230kV transmission line with an impedance of 

75/_82.4
o
 ohms, the transmission line is interconnected with La Venta II wind power plant 

in Oaxaca, México with an approximate 100 MW generation capability. The power system 

frequency is 60 Hz, and the sampling frequency of the recorded signals is 128 samples per 

cycle (see Fig. 17). There is no record of operation of protection relays, so this analysis only 

focuses on the reach error caused by the unfiltered frequency components. 

The distance relay characteristic was defined for the real event, the voltage and current 

signals were filtered using Cosine filter, then the characteristic was formed using (1) and 

the design constants in Fig. 8. For the improved method, the real event signals were filtered 

using the Prony method as described in Fig. 13 thus, the same process is used for the 

proposed method, and then (6) is used with the Mho design constants. The relay 

characteristic results in Fig. 19 where the asynchronous frequency components were 

filtered.  

The Mho characteristic of the relay is presented in a tridimensional space of the 

impedance plane using the Cosine filter to estimate the phasors of voltage and current, so 

the reach error of the relay could be calculated (see Fig. 18). An error in the Mho 

characteristic is observed during the window transition and during the fault period. The 
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reach error in the relay at this fault event is 5.8 % during the fault period compared with the 

fundamental characteristic. In contrast the reach error using the proposed algorithm is 

0.09% (Fig. 19). 

6. Summary of results 

The time of fault detection of digital distance relays in operation in the power system are 

approximately 2-4 cycles, this is due to the transient response of the signals during the fault 

period, even if the algorithm restriction is 1-2 cycles [19], so the error in the operation time 

is evaluated during the first cycle during the fault period. This means that the results of the 

reduction of the error in the operation time using the proposed algorithm represent a good 

result, because the fault detection is performed in a time less than one cycle for the 

simulated case (see Table 4). Also the error compensation in the apparent impedance 

estimation is done during the fault period (see Table 5). Using the proposed algorithm can 

prevent a malfunction of the distance relay. 

7. Conclusions 

During a fault condition in the transmission line where the electric input signals (voltage 

and current) are contaminated with frequency components as interharmonics and/or 

subharmonics, an error in the apparent impedance estimation due to the conventional digital 

filtering technique will compromise the performance of the distance relay. It has been 

shown that the distance relay proposed algorithm causes a reach error reduction in the relay 

and in consequence an operation time reduction. The proposed algorithm showed good 

results during the fault period and the estimation times considering one cycle data window 

are acceptable, the estimation time is obtained by measuring the algorithm execution time 

in Matlab. Thus the asynchronous frequency components of voltage and current signals are 

identified and filtered, as a result the performance of the distance relay is enhanced. 
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Fig. 3.  Voltage and current signals of bus B for a 

two phase fault on the transmission line. 

Fig. 1. Proposed model structure of DFIG scheme for 

analysis of operation of distance relays. 
 

Fig. 2. One-line diagram of the test system. 

 

Table 1 

System Parameters 

 

Fig. 4.  Voltage and current signals at bus B for the 

phase relay unit (proposed and detailed model). 
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Fig. 7. Apparent impedance measurement of 

distance relay at bus B (detailed and 

proposed model). 

Fig. 5.  Percentage error in the proposed 

and detailed model. 
 

Fig. 6.  Frequency spectrum of voltage (Vr) and current (Ir) 

signals at bus B. 
 
Table 2 

Dominant Frequencies of Voltage 

Signal (Detailed and Simplified model) 
 

Table 3 

Dominant Frequencies of Current 

Signal (Detailed and Simplified model) 
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Fig. 9. Distance relay structure for input 

signals processing. 
 

Fig. 10. Analog and digital filter frequency 

response used in distance relays. 
 

Fig. 11. Graphical representation of the 

error in apparent impedance estimation 

using digital filters. 
 

Fig. 8.  Mho operation characteristic (Fundamental frequency 60Hz). a) 2D. b) 3D. 
 

(b) (a) 
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Fig. 12.  Operation scheme of a distance 

relay model. 
 

Fig. 13.  Proposed distance relay algorithm 

using Prony method. 
 

Fig. 14. Proposed distance relay algorithm 

using Prony method. 

Fig. 16. Compensated Mho operation 

characteristic fault period (Simulated case). 
 

Fig. 15. Operation characteristic of a Mho 

distance relay at bus B. a) Side view 

indicating transition stages. b) Fault period. 
 

(a) 

(b) 
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Table 4  

Fault detection operation time of 

distance relay algorithms 

Table 5  

Reach error of distance relay 

algorithms 

Fig. 17 Recorded fault event (voltage and current 

signals). 
 

(a) 

(b) 

Fig. 18. Mho operation characteristic 

(Fault event). a) Side view indicating 

transition stages. b) Fault period.  
 

Fig. 19. Compensated Mho operation 

characteristic fault period (Real fault 

event). 
 


