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i 

Abstract 

As the primary protection of high voltage (HV) and Extra high voltage (EHV) transmission 
networks, distance protection needs to operate properly under all possible fault conditions. It 
needs to operate as fast as possible for internal fault, while it also must be able to discriminate 
between the internal and the external faults to prevent unnecessary trip of the normal system. 
In real life application, the operational characteristic of commercial distance relays such as 
operating time and reach accuracy are usually defined using the steady state conditions. This 
leads to difficulty in understanding the operational characteristic of the relay under the dynamic 
conditions such as faults.  

In this thesis, a dynamic test tool based on the latest IEC 60255-121 standard, suitable for 
performance analysis of distance protection during dynamic condition was developed and 
validated. The tools are built by using the ATP-EMTP Software and the Omicron secondary 
injection kit. The test results of two distance relays show that depending on the dynamic 
conditions, the operational performance of the relay might be affected. In some situations, the 
operating time of the relays was delayed, while, in other conditions, the accuracy of 
impedance measurement is affected causing the relay to overreach. Furthermore, this delayed 
tripping or overreach of distance protection could cause both security and dependability issue 
in power transmission protection. The dynamic test tool which has been developed can be 
expanded further to study other dynamic conditions that are not covered in this thesis. 

Keywords: ATP-EMTP, IEC 60255-121, distance protection, operating time, transient 

overreach   
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1 Introduction 

Distance protection is the primary protection of high voltage (HV) and extra high voltage (EHV) 
power transmission line. It detects disturbance (such as short circuit currents) by measuring 
the impedance between the faulted point and the relay location. The Impedance values are 
obtained by dividing the voltage and current at the relay location. When the measured 
impedance is smaller than the impedance setting, the protection will detect the internal fault 
and send a trip signal to the circuit breaker to isolate the faulted line. Distance protection 
needs to operate as quickly as possible for an internal fault condition, while it also must be 
able to discriminate between internal and external faults to prevent unnecessary disconnection 
of the healthy systems.  

Distance protection has evolved over the years, from relatively simple mechanical relays with 
limited capability to the sophisticated numerical relays that involve extensive use of computers 
with superior capabilities. Numerical relays utilize advanced signal processing techniques and 
state-of-the-art algorithms to enhance their operational performance. As a result, they have a 
much faster operating time and better accuracy compared to the mechanical type. 

The requirements for distance protection performance are defined in the IEEE standard 
(C37.90-2005 & C37.113-2015), and the IEC standard (IEC 60255-1, IEC 60255-16, & IEC 
60255-121). The former standards only introduce requirements for distance protection steady-
state performance. The requirements for dynamic performance of numerical distance 
protection has been incorporated into the latest IEC 60255-121:2014 standard. In the latest 
standard, the operational performance of distance protections is evaluated based on the 
operating time and the reach accuracy during dynamic conditions.  

The operating time is defined as time interval between the instant when the fault occurs and 
the instant when distance protection operates (trip) [1]. Reach accuracy means that distance 
relay must not have overreach or underreach operation under all fault conditions. Overreach 
happens when the calculated impedance is less than the actual fault impedance causing the 
relay to trip for faults located outside of its protection zone. On the other hand, underreach 
arises when the calculated impedance is greater than the actual fault impedance causing the 
relay failed to trip for internal faults. 

1.1 Literature Review 

The first commercial numerical distance protection was developed in 1985 to replace the older 
static distance protection. Numerical distance relays were then developed into smart IEDs 
(Intelligent Electronic Devices) with different integrated functions and enhanced 
communication via fiber optics and data networks. The application of numerical distance 
protection results in faster tripping time in the order of one to two cycles (20 to 40 ms) for the 
instantaneous zone 1 [2].  

There has been much research into analyzing the problem of distance protection under 
transient conditions. However, the research is usually conducted using computer simulations. 
Reference [3] describes the effect of fault variables to the performance of distance relay. 
Based on the simulation results, it was concluded that the fault resistance, type, and location 
have significant influences on the performance of distance protection due to an error in the 
measured impedance. The performance of distance relay during harmonics was reported in 
[6], it was concluded that due to the filtering effect, the harmonics have no significant effect on 
numerical distance type. In [5] and [7], the effect of capacitive voltage transformer (CVT) 
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transient was explained. It was found that CVT transient causes distance elements (mho and 
quadrilateral) to overreach. Reference [8] studied the effect of frequency deviation on 
numerical distance relay. In [10] the effect of arcing fault on distance protection performance 
are also studied.  

Many test methodologies have also been presented on distance protections. Reference [13] 
shows the test methodology to evaluate the security and dependability of protection relay. The 
proposed methodology covers power network modeling, generating the test scenarios, and 
automating the simulation using a digital simulator. Two types of tests were performed: the 
conformance test and the compliance test. In [14], the dynamic testing is done by building a 
transient model in simulation software based on real network and machine data. Different 
short circuit conditions are simulated and tested into distance protection relays. Reference [15] 
proposes a testing concept and provides a general understanding of numerical protection 
testing. The proposed concept consists of two different tests. The first test is a type test for 
functional and technological verification, while the second test is an individual test for 
commissioning and periodic verification.  

1.2 Objectives of The Thesis 

While considerable research activity continues in the study of distance protection performance 
inside transient simulation software and developing test methodology for distance relays. Less 
work is being done in developing real testing tools for distance protection. Hence, this thesis 
focuses on developing testing tools that can be used to evaluate distance relay performance 
during transient conditions.  

The research objectives of the thesis are: 

 Study the performance of distance protection through transient simulation; getting used 
to the new standard for distance protection performance, i.e. the IEC 60255-121. 

 Testing distance relays according to the IEC 60255-121 standard and additional 
transient conditions; evaluating the performance of commercial distance relay with a 
series of transient conditions and parameter variations. 

1.3 Research Methodology 

The dynamic testing of distance protection is performed in three steps. First, the IEC 60255-
121:2014 standard has to be studied to obtain general information on how to evaluate the 
operational performance of distance protections and how to define which test cases should be 
included in the study. Second, a series of voltage and current signals are generated in 
compliance with the standard. The voltage and current signals are generated using the 
transient simulation software, i.e. ATP-EMTP. Finally, a dynamic test setup is developed. The 
test setup aims to inject transient signals into distance relays and to measure the operating 
time of the relay in the range of milliseconds. The test setup is developed using both software 
(Omicron control centre) and hardware (Omicron CMC 356) configurations. 

After the tests are performed, an analysis will be performed by comparing the operating time 
and the accuracy of distance relays for different transient conditions. The summary of distance 
relay performance is then presented. 
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1.4 Thesis Layout 

Chapter 1: Introduction 
This chapter highlights past studies about the effect of transient to distance protection 
performance, and the test methodology developed. It continues with the objectives of the 
thesis and the research methodology, followed by the thesis structure. 

Chapter 2: Distance protection theory and the IEC 60255-121 standard 
This chapter contains the basic theory of distance protection and how transient condition affect 
its operation. In addition, the chapter also provides information about the latest IEC 60255-121 
standard applied in this thesis. 

Chapter 3: Test Methodology 
This chapter deals with the test methodology performed in this thesis, including the test 
procedure and information about the hardware and software tools. 

Chapter 4: Simulation of Dynamic Conditions 
This chapter discusses the modeling and simulation of transient in power system. The 
simulations are performed in ATP-EMTP software. Simulation results describe the effect of 
various transients to distance protection operations. 

Chapter 5: Dynamic Test of Distance Protection 
This chapter presents the main work performed in this thesis. The results and analysis of all 
tests cases are presented. 

Chapter 6: Conclusions and Recommendations 
This final chapter summarizes the outcome of the thesis and recommendations for future 
research. 
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2 Distance Protection Theory and The IEC 
60255-121 standard 

2.1 Introduction 

The distance protection detects fault conditions by continuously measuring the apparent fault 
impedance using voltage and current at the relay location. The measured impedance is then 
compared with the known line impedance setting. If the measured impedance is lower than the 
line impedance setting, an internal fault is detected, and the distance protection will send a trip 
signal to the circuit breaker according to the protection characteristics. The operating principle 
of distance protection is illustrated in Figure 2.1.  

 

Figure 2.1 Operating principle of distance relay 

The distance protection measures voltage (Vs) and current (Is) signals and then calculate the 
apparent impedance (Zm) between the relay location and the point of fault (F). The calculated 
impedance is then compared with the reach impedance setting of the transmission line (ZL). If 
the apparent impedance is smaller than the impedance setting, the relay will send trip signals 
to the circuit breaker to disconnect the faulty network. 

The apparent impedance (Zm) is proportional to the distance (p) between the location of relay 
and fault. It can be explained using the following equations 

 
𝑉𝑠 =

𝐸𝑠 𝑝 𝑍𝐿

𝑍𝑠 + 𝑝𝑍𝐿
 

 

(1) 

 
𝐼𝑠 =

𝐸𝑠

𝑍𝑠 + 𝑝𝑍𝐿
 

 

(2) 

 
𝑍𝑚 =

𝑉𝑠

𝐼𝑠
=  𝑝𝑍𝐿 

 

(3) 

The system impedance and the zone settings of distance protection are usually defined in an 
impedance (R-X) plane. The impedance diagram serves as the main tool to assess the relay 
operational characteristic as displayed in Figure 2.2.  
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Figure 2.2 Load and short circuit impedance in R-X plane 

During normal condition, the impedance is proportional to the load impedance (Zload = Vline
2/ 

Pload). Meanwhile, during fault occurrence, the impedance value jumps to a much smaller 
short-circuit impedance (Zm). The value depends on the distance between the location of the 
relay and the fault. Moreover, the fault resistance (RF) that is present in the faulted point (F1) 
will shift the fault impedance because it adds a resistive component to the measured 
impedance as shown in the RX plane. 

2.2 Impedance calculation methods 

2.2.1 Multi-phases faults 

The equations that relate fault voltages and currents with the fault impedance depend on the 
fault types. In a 3-phase system, there are ten possible fault types: one type of LLL, three 
types of LLN, three types of LL, and three types of LN. Normally, fault impedance is calculated 
based on the positive-sequence impedance regardless of the fault types [2]. The following 
section will explain how to calculate the positive-sequence impedance of multi-phases faults. 

The first multi-phases fault type is the phase-to-phase fault. Consider a phase-to-phase fault 
(BC) occurs at location F as shown in Figure 2.3.  

 

Figure 2.3 BC fault at location F 

Its symmetrical component network can be arranged as shown in Figure 2.4. 
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Figure 2.4 Symmetrical component network of BC fault 

The positive- and negative- sequence voltages at the fault location are given by the following 
equations: 

𝐸1𝑓 = 𝐸2𝑓 = 𝐸1 − 𝑍1𝑓𝐼1 =  𝐸2 − 𝑍1𝑓𝐼2 

Where: 

E1 and E2 are positive- and negative- sequence voltage, respectively 

I1 and I2 are positive- and negative- sequence current, respectively 

From the above equation, it follows that: 

𝐸1 − 𝐸2

𝐼1 − 𝐼2
=  𝑍1𝑓 

The phase voltages at the relay location are given by: 

𝐸𝑏 = 𝑎2𝐸1 + 𝑎𝐸2 + 𝐸0 

𝐸𝑐 = 𝑎𝐸1 + 𝑎2𝐸2 + 𝐸0 

Then, 

(𝐸𝑏 − 𝐸𝑐) = (𝑎2 − 𝑎)(𝐸1 − 𝐸2) 

(𝐼𝑏 − 𝐼𝑐) = (𝑎2 − 𝑎)(𝐼1 − 𝐼2) 

Substitution and rearrangement of the equations lead to: 

 
𝑍1𝑓 =

𝐸𝑏 − 𝐸𝑐

𝐼𝑏 − 𝐼𝑐
=

𝐸1 − 𝐸2

𝐼1 − 𝐼2
 

 

(4) 

From Equation (4), it is shown that distance protections can calculate the positive-sequence 
impedance of BC fault by using the line-to-line voltage (BC) and the current difference 
between the faulted phases (IB - IC). Similar results can be obtained for the other phase-to-
phase faults (i.e. AB and CA) if the appropriate voltages and currents are used. 

The next multi-phases fault type is the double phase-to-ground (LLN) fault. The symmetrical 
component network of a BCG faults at the same fault location (F) can be seen in Figure 2.5.  
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Figure 2.5 Symmetrical component network of BCG fault 

The equations for positive- and negative-sequence components of double phase-to-ground 
faults are similar to the equations for phase-to-phase faults, except that they also have the 
zero-sequence component. Therefore, by using the line-to-line voltages and the current 
difference between the faulted phases as shown in Equation (4) before, the positive-sequence 
impedance of the double phase-to-ground fault can also be calculated.  

The last multiple-phases fault type is the three-phase fault. The symmetrical component 
network for the three-phase faults is shown in Figure 2.6. It only consists of a positive-
sequence network. 

 

Figure 2.6 Symmetrical component network of ABC fault 

The positive-sequence voltage for three-phase faults is given by the following equation: 

𝐸1 = 𝐸𝑎 = 𝑍1𝑓𝐼1 = 𝑍1𝑓𝐼𝑎 

Moreover, the negative- and the zero-sequence voltages and currents are zero: 

𝐸2 = 𝐸0 = 0 

𝐼2 = 𝐼0 = 0 

Based on the network configurations, the positive-sequence impedance for three-phase faults 
can be calculated using the following equations: 
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𝑍1𝑓 =

𝐸𝑎 − 𝐸𝑏

𝐼𝑎 − 𝐼𝑏
=

𝐸𝑏 − 𝐸𝑐

𝐼𝑏 − 𝐼𝑐
=  

𝐸𝑐 − 𝐸𝑎

𝐼𝑐 − 𝐼𝑎
 

 

(5) 

The differences of the phase voltages and the phase currents, as shown in Equation (5), are 
called the delta voltages and currents. Similar with the phase-to-phase and double phase-to-
ground faults, the positive-sequence impedance of three-phase faults can also be calculated 
using the line-to-line voltages and the current difference of the faulted phases.  

It can be seen that by using three complements of the delta voltages (VAB, VBC, and VCA) and 
the delta currents (IA-IB, IB-IC, and IC-IA), the distance protection is able to detect the positive-
sequence impedance of all the multi-phases faults such as phase-to-phase, double phase-to-
ground, and three-phase faults. 

2.2.2 Single-phase faults 

When a single-phase-to-ground fault (AG) occurs at location F (Figure 2.3), its symmetrical 
component network can be arranged as shown in Figure 2.7.  

 

Figure 2.7 Symmetrical component network of AG fault 

The positive-, negative-, and zero-sequence voltages for single phase-to-ground faults are 
given by the following equations: 

𝐸1𝑓 = 𝐸1 − 𝑍1𝑓𝐼1  

𝐸2𝑓 = 𝐸2 − 𝑍2𝑓𝐼2 

𝐸0𝑓 = 𝐸0 − 𝑍0𝑓𝐼0 

The phase A voltages and currents can be presented in terms of the symmetrical components: 

𝐸𝑎𝑓 = 𝐸0𝑓 + 𝐸1𝑓 + 𝐸2𝑓 
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𝐸𝑎𝑓 = (𝐸0 + 𝐸1 + 𝐸2) − 𝑍1𝑓(𝐼1 + 𝐼2) − 𝑍0𝑓𝐼0 = 0 

𝐸𝑎 − 𝑍1𝑓𝐼𝑎 − (𝑍0𝑓 − 𝑍1𝑓)𝐼0 = 0 

With, 

𝐼𝑎 = 𝐼0 + 𝐼1 + 𝐼2 

Therefore, the positive-sequence impedance of the fault can be calculated using the equation: 

 
𝑍1𝑓 =

𝐸𝑎

𝐼𝑎 + 𝑚𝐼0
 

 

(6) 

Where m is the compensating factor as given by the following equation: 

 
𝑚 =

𝑍0 − 𝑍1

𝑍1
𝐼0 

 

(7) 

From Equation 6, it is shown that the positive-sequence impedance of single-phase-to-ground 
faults can be calculated by dividing the faulted phase voltage with a compensated fault 
current. For AG faults, the phase A voltage is divided by Phase A current plus the 
compensation factor (mI0). Using the same principle for the other faulted phases, distance 
protection is able to calculate the positive-sequence impedance of all single phase-to-ground 
faults using the voltages and the currents in all three phases (A, B, and C). 

From the explanations of the multiple-phases faults and the single-phase faults, it is shown 
that, in order to provide complete protection against all short-circuit faults in the transmission 
network, the distance protection needs to have six impedance measurement elements. 

2.3 Numerical distance protection 

A numerical distance protection consists of several function blocks that are arranged to detect 
abnormal conditions in power system. The simplified function block of numerical distance 
protections is shown in Figure 2.8. 

 

Figure 2.8 Simplified distance function blocks [1] 

Numerical distance protections have two input signals. First, the input energizing quantities 
that consist of three voltages and three currents signal obtained from the voltage transformer 
(VT) and current transformer (CT), respectively. Second, the binary input signal that is usually 
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delivered from the other protection schemes such as circuit breaker status or permissive 
signals from the other relays. 

The signal-processing block is used to filter noise from the analog input signals and then 
convert the signals into digital information containing the voltage and current phasor. The  
voltage and current phasor are then delivered to the measurement element blocks. 
Measurement element consists of four function blocks: (1) the starting and phase selection 
block is used to detect fault conditions in power system and to determine which phases are 
experiencing the short circuit. (2) the directional determination block provides the fault direction 
as seen by the distance protection. (3) the impedance calculation block, which calculates the 
apparent impedance of power system using voltage and current at the relay location. By 
measuring the fault impedance, distance protection can determine if the fault is located inside 
the protection zone or not. (4) the distance characteristic and logic block provides the decision 
if the relay must operate or not based on the information retrieved from the previous function 
blocks. 

When the threshold values (such as protection characteristics and settings) are applied to the 
distance protection, it is expected that the distance protection will extract the fundamental 
frequency component of voltages and currents from the input energizing quantities, calculating 
the impedance of the fault, comparing the impedance value with the applied setting, and then 
operate if the fault occurs inside its protection characteristic. However, in the real power 
system, the voltages and currents during faults contain transient signals in the form of dc 
component, harmonics, and sub-harmonics. The transient signals could affect the operation of 
numerical protection type by delaying the operating time or introducing an error the measured 
impedance. To explain how the operation of numerical distance protection is affected by the 
transient signals, the basic processes and data flow inside the relay is shown in Figure 2.9. 

 

Figure 2.9 Signals and data flow inside numerical distance relay 

The analog input signals containing voltages and currents at the relay location are processed 
inside several function blocks before they can be used in the algorithm processing. First, the 
voltages and currents are fed into an analog input isolation. The analog input isolation consists 
of step-down transformers that are used to lower the voltage and current to an acceptable 
level for the relays. This block also serves as an electrical isolation between the relay and the 
power system. Next, the current signals are passed through shunt resistors in order to convert 
them into voltage signals. This is because the analog-to-digital (A/D) converter can process 
only voltage signals.  

A low-pass filter is used to provide anti-aliasing filtering of the signals. Aliasing is a 
phenomenon when the high-frequency components of a signal can appear to belong to the 
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fundamental frequency during the digital processing. It can affect the measurement accuracy 
of the relay. Low-pass filter passes the fundamental frequency component and blocks out all 
the remaining high-frequency components of the signal. The most common filter type used in 
numerical protection is the Butterworth type. Butterworth filter has the flattest amplitude 
response characteristic in the low-frequency ranges. 

The amplitude response |H(ω)| of a Nth order of Butterworth is given by the following equation: 

𝐻(𝜔) =
1

√1 + (𝜔 𝜔0⁄ )2𝑁
 

Where,  
N is the order of the filter 
ω0 is the cut-off frequency of the filter 

The order of low-pass filters determines the output signal quality. Higher order filters provide 
better filtering of the high-frequency components. However, higher order filter also means 
more computation and time are needed to process the signals. Hence, more operation time 
delays are introduced to the relays. 

The sample-and-hold (S/H) and the analog-to-digital (A/D) converter operate together to 
sample the voltage signals at a specific time intervals and then convert them into digital 
information. The sampling process is crucial for the operation of distance protection as the 
digital information must represent the appropriate analog signals at the instant of sampling. 
Modern numerical distance protections have a fixed sampling rate that is a multiple of the 
fundamental-frequency, typically 12 - 20 samples per cycle.  

After being digitalized, the sampled signals containing power system information are 
processed further using a digital filter. Digital filter aims to extract phasor information from the 
voltage and current signals to be processed further by the algorithm processing block. Many 
types of the digital filter have been developed for numerical protection application, including 
the Discrete Fourier Transform (DFT), the Least Squares Algorithm, and the Cosine Algorithm. 
In this section, the DFT algorithm will be explained as it is the most widely used digital filter in 
protection relays. 

Discrete Fourier Transform (DFT) is a variation of Fourier analysis, which decomposes time-
domain signals (f(t)) into frequency domain signals (f(jω)). Unlike the Fourier analysis that has 

continuous time duration from -∞ to +∞, the DFT analyse the signals for a small time window. 

The DFT can be explained using the following example: 

A voltage signal in the time domain can be expressed as 

𝑣(𝑡) = 𝑉𝑚𝑎𝑥 cos(𝜔𝑡 + 𝜃) 

The voltage is sampled N times per cycle and can be represented by Vk, where k = 0 - (N-1). 
The DFT processes each of the sampled value by multiplying it with the sine and the cosine 
coefficients.  

The phasor of the voltage can be defined using the following equation: 

 

𝑉ℎ =
2

𝑁
∑ 𝑣𝑘𝑒−𝑗𝑛

2𝜋ℎ
𝑁

𝑁−1

𝑘=0

 

 

(8) 
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Where: 
V = Voltage phasor 
N = number of samples in one data window 
h = order of harmonics 
v = Instantaneous value of voltage 
k = nth sample in the data window 

With the real and imaginary parts are given by the following equations: 

 

𝑉𝑟𝑒𝑎𝑙 =
2

𝑁
∑ 𝑣𝑘𝑐𝑜𝑠 (

2𝜋𝑘ℎ

𝑁
)

𝑁−1

𝑘=0

 

 

(9) 

 

𝑉𝑖𝑚𝑎𝑔 =
2

𝑁
∑ 𝑣𝑘𝑠𝑖𝑛 (

2𝜋𝑘ℎ

𝑁
)

𝑁−1

𝑘=0

 

 

(10) 

The magnitude and phase angle are then shown in Equations (11) and (12). 

 
𝑉𝑚𝑎𝑔 = √𝑉𝑟𝑒𝑎𝑙

2 + 𝑉𝑖𝑚𝑎𝑔
2
 (11) 

 
𝑉𝑎𝑛𝑔𝑙𝑒 = arctan 

𝑉𝑖𝑚𝑎𝑔

𝑉𝑟𝑒𝑎𝑙
 (12) 

The DFT is capable of transforming a sinusoidal voltage signal to a phasor form. The phasor 
can be presented either in real and imaginary components or magnitude and phase angle 
components. The phasor of fundamental frequency components is obtained by setting the 
value of h to 1. The operation of distance protection heavily depends on the performance of 
the digital filter. During fault conditions, when the voltage and current signals are heavily 
polluted with noise, the digital filter needs to extract the correct fundamental frequency 
components from these signals so that the relay can calculate the correct fault impedance. 

The transient response of numerical distance protection 

When a fault occurs in a transmission line, the system voltages and currents abruptly change 
from normal state to the faulty state through a transient. The estimated impedances during 
transient are fluctuated and produce a trajectory that moves from the outside of protection 
zone into the protection zone. If the fundamental frequency components are extracted 
correctly from the transient signals, the impedance will stabilize after one sampling window. A 
typical fault impedance trajectory during the transient period, using a ten-sample DFT is shown 
in Figure 2.10. In each of the sampling step, the impedance values are calculated using the 
extracted fundamental frequency of voltages and currents. 

It can be seen that fault impedance trajectory encroaches the protection zone at some point 
and excursion alternatively inside and outside the zone until it converges to a fixed value. 
During this period, it is essential for distance protections to measure the correct impedance 
values and to provide the appropriate operation criteria.  
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Figure 2.10 Fault impedance trajectory 

The performance of distance relays during transients is a random nature. The operating time 
and the reach accuracy depend on the signal-processing techniques and the numerical 
algorithms utilized in the protection design. Moreover, the different shapes of transient 
waveform caused by dc-offsets, harmonics, and other components added more to the 
operation randomness. Hence, it is necessary to perform a large number of repetitive tests 
with different transient parameters to verify the operation of numerical distance protection 
under this condition. 

2.4 The IEC 60255-121 standard 

The IEC 60255-121 standard [1] specifies the minimum requirements for functional and 
performance evaluation of distance protections. The standard describes different tests to be 
performed and how to compare the test results of relays from different manufacturers. The IEC 
60255-121 replaces the older standard IEC 60255-16: Impedance measuring relays.  

Distance protection testing according to IEC 60255-121 can be divided into two parts: the 
accuracy test and the dynamic performance test. The accuracy test aims to measure the 
accuracy of the characteristic shape under steady state conditions, while the dynamic 
performance test seeks to evaluate the operational performance under simulated transient 
conditions. As the accuracy test can be easily performed using the steady state test available 
in relay injection kit, this thesis will only focus on the dynamic performance test of distance 
protection. 

2.4.1 Dynamic performance tests  

The dynamic performance of a distance protection represents the response of function blocks 
used in the relay to a disturbance condition such as short circuit fault. The IEC 60255-121 
defines various benchmark networks that can be used to represent disturbance conditions in 
power system. The benchmark networks consist of three different configurations: (1) the 
single-feed transmission networks, (2) the double in-feed transmission networks, and (3) the 
parallel transmission networks. Figure 2.11 shows the parallel transmission network according 
to the standard. 
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Figure 2.11 Parallel transmission network [1] 

IEC 60255-121 standard defines various dynamic conditions that need to be simulated in a 
transient network simulator. The simulations are performed to check the operational 
perfomance of distance relay taking into account the following conditions: 

 Effect of the decaying dc-offset 
 Effect of the CVT transient 
 Effect of the superimposed harmonics 
 Effect of the frequency deviations 
 Effect of the fault resistance with pre-fault load 
 Effect of the evolving and the cross-country fault 
 Effect of the current reversal condition 

The dynamic performance of distance protection is defined in terms of the operating time and 
the reach accuracy. The operating time is defined as the time interval between the instant 
when the fault occurs and the instant when the distance protection operates (trips). The reach 
accuracy means that the relay must not have an overreach or an underreach operation under 
all dynamic conditions. Overreach operation happens when the calculated impedance of the 
distance relay is less than the actual impedance to the fault. While underreach operation 
arises when the calculated impedance of distance relay is greater than the actual impedance 
to the fault. The test results need to be presented using the source impedance ratio (SIR) 
diagrams, where the operating time of the relay is displayed as a function of fault positions, 
fault types, and source impedance ratios. 

2.4.2 Ways to perform the test 

The dynamic performance test according to IEC 60255-121 can be carried out using various 
testing methods. The first method is known as the offline test. The offline test uses pre-
calculated fault voltage and current to check the relay operation. With this approach, the 
benchmark networks are modeled in transient simulation software. Then the test cases are 
simulated in the software, and the voltage and current signals are calculated. The signals are 
then injected into distance protection using a relay test set. The second approach is the 
closed-loop test. With the closed-loop test, the simulations are performed in a real-time digital 
simulator, and the response of distance protection during short circuit is fed directly into the 
simulation. In this way, the circuit breaker can be simulated as in real life conditions. 

In this thesis, the dynamic performance test is realized using the offline method. The power 
system networks are modeled and simulated in ATP-EMTP software, while the transient signal 
injection is performed using the Omicron secondary injection kit. The detail explanation of the 
test methodology will be presented in the next chapter. 
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3 Test Methodology  

3.1 Introduction 

A dynamic test is defined as a test method that applies steady state pre-fault conditions, 
followed by fault conditions (transient and steady state conditions) to the protection relay input 
terminals [1]. It means testing the protection relays under “real” simulated power system 
conditions. In this thesis, the dynamic test according to the IEC 60255-121 standard is 
implemented using the test procedure in Figure 3.1.  

 

Figure 3.1 Dynamic test procedure 

3.2 Transient simulation using ATP-EMTP 

3.2.1 Developing the network and component models 

The network and component models are developed based on the benchmark network of IEC 
60255-121 standard. Three network configurations are defined, including single feed 
transmission lines (short and long), double in-feed lines, and parallel transmission lines. The 
transient effects of capacitive voltage transformer (CVT) are also simulated according to the 
standard. In addition, fault arc model developed by [10] is incorporated into the network to 
study the operation of numerical distance protection to arcing faults. 

In this thesis, the modeling and simulation are carried out in ATP-EMTP [16]. Some 
considerations when performing transient simulations in ATP-EMTP are: 

1. The size and type of the models 
The reduced-size models are typically used to minimize the computation process and 
time. It is crucial that the models can represent the power system sufficiently. The 
component models such as generator, transmission lines, CT, and CVT need to be 
modeled in such a way that they can represent similar transient response with the real 
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ones. Therefore, the selection of the model must be carefully made to get the accurate 
results. 

2. Time step used in the simulation 
The simulation time steps can also affect the accuracy. Too large time steps will result 
in the insufficient transient information in the waveform, while too small time steps will 
increase the computation processes and the data sizes. 

3.2.2 Simulating the test cases 

The simulation of the test cases aims to explain how the dynamic conditions affect the 
operation of distance protection. Various dynamic conditions are simulated in this thesis, 
including: 

 The effect of decaying dc-offset and source impedance ratio (SIR) to the tripping time 
and the reach accuracy of distance protection. 

 The effect of CVT transient error to the tripping time and the reach accuracy of 
distance protection. 

 The operation of distance protection when harmonics are superimposed on the voltage 
and current signals. 

 The operation of distance protection during off-nominal frequency condition. 
 The effect of fault resistance and remote in-feed current to the operating time and the 

reach accuracy of distance protection. 
 The operation of distance protection against disturbance conditions that might occur in 

a parallel network configuration, such as: 
 Current reversal 
 Evolving faults 
 Cross-country faults 

 The operation of distance protection during arcing faults. 

3.2.3 Recording the voltages and currents 

For each of the simulation case, the secondary value of voltages and currents at the relay 
location will be stored. The calculated values are stored using the XY-Plot of ATP-EMTP. 
Various file formats can be used to store the calculated values as shown in Figure 3.1. In this 
thesis, the PL4 format is used. 

 
Figure 3.2 Record calculated voltage and current 
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3.3 Converting the signals to Comtrade format 

COMTRADE (Common format for transient data exchange for power system) is a 
standardized file format from IEEE for recording analog and digital data related to transient 
conditions in the power system. The PL4 files containing voltage and current signals from ATP-
EMTP are converted into COMTRADE format using the advanced transplay module of 
Omicron test universe. When converting the files, the ratio of the CT and VT needs to be 
defined correctly based on the simulated benchmark networks. 

 

Figure 3.3 Convert signals into COMTRADE format 

3.4 Developing the test library 

The test library/database contains voltage and current signal at the relay location. In this 
thesis, Omicron Control Centre (OCC) is used to build the test library. Omicron Control Centre 
is a software package from OMICRON that allows the combination of individual testing 
functions into an overall test plan. For each defined test case, a separate test library will be 
built. When performing a test, each embedded function in OCC will be executed sequentially, 
and all test results will be created automatically. The library of analog signals and the operating 
time of the relay will be stored inside the OCC files after the test are carried out. For each test 
case, the voltage and current signals will be injected into the relay four times. 

 

Figure 3.4 Relay test library in Omicron Control Centre 
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3.5 Developing the hardware setup 

3.5.1 Generating the test signals 

The Omicron CMC 356 is used to generate transient signals and inject them into the relay. The 
injected signals should have a sufficient accuracy and resolution to ensure that the relay will 
measure the voltages and currents similar to the one that occurs in the real power system. The 
Omicron CMC 356 provides possibilities for an accurate dynamic testing because of its wide 
ranging dynamic performance.  

 

Figure 3.5 Omicron CMC 365 relay test set 

The technical parameters of CMC 356 are displayed in Table 3.1. 

Table 3.1 CMC 365 technical parameters 

Parameters Typical value 

3 phase current output 3 x 0…64 A 

3 phase voltage output 3 x 0…300 V 

Current resolution 1 mA 

Voltage resolution 5 mV 

Phase Angle resolution 0.001º 

Error <0.05% 

Range transient signals DC…3.1 kHz 

The schematic connection between Omicron CMC 356 and the tested relay is displayed in 
Figure 3.7. The hardware connection consists of two three-phase analog signals (voltage and 
current) and two binary signals (trip and pick-up). 
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Figure 3.6 Schematic connection 

3.5.2 Tested distance relay 

Two distance relays from different manufacturers (relay M and relay N) are tested. These 
relays are multifunctional numerical distance relays utilized for high voltage (HV) and extra 
high voltage (EHV) transmission line protection. Detailed explanation about the tested distance 
relays and the protection settings applied in the testing will be given in Chapter 5. 

3.5.3 Protection setting 

The operation characteristics of the forward and reverse zones are tested. Zone 1 is set to 
protect the forward direction with no time delay (instantaneous), while Zone 3 is set to protect 
the reverse zone with a time delay. Moreover, the zone 2 setting is deactivated. The 
impedance reach setting of zone 1 is 80% of the transmission line length [1]. A summary of the 
impedance reach setting is given in Table 3.2, while the detail calculations are provided in 
Appendix I. 

Table 3.2 Distance protection setting 

 
Short Network 

(20 km) 
Long Network 

(100 km) 
Transient Oscillation 

 (125 km) 
Parallel Network 

(2 x 100 km) 

Zone 1 Forward Forward Forward Forward 

Characteristic Quadrilateral Quadrilateral Quadrilateral Quadrilateral 

R ph-ph (ohm) 1.8 6.981 15.709 6.981 

R ph-e (ohm) 2.699 6.981 15.709 6.981 

X (ohm) 1.745 8.726 19.636 8.726 

Characteristic Angle (o) 85 85 85 85 

Time Delay (ms) 0 0 0 0 

Zone 2 Inactive Inactive Inactive Inactive 

Zone 3 Inactive Inactive Inactive Reverse 

Characteristic - - - Quadrilateral 

R ph-ph (ohm) - - - 13.96224 

R ph-e (ohm) - - - 13.96224 
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X (ohm) - - - 17.4528 

Characteristic Angle (o) - - - 85 

Time Delay (ms) - - - 500 

3.6 Result analysis 

The results of dynamic testing will be presented using the source impedance ratio (SIR) 
diagram [1]. SIR diagram shows the average operating time of distance relay as a function of 
the fault position and the source impedance ratio. Results analysis will also be performed 
using the impedance diagram where the trajectory of fault impedance will be displayed on an 
R-X plane with zone protection setting as shown in Figure 3.7. 

 

Figure 3.7 Protection setting shape in impedance plane 
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4 Simulation of the Dynamic Conditions  

Various dynamic conditions are simulated according to the IEC 60255-121 standard to 
represent the disturbance conditions that might occur in power system. It is necessary to study 
the characteristics of various dynamic conditions to have an idea about their effect on the 
operations of distance protection. The dynamic conditions are simulated through variation of 
fault parameters and network configurations. Seven dynamic conditions with total 890 test 
cases are simulated. A detailed explanation for all the test cases is given in this chapter. 

For each simulation case, the voltage and the current (both in secondary value) at the distance 
relay location will be calculated and stored.  

4.1 Simulation with the decaying dc-offset 

4.1.1 Introduction 

The magnitude of decaying dc-offset in fault current is determined by the instant of fault 
occurrence (or the fault inception angle). Fault inception angle is the angle, on a fundamental 
frequency sine wave between the inception of the fault and the nearest preceding zero 
crossing with a positive derivative [1]. The relation between fault inception angle and decaying 
dc-offset in fault current can be explained using a simple switching of LR circuit as shown in 
Figure 4.1. 

 

Figure 4.1 switching of an LR circuit 

The current flowing in the circuit after the switch S closed is given by the following equation 
[12]: 

 
𝑖(𝑡) = 𝑒−(𝑅 𝐿)𝑡⁄ {−

𝐸𝑚𝑎𝑥

√𝑅2 + 𝜔2𝐿2
𝑠𝑖𝑛 [𝜑 − 𝑡𝑎𝑛−1 (

𝜔𝐿

𝑅
)]}

+
𝐸𝑚𝑎𝑥

√𝑅2 + 𝜔2𝐿2
𝑠𝑖𝑛 [𝜔𝜑 − 𝑡𝑎𝑛−1 (

𝜔𝐿

𝑅
)] 

 

(13) 

From the equation, it can be seen that the current in the circuit consists of two parts. The first 
part of the equation represents the decaying dc-component, and the second part is the 
sinusoidal component with the frequency (𝜔/2𝜋) Hz.  

The decaying constant of dc component depends on the instant when the switch S closed and 

the ratio between R and L of the circuit. When the term [𝜑 − 𝑡𝑎𝑛−1 (
𝜔𝐿

𝑅
)] = 0° or an integer 
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times of 𝜋, the dc-component is zero, while when the term [𝜑 − 𝑡𝑎𝑛−1 (
𝜔𝐿

𝑅
)] = 90°, the dc-

component has the highest magnitude. Figure 4.2 shows the decaying dc-component for a 
three-phase fault. 

 

Figure 4.2 dc offset in fault current 

To analyze the characteristic of the dc-offset, various faults with different inception angle are 
simulated. Four inception angles are used: 0°, 30°, 60°, and 90°. Two transmission networks 
from the IEC 60255-121 standard are applied in the simulation. The first network is a short 
transmission line with a length of 20 km. The second network is a long transmission network 
with a length of 100 km. 

Both networks are radial feeder types with zero load transfer as shown in Figure 4.3. The 
current transformer (CT) and voltage transformer (VT) are considered as ideal transformers. 
Furthermore, the transmission line capacitances are not considered in the simulation. 

 

Figure 4.3 Transmission network with zero load transfer 

Four fault types are also simulated. The fault types are single phase-to-ground (LN), phase-to-
phase (LL), double phase-to-ground (LLN) and three-phase fault (LLL). Several fault positions 
as shown in Table 4 are also simulated. Fault positions are defined in the percentage of zone-
1 reach impedance setting. Total 224 fault cases are simulated. 

Table 4.1 Fault parameters of simulation with decaying dc-offset 

Network length 
Fault position 

(Percentage of zone 1 setting) 
Fault type 

Fault inception 
angle (°) 

Short (20 km) 0, 50, 80, 90, 95, 105, and 110 AG, BC, BCG, and ABC 0, 30, 60, and 90 

Long (100 km) 0, 50, 80, 90, 95, 105, and 110 AG, BC, BCG, and ABC 0, 30, 60, and 90 
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In practice, the operation of distance protection is not only affected by the fault parameters. 
However, it also influenced by the magnitude of the voltage measured at the relay location. 
During short circuit conditions, the voltage magnitude depends on the short circuit level of the 
system and the total impedance between the measurement transformers and the faulted point. 
The relation between the measured voltage at the relay location with the total impedance of 
the system can be explained in terms of source impedance ratio (SIR). Source impedance 
ratio is defined as the ratio between the impedance of power source and the impedance 
setting of distance protection as displayed in Figure 4.4. 

 

Figure 4.4 SIR effect on residual voltage measured by distance relay  

Point R is the relay location, with the measured voltage (VR) and current (IR). ZL and Zs are the 
transmission line impedance and the source impedance, respectively. The measured voltage 

at the relay location (VR) can be described as a function of the source impedance ratio (
𝑍𝑠

𝑍𝐿
) 

using the following equations: 

𝑉𝑅 = 𝐼𝑅 ·  𝑍𝐿 

Where, 

𝐼𝑅 =
𝑉

(𝑍𝑠 + 𝑍𝐿)
 

 Hence, 
 

𝑉𝑅 =
1

𝑍𝑠

𝑍𝐿
+ 1

· 𝑉 

 

(14) 

Table 4.2 provides the voltages at the relay location for a range of source impedance ratios. As 
the source impedance ratio increases, the voltage measured by relay drops to very low values. 
The magnitude of the transient, in turn, remains constant as the dc offset in fault signal is a 
function of fault inception angle (independent from the source impedance ratio). This results in 
a disadvantageous transient to fundamental-frequency ratios that affect both the reach 
accuracy and the operating time of distance protections.   

Table 4.2 measured voltage as function of source impedance ratio 

Source impedance ratio 0.1 0.5 1 5 10 50 

Measured voltage (pu) 0.91 0.67 0.5 0.17 0.09 0.02 

IR 
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In the simulation, two SIR values are applied for each network. For the short network, the SIR 
values used are 5 and 50. While for the long network, the SIR values are 0.2 and 10. 
Therefore, the total simulation cases with the decaying dc-offset are 448 cases.  

4.1.2 The networks and component model 

Power source 

Two power source models can be used for protection relay studies: the ideal sources behind 
sub-transient reactance model and the detailed synchronous machine model. An ideal source 
model is used to represent big generators in an integrated system where the disturbance will 
not cause a significant frequency deviation. The detailed synchronous machine model is used 
for representing weak generators in an un-integrated system. In this thesis, the ideal source 
behind sub-transient reactance model will be used. 

 

Figure 4.5 Power source model 

The value of the sub-transient reactance of the model is varied to obtain the desired source 
impedance ratio as shown in Figure 4.5. 

Transmission line 

The transmission line defined in the standard has fixed and homogenous impedances over the 
frequency range as shown in Table 4.3. Moreover, the conductance (G) and capacitance (C) of 
the line are neglected.  

Table 4.3 Network impedance values 

 R1  X1  R2  X2  R0  X0  

Values (Ω/km) 0.03184 j 0.3636 0.03184 j 0.3636 0.1274 j 1.4552 

ATP-EMTP provides three transmission line models: nominal pi, constant parameter 
distributed line, and frequency-dependent distributed line. These models can be built using the 
LCC routine. The Frequency-dependent distributed parameter model is known to be the best 
model for electromagnetic transient simulations because of its wider frequency response 
compared to the other models. However, this model cannot represent the characteristic 
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described in the benchmark network because of the varying impedance values over various 
frequency ranges. 

To accurately represent the benchmark network, the nominal Pi model given in Figure 4.6 is 
used. This model provides a more accurate network representation because it allows inputting 
the impedance parameter directly. This results in more accurate impedance values compared 
to the frequency-dependent models where the impedances are calculated based on the 
physical transmission parameters. Nominal Pi model can also be used to represent 
transmission line response over various frequency ranges if several cascaded sections are 
used in the simulation [4]. 

 

Figure 4.6 Transmission line model 

Current and voltage transformers 

The current transformer (CT) is considered as an ideal transformer, meaning that all the 
primary currents are transformed exactly to the secondary side without any errors. An ideal CT 
model assumes that there is no reluctance in the magnetic core and there is also no flux 
leakage in the circuit. The basic equation for an ideal CT is given by the following equation: 

 𝑖𝑠

𝑖𝑝
=

𝑁𝑝

𝑁𝑠
=  𝑛 

 

(15) 

Where, 
Ip is the primary current 
Is is the secondary current 
n is the current transformer ratio 

A CT model in ATP-EMTP is realized using the ideal transformer (TRAFO_I) and the linear 
component (RLC) as displayed in Figure 4.7. The ratio of the CT is 1200/1 A. 
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Figure 4.7 current transformer model 

Similar to the CT model, the voltage transformer (VT) used in the network is also considered 
as an ideal transformer. The VT ratio is 400 kV / 100 V. Basic equation for an ideal VT is given 
by the following equation: 

 𝑉𝑝

𝑉𝑠
=

𝑁𝑝

𝑁𝑠
=  𝑛 

 

(16) 

Where, 
Vp is the primary voltage 
Vs is the secondary current 
n is the voltage transformer ratio 

The VT model in ATP-EMTP is developed using the ideal transformer (TRAFO_I) and the 
linear component (RLC) as shown in Figure 4.8.  

 

Figure 4.8 Three-phase voltage transformer model 

Circuit Breaker 

There are three switch models available in ATP-EMTP: time controlled switch, statistics switch, 
and TACS. To model the three-phase circuit breaker (CB), the time controlled switch 
(SWIT_3XT) is used in this thesis as shown in Figure 4.9. 
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Figure 4.9 Three-phase circuit breaker model 

Fault model 

The faults are modeled using the time-controlled single-phase switches. There are four fault 
types utilized in the test cases as shown in Figure 4.10. 

 

Figure 4.10 Faults model 

The closing time of the switches is controlled to obtain the desired fault inception angles. The 
voltage waveforms of four different inception angles are shown in Figure 4.11. 

 

Figure 4.11 Voltages for various fault inception angles: (a) 0°, (b) 30°, (c) 60°, and (d) 90° 
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The power system components are modeled with reference to [4]. Finally, the benchmark 
network model in ATP-EMTP is shown in Figure 4.12.  

 

Figure 4.12 Short transmission network model 

4.1.3 Analysis of the simulation result 

This section describes the simulation results of ATP-EMTP. For each case, the total simulation 
time is 300 ms, with pre-fault duration around 100 ms, and the solution time step 5 µs. 

Varying the fault inception angle 

The simulated fault currents (secondary value) for an AG fault with different fault inception 
angles are shown in Figure 4.13. The faults are located at 50% of the zone 1 impedance 
setting. The results indicate that when the faults occur at around 100 ms, the current in phase 
A jumps from zero to its peak values and then decreases gradually until it reaches the nominal 
fault current.  

The peak of the current varies with the fault inception angle. In this case, the fault inception 
angle 0° generates the highest peak of 7.47 A. While the other inception angles produce a 
relatively lower peak currents (30° = 7.02 A; 60° = 5.73 A; 90 ° = 4.47 A). It is also shown that 
the decaying time the of dc-component is around five cycles (100 ms) for all the fault inception 
angles.   

 

Figure 4.13 Fault current with variation of fault inception angle 

Analysis using the impedance (R-X) plane shows the effect of decaying dc-offset to the 
impedance trajectory as illustrated in figure 4.14. The decaying dc-offset in the fault current 
seems to shift the trajectory of the impedance. In this case, the highest dc-offset (fault 
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inception angle 0o) causes the impedance to shifted more to the right side in the impedance 
plane.  

 

Figure 4.14 Fault impedance trajectory with variation of fault inception angle 

Varying the fault type 

The voltages and currents for different fault types are shown in the following figures. All the 
faults are located at 95% of the zone 1 impedance setting. Once the faults are initiated at 
around 100 ms, the currents in the faulted phase(s) jump to their peak values. In contrary with 
the current, the voltage in the faulted phase(s) rapidly drop to much lower values. 

Single phase-to-ground faults (LN) are classified as unsymmetrical faults. LN faults are 
characterized by a sudden drop in the faulted-phase voltage and an increase in the healthy-
phases voltages after the fault inception. For an AG Fault, the voltage in phase A decreases 
while the voltages in phase B and C increase as shown in Figure 4.15. 

 

 

Figure 4.15 Voltages and currents (secondary value) for LN fault 

Phase-to-phase (LL) and double-phase-to-ground (LLN) faults are also classified as 
unsymmetrical faults. These faults are characterized by a rapid voltage decrease and a current 
increase on the faulted phases after the fault initiation. Moreover, the fault currents at both 
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phases are 180° apart. The main difference between LL and LLN faults lies in the voltage of 
the healthy phase. For double-phase-to-ground faults, the voltage in the healthy phase is 
increased, while for phase-to-phase faults, it remains the same with the pre-fault voltage. The 
characteristics of LL and LLN faults are shown in Figure 4.16 and 4.17. 

 

 

Figure 4.16 Voltages and currents (secondary value) for LL fault  

 

 

Figure 4.17 Voltages and currents (secondary value) for LLN fault 

The last fault type is the three-phase (LLL) fault. Three-phase faults are classified as 
symmetrical faults. It characterizes by a sudden drop of the voltages and a rapid increase of 
the currents in all the three phases. The voltages and currents of a three-phase fault are 
displayed in Figure 4.18.  
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Figure 4.18 Voltages and currents (secondary value) for LLL fault 

Varying the source impedance ratio 

The voltages and currents of an AG fault with different SIR values are shown in Figure 4.19. It 
can be seen that an increase in the SIR value results in smaller voltages and currents at the 
location of the relay. In this case, with the SIR 5, the peak fault current is around 7.47 A. While 
for the SIR 50, the peak fault current is only 0.81 A. Furthermore, the magnitude of fault 
current affects the voltage measured by the relay. In the case of SIR 5, the peak voltage is 
around 7.42 V, while for the SIR 50, the voltage is as low as 0.84 V.  

 

Figure 4.19 Voltages and currents (secondary value) with different SIR values 

4.2 Simulation with the CVT transient 

4.2.1 Introduction 

Capacitive voltage transformer (CVT) is the most widely used of voltage transformer in high 
voltage (HV) and extra high voltage (EHV) networks. The CVT provides economic advantages 
compared to the other VT types, especially for EHV application. However, besides its 
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economic advantages, the CVT could produce a transient error during fault conditions. The 
transient error is caused by the energy stored in the capacitor stacks that cannot be dissipated 
instantaneously when the faults occur. The magnitude of transient error of CVT is determined 
by several factors such as [5]: 

 The sum of the stack capacitances 

 The shape and parameters of the ferroresonance suppression circuits 

 CVT burden 

 Fault inception angle 

The voltage at the secondary side of CVT contains noise from the harmonics and the transient 
error. The secondary voltage of CVT can be explained by the following equation [5]: 

 𝑣(𝑡) = 𝑣𝐶𝑉𝑇(𝑡) + 𝑉1𝑐𝑜𝑠(𝜔1𝑡 + 𝜑1) + 𝑣𝑛𝑜𝑖𝑠𝑒(𝑡) 
 

(17) 

Where, 
VCVT is the CVT-induced transient 
V1 and 𝜑1 are the phasor magnitude and the phase angle of fundamental frequency 
Vnoise is the high-frequency noise (including harmonics and decaying high frequency-
oscillatory components) 

The CVT-induced transient is a combination of one oscillatory decaying component and two 
aperiodically decaying dc components as explained in the following equations [5]: 

 

𝑣𝐶𝑉𝑇(𝑡) = 𝐴1 cos(𝜔0𝑡 + 𝜑0) 𝑒𝑥𝑝 (−
𝑡

𝑇𝑘
) + ∑ 𝐴𝑘𝑒𝑥𝑝 (−

𝑡

𝑇𝑘
)

3

𝑘=2

 

 

(18) 

The comparison of the magnitude of fundamental frequency component with the CVT-induced 

transients is shown in Figure 4.20. 

 

Figure 4.20 60 Hz signals with two oscillatory decaying components [5] 

To study the characteristic of the CVT-induced transient, a CVT model is developed in ATP-
EMTP. The CVT model is then added to the short network from the previous simulation. To 
obtained different transient characteristics, four fault inception angles are simulated. The 
summary of the fault parameters used in the simulation is shown in Table 4.4. Total 224 test 
cases are performed in the simulation. 

Table 4.4 Parameter variation of CVT transient test case 

Network 
length 

SIR 
Fault position 

(Percentage of zone-1 
setting) 

Fault type 
Fault inception 

angle (°) 

Short (20 km) 5 and 50 
0, 50, 80, 90, 95, 105, and 
110 

AG, BC, BCG, and ABC 0, 30, 60, and 90 
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4.2.2 The CVT model 

A CVT can be represented by the simplified mathematical model as shown in Figure 4.21. All 
the parameters in this model are referred to the primary values.  

 

Figure 4.21 Simplified model of CVT 

Where, 
R and L are the resistance and inductance of the compensating reactor 
C is the stack capacitance 
Rf’, Lf’, and Cf’ are the resistance, inductance, and capacitance of the ferroresonance 
circuit 
Rb’ is the burden 

The transfer function of the model is given in Equation (19) [5]: 

 𝑉1(𝑠)

𝑉2(𝑠)
=

𝐴3𝑆3 + 𝐴2𝑆2+𝐴1𝑆

𝐵4𝑆4 + 𝐵3𝑆3 + 𝐵2𝑆2 + 𝐵1𝑆 + 𝐵0
 

 

(19) 

Where, 

𝐴1 = 𝑅𝑓𝑅𝑏𝐶 

𝐴2 = 𝐿𝑓𝑅𝑏𝐶 

𝐴3 = 𝐿𝑓𝐶𝑓𝑅𝑓𝑅𝑏𝐶 

𝐵0 = 𝑅𝑓 + 𝑅𝑏 

𝐵1 = 𝑅𝐶𝐵0 + 𝐿𝑓 + 𝐴1 

𝐵2 = 𝐿𝐶𝐵0 + 𝑅𝐶𝐿𝑓 + 𝐿𝑓𝐶𝑓𝐵0 + 𝐴2 

𝐵3 = 𝐿𝐶𝐿𝑓 + 𝑅𝐶𝐿𝑓𝐶𝑓𝐵0 + 𝐴3 

𝐵4 = 𝐿𝑓𝐶𝑓𝐵0 + 𝐿𝐶 

The CVT model in the simulation is based on the CVT equivalent circuit in the IEC 60255-121 
standard. The equivalent circuit and the component parameters are shown in Figure 4.22. 
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Figure 4.22 CVT equivalent circuit and parameters [1] 

The CVT model as illustrated in figure 4.23 is developed using several component models that 
are available in the ATP-EMTP, including capacitance (CAP_RS), Inductance (IND_RP), 
resistance, Transformer (TRAFO_I), and splitter.  

 

Figure 4.23 Capacitive voltage transformer model 

To validate its transient characteristic, the model is tested using the transient response test in 
the IEC 61869-5 standard (Additional requirement for capacitive voltage transformer). The 
tests are performed by short-circuiting the high voltage source at the actual primary voltage Vp 
and then record the secondary voltage response of the CVT. The tests are conducted at the 
peak and the zero passage of the primary voltage as shown in Figure 4.24. 
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Figure 4.24 CVT Transient response test 

The transient response of the model is then compared with the CVT transient waveforms in [1] 
as displayed in Figure 4.25. For a short circuit at the zero crossing of the primary voltage, the 
secondary voltage is damped aperiodically (top right figure), this response is similar to the blue 
signal in the reference waveforms (left figure) from the standard. 

Moreover, for a short circuit at the peak of the primary voltage, the secondary voltage is 
damped periodically (bottom right figure), and this response is also similar to the red signal in 
the reference waveforms (left figure). Therefore, it is shown that the transient responses of the 
CVT model are correct for both test conditions. 

 

Figure 4.25 Comparison of CVT transient responses 

After the CVT model has been validated, the network model is built in ATP-EMTP as shown in 
Figure 4.26.  



Simulation of the Dynamic Conditions 36 

Dynamic Testing of Distance Protection  Dedi Mahendra 

 

Figure 4.26 Short transmission network with CVT model 

4.2.3 Analysis of the simulation result 

Similar to the previous simulation, the total simulation time is 300 ms with pre-fault duration 
around 100 ms, and solution time step 5 µs. The comparison of the transient response of VT 
and CVT are highlighted in this section.  

The fault voltages (secondary value) for an ABC fault with the VT and the CVT are shown in 
Figure 4.27, 4.28, and 4.29.The fault is located at 50% of the zone 1 impedance setting. Once 
the fault is initiated at around 100 ms, the secondary voltages of the VT drop rapidly into a 
much smaller fault voltages. In this case, the fault voltage is around 7.38 V (peak). However, in 
the case of the network with CVT, the secondary voltages are not instantly dropped into the 
fault voltages. It can be observed that the voltages are gradually decreased for two cycles (40 
ms) until they reach the nominal fault voltages. The simulation also shows that the shape of 
the transient waveform is different for various fault inception angles (0° and 90°). 

 

Figure 4.27 Secondary voltage using VT 

 

Figure 4.28 Secondary voltage using CVT (inception angle 0°) 
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Figure 4.29 Secondary voltage using CVT (inception angle 90°) 

An analysis using the impedance (R-X) plane shows the influence of the CVT transient error to 
the fault impedance trajectory as illustrated in figure 4.30. Due to the voltage error, the 
measured impedances for the first two cycles (40 ms) will be different. The CVT transient error 
seems to alter the impedance shape and enlarge the spiral diameter of the trajectory in the 
impedance plane. Moreover, the shape of the transient waveforms also causes the trajectory 
to shift more to the left side of the impedance plane.  

 

Figure 4.30 Impedance trajectory for LN fault with and without CVT 
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4.3 Simulations with the superimposed harmonics 

4.3.1 Introduction 

The constant developments of non-linear components in the power system levels are the main 
source of the harmonics. At the transmission system level, the non-linear components can be 
found in the HVDC converter, wind generators, FACTS, and static VAR compensators. These 
components generate a high level of harmonics in the transmission line that can affect the 
performance of electrical equipment. 

The harmonic components in power system can be described as the sinusoidal components of 
a periodic waveform that have frequencies equal to an integer multiple of the fundamental 
frequency of the system. The distorted waveforms can be expressed as the superposition of 
the fundamental frequency waveform with the other harmonic waveforms. Figure 4.31 shows a 
typically distorted waveform of the six-pulse converters used in HVDC. 

 

Figure 4.31 Distorted waveforms contain harmonics 

Harmonics order in the voltage (or current) can be expressed by the following equations: 

 𝑉𝐴ℎ = 𝑉ℎ𝑠𝑖𝑛(ℎ𝜔0𝑡 + 𝜃ℎ) 
 

(20) 

 
𝑉𝐵ℎ = 𝑉ℎ𝑠𝑖𝑛 (ℎ𝜔0𝑡 −

2ℎ𝜋

3
+ 𝜃ℎ) 

 

(21) 

 
𝑉𝐶ℎ = 𝑉ℎ𝑠𝑖𝑛 (ℎ𝜔0𝑡 +

2ℎ𝜋

3
+ 𝜃ℎ) 

 

(22) 

Where, 
h is the harmonic order 

The influence of the harmonics on the distance relay is not well documented because of the 
various operating principle used in each of the relay design. The electromechanical and static 
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relays tend to be affected by the harmonics. However, the microprocessor-based distance 
relays, which extract the fundamental frequency from the distorted waveforms using both 
digital and analog filters are relatively unaffected by the harmonics [6].  

To study the characteristics of the harmonics in power system, superimposed harmonics in 
voltage and current during fault will be simulated. Transmission networks used in the 
simulations are based on transient oscillation benchmark network of [1]. 

The network is a radial feeder network with zero load transfer as shown in Fig. 4.32. Two 
source capacitance values are used: 4.31 and 8.93 µF. Moreover, the current transformer (CT) 
and the voltage transformer (VT) used in the network are considered as ideal transformers. In 
the simulation, the superimposed harmonics are generated through oscillations between the 
source capacitance and the transmission line inductance during the faults. 

 

Figure 4.32 Transmission network with source capacitance 

To vary the harmonics order and total harmonic distortion (THD), two different values of source 
capacitance will be used. In addition, various fault positions and fault types will also be applied 
in the simulation. The simulation parameters are shown in Table 4.5. Total simulations 
performed for the superimposed harmonics are 24 cases. 

Table 4.5 Parameter variation of superimposed harmonics test case 

Capacitance Value 
(µF) 

Fault position 
(Percentage of zone 1 setting) 

Fault type 
Fault inception 

angle (°) 

4.31 80, 90, 95, 105, 110, and 125 AG and ABC 90 

8.93 80, 90, 95, 105, 110, and 125 AG and ABC 90 

4.3.2 The network and component models 

Source capacitance model 

The source capacitance is modeled using the three-phase RLC symmetrical PI-equivalent 
component (LINEPI3S) as shown in Figure 4.33. 
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Figure 4.33 Source capacitance model 

After the capacitance has been modeled, the transient oscillations network as illustrated in 
figure 4.34 is developed in the ATP-EMTP. 

 

Figure 4.34 Transient oscillation network model 

4.3.3 Analysis of simulation result 

This section describes the simulation results of ATP-EMTP. For each case, the total simulation 
time used is 350 ms, with pre-fault duration around 100 ms, and solution time step 5 µs. The 
voltage and current for ABC fault at 95% of zone 1 setting are shown in Figure 4.35. 

It can be seen that once the fault is initiated at around 100 ms, the voltages on three phases 
suddenly drops from nominal voltage into the fault voltage. Moreover, because of the LC 
oscillations during the fault, the voltage and current waveforms are highly distorted with the 
harmonics. For each simulation result, the harmonics content in the signals can be analyzed 
by using the Fourier analysis. For the case of ABC fault at 95% of the zone 1 impedance 
setting, the 9th and 10th harmonics have the highest magnitude as shown in Figure 4.36. 
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Figure 4.35 Voltages and currents (secondary value) for LLL fault with C=4.31 µF 

 

Figure 4.36 Harmonics content for LLL fault with C=4.31 µF 

By replacing the source capacitance to 8.93 µF, the superimposed harmonics in fault signals 
are different from the previous results. The harmonics magnitudes after decomposition using 
the Fourier analysis are shown in Figure 4.37. In this case, the 7th harmonics has the highest 
magnitude.  

 

Figure 4.37 Harmonics content for LLL fault with C=8.93 µF 

The fault voltage and current for an AG fault at 80% of the zone 1 impedance setting are 
shown in Figure 4.39, and its harmonics contents are shown in Figure 4.39. In this case, once 
the fault is initiated at around 100 ms, the voltage on phase A drops rapidly, while the current 
sharply increases to the nominal fault current. It can be seen that the voltage and the current 
waveforms are also highly distorted with the harmonics. In this case, the results of Fourier 
analysis show that the 7th harmonics has the highest magnitude.  
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Figure 4.38 Voltages and currents (secondary value) for LN fault with C=4.31 µF 

 

Figure 4.39 Harmonics content for LN fault with C=4.31 µF 

The complete simulation results are presented in Table 4.6. It shows the highest harmonics 
order and the total harmonic distortion (THD) for all fault positions and capacitance values. 

Table 4.6 Superimposed harmonic simulation results 

Source capacitance 
(µF) 

Fault type Fault position 
(% of zone 1 setting) 

Harmonics 
Order 

THD 
(%) 

4.31 

ABC 

80 10
th
 11.49 

90 10
th
 10.14 

95 9
th
 9.57 

105 9
th
 8.77 

110 9
th
 8.36 

125 8
th
 7.40 

AG 

80 7
th
 6.98 

90 7
th
 5.77 

95 6
th
 and 7

th
 5.58 

105 6
th
 5.00 

110 6
th
 5.18 

125 6
th
 4.41 

8.93 

ABC 

80 7
th
 11.57 

90 7
th
 10.42 

95 7
th
 9.92 

105 7
th
 8.76 

110 7
th
 8.37 

125 6
th
 7.40 

AG 

80 5
th
 7.66 

90 5
th
 6.74 

95 5
th
 6.71 

105 5
th
 5.69 

110 5
th
 5.73 

125 3
rd
 and 5

th
 4.74 
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4.4 Simulations with the off-nominal frequency 

4.4.1 Introduction 

The Numerical distance relays are designed to operate at the nominal frequency of 50 Hz or 
60 Hz. The digital filter used in the relay such as the discrete Fourier transform (DFT) operates 
correctly at the nominal power frequency. However, a significant frequency deviation of power 
system could happen during the emergency states when a considerable amount of generation 
and load are connected or disconnected to the system. During this period, the impedance 
measurement might become inaccurate due to an error in the sampling process. The effect of 
the frequency deviation on the sampling error of numerical relays is illustrated in Figure 4.40. 

 

Figure 4.40 Frequency deviation effects on relay sampling error 

In the case of 10 samples per cycle used in the relay (Tsampling = 2 ms for the 50 Hz systems), 
both an increase and a decrease in the system frequency will cause the incorrect 
measurement of the rms value. Ideally, the rms values are calculated in each cycle of the 
waveforms. An increase in frequency will cause the rms value to be calculated based on the 
wave fragments shorter than one cycle. On the other hand, a decrease in frequency will cause 
the rms value to be calculated using the wave fragments longer than one cycle waveforms. 
These conditions could lead to an error when averaging the rms values from all the samples. 

To study the effects of frequency deviation on distance relay performance (especially on the 
numerical type), the voltage and the current with off-nominal frequencies during fault will be 
simulated. The transmission network used in the simulation is similar to the short transmission 
network in the decaying dc-offset case. In this case, the frequency of the voltage source will be 
varied to simulate the off-nominal frequency conditions. In the simulation, the system 
frequencies will be set to the maximum and the minimum allowable frequency of the relay, 51 
Hz, and 49 Hz (for 50 Hz system), respectively. The simulation parameters are shown in Table 
4.7. 
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Table 4.7 Parameter variation of transient frequency deviation test case 

Frequency 
(Hz) 

Fault position 
(Percentage of zone-1 setting) 

Fault type Fault inception angle (°) 

49 -0, 0, 50, 80, 90, 95, 105, 110 A-G 0 and 90 

50 -0, 0, 50, 80, 90, 95, 105, 110 A-G 0 and 90 

51 -0, 0, 50, 80, 90, 95, 105, 110 A-G 0 and 90 

4.4.2 The network model 

The network model used for the frequency deviation test is similar to the short transmission 
network of the decaying dc-offset case. However, an additional bus was added to the network 
to simulate the reverse fault condition (-0%). The network model built in ATP-EMTP is shown 
in Figure 4.42. 

 

Figure 4.41 Transient frequency deviation network 

4.4.3 Analysis of the simulation result 

The total simulation time used is 300 ms, with pre-fault duration around 100 ms, and solution 
time step 5 µs. The voltage and the current for an AG fault located at 80% of the zone 1 
impedance setting are shown in Figure 4.42 and 4.43. 

 

Figure 4.42 Secondary voltages for system frequency of 49, 50, and 51 
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Figure 4.43 Secondary currents for system frequency of 49, 50, and 51 

An analysis using the impedance (R-X) plane shows the influence of system frequency to fault 
impedance trajectory as illustrated in figure 4.44. The example is shown for a LN fault (with 
inception angle 0o) located at 105% of the zone 1 impedance setting. It is shown that the 
frequency of power system seems to alter the shape and the position of the impedance 
trajectory. In this case, for the 49 Hz systems (red), the spiral trajectory will enter the tripping 
zone 4 times, while for the 50 Hz (green) and the 51 Hz (blue) systems, the spiral trajectories 
enter the tripping zone two times and one time, respectively.  

 

Figure 4.44 Impedance trajectories for different system frequency 

Depending on the protection functions and the logics applied in the distance relay, the spiral 
trajectories that enter the tripping zone might cause the distance relay to operate, even though 
the fault point is located outside of the tripping zone. In other words, it might cause an 
overreach of the distance relay. 

4.5 Simulations with the fault resistance and remote in-feed 
current 

4.5.1 Introduction 

Distance relay differentiates the load and the fault conditions by estimating both the  
magnitudes and the phase angle of the impedance. The relay operates if the estimated 
impedance falls inside the tripping characteristic as shown in Figure 4.45. Therefore, it is 
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essential to ensure that the maximum load of the system (the smallest impedance) is always 
located on the outside of the  tripping characteristic. The figure also shows that the higher the 
fault resistance, the more difficult for distance relays to differentiate between load and fault 
conditions as the fault impedance angle becomes smaller. 

 

Figure 4.45 Load and fault impedance on RX-plane 

The fault resistances are usually high in case of ground faults caused by the flashover on the 
string insulators of the transmission tower. The fault loop of the ground faults usually consists 
of the arc resistance, the tower footing resistance, and the tower resistance. The total 
resistance value can vary from less than few ohms to several hundred ohms. However, this is 
not the case for the other fault types where the fault resistance values are usually much 
smaller.  

The combined effects of load current and fault resistance could also lead to an incorrect 
operation if the fault resistance value is too large. In this case, the relay could trip for an 
external fault (lack of security), or not trip for a fault inside the protection zone (lack of 
dependability). Figure 4.46 shows the effect of load current and fault resistance on the 
measured impedance in distance relay. 

 

Figure 4.46 Effect of load and fault resistance on the measured impedance 

Two voltage sources are connected by a transmission line through bus A and B. The source 
impedances are represented by ZS and ZR; the transmission line is represented by ZL, and the 
fault resistance by Rf.  

The impedance measured by the relay at bus A (ZA) is given by the following equations: 

 
𝑍𝐴 =

𝑉𝐴𝑓

𝐼𝑆𝑓
=

𝑚𝑍𝐿 × 𝐼𝑆𝑓 + 𝑅𝑓𝐼𝑓

𝐼𝑆𝑓
 

 

(23) 
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 𝑍𝐴 = 𝑚𝑍𝐿 + 𝑅𝑓𝑘𝑠 

 
(24) 

Where, 
m is the distance of fault to bus A 
Vaf is the voltage at bus A 
Isf is the current from bus A 
If is the total fault current 

ks is the ratio of total fault current and current at relay location (
𝐼𝑓

𝐼𝑆𝑓
) 

The ratio ks describes the effect of the remote in-feed current to the fault impedance measured 
by the distance relays. In general, the value of ks is greater than 1, which means that the 
remote in-feed will amplify the fault resistance value as seen by the relay. However, if the ratio 
ks is a complex number (If and Isf is not in phase), it may also alter the apparent impedance 
angle, which causes incorrect operation for the faults located outside of the protection zone. 
The effect of the remote in-feed and fault resistance in the impedance plane is shown in Figure 
4.47. 

 

Figure 4.47 Combination effects of fault resistance and remote in-feed 

In this section, the operation problems of distance protection associated with the fault 
resistance and the remote in-feed are analyzed. Two simulation cases are performed: the fault 
with resistance, and the combination of remote in-feed with fault resistance. The fault 
resistance used in the simulations are 10 Ω for the LN faults and 5 Ω for the LL & LLN faults. 
The test cases are simulated on the long and the short transmission networks. Several fault 
locations along the transmission network are defined to assess both the security and the 
dependability of distance protection. Moreover, four fault types are simulated (LN, LL, LLN, 
and LLL). In summary, total 88 simulation cases are performed in this section as shown in 
Table 4.8. 

Table 4.8 Simulation parameters for fault with resistance 

Case 
Fault position 

(Percentage of network length) Fault type 
Fault inception 

angle (°) 
Total 

Without pre-fault current -0, +0, 70,90 
A-G, A-B, A-B-G, 

 A-B-C 
45 28 

With pre-fault current -0, +0, 50, 70, 100 
A-G, A-B, 

 A-B-C 
45 60 
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4.5.2 The network and component models 

The transmission networks used in the simulations are based on the single line double in-feed 
benchmark network in the IEC 60255-121 standard. In this network, the CT and VT are 
considered as ideal transformers, and the transmission line capacitances are neglected. There 
are two types of source impedance used in the simulations: 

 Homogenous source – S1 (Z1 = Z0 = 1+j30 Ω) 

 Non-homogenous source – S2  (Z1 = 1+j7 Ω; Z0 =1+j21 Ω) 
 

 

Figure 4.48 Double in-feed transmission network 

The fault resistances are modeled using the time-controlled single-phase switches and the 
single-phase resistances. The closing time of the switches is controlled to obtain the fault 
inception angles 45°. The fault models in ATP-EMTP are shown in Figure 4.49. 

 

Figure 4.49 Models of fault with resistance 

Two load conditions are considered in the simulation: 

 Exporting load 830 MVA (source L to R) 

 Importing load 830 MVA (Source R to L) 

The load current is simulated by adjusting the initial angle of the source that sends the power 
to lead the other source. Furthermore, the remote CB behaviors in the simulations are defined 
as follow: 

 For faults in zone 1 (80% of the line), the breaker will open 60 ms after the fault 
inception (20 ms relay tripping time + 40 ms breaker opening time). 

 For faults in zone 2 (>80% of the line), the breaker will open 300 ms after the fault 
inception. 
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Finally, a network model in ATP-EMTP is shown in Figure 4.50.  

 

Figure 4.50 Double in-feed short transmission network model 

4.5.3 Analysis of the simulation result 

This section presents some of the simulation results, including the impedance analysis in RX-
plane. For each simulation, the total time is 800 ms, with pre-fault duration around 100 ms, 
and solution time step 5 µs. The voltage and the current of an AG fault located at 70% of the 
transmission line length are shown in figure 4.51. In this case, no pre-fault loads are applied in 
the simulation.  

 

 

 

Figure 4.51 Secondary voltages and currents for AG fault at 70% (case 1) 

When the fault is initiated at around 100 ms, the phase A current (measured at bus L) jumps 
from zero to its maximum peak value. At the same time, low magnitude fault currents are 
starting to flow on the healthy phases (B and C) due to the fault contribution from the remote-
end generator (source R). Moreover, the phase A voltage suddenly drops to a much lower fault 
voltage.  
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Three cycles (60 ms) later, the CB at bus R will open the three poles to isolate the fault. In this 
state, the fault currents from source R are eliminated. It can be seen in the figure that there is 
no current flowing in the healthy phases after the CB R open. In this state, the current of phase 
A (measured at bus L) suddenly jumps to a higher value because all the fault currents are now 
being supplied by the source L. The peak value of the current jumps from 3.18 A to 3.89 A, and 
the voltages remain at the same value. 

The voltage and the current for the same fault with exporting load are shown in Figure 4.52. 
Before the fault initiation, it can be seen that pre-fault currents are already flowing in the 
network with a magnitude of 1.41 A (peak).  

 

 

Figure 4.52 Secondary voltages and currents for AG fault at 70% (case 2) 

Once the fault is initiated, the current instantly jumps into a higher short circuit current (3.82 A). 
Similar to case 1, the fault current in the healthy phases (B and C) are also flowing. However, 
in this case, the currents are not in phase due to the load effects. When the CB at bus R opens 
the three phases, similar characteristic with the previous test case are also observed: the 
phase A current jumps while the currents at the healthy phases are eliminated.  

The similar characteristic can be analyzed in the case of the importing load as shown in Figure 
4.53. However, in this case, the currents have an opposite polarity compared to the exporting 
load case. 

 

 

 

Figure 4.53 Secondary voltages and currents for AG fault at 70% (case 3) 
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An analysis using the impedance (R-X) plane shows the influence of remote in-feed on the 
fault impedance trajectory as illustrated in figure 4.54. the pre-fault load seems to cause the 
impedance trajectory to shift downward or upward in the impedance plane. In the case of the 
exporting load (source L to R), the trajectory is shifted downward. While for the importing load 
(source R to L), the trajectory is shifted upward. However, several cycles after the fault 
inception, the impedance values for all the three cases converge to the same final impedance. 

 

Figure 4.54 Impedance trajectories of AG fault 

Further analysis of the impedance trajectory shows that depending on the pre-fault load 
direction, the shifted impedance trajectory during the first few cycle might cause underreach or 
overreach of the distance relay. The importing load will probably cause the relay to underreach 
as the measured impedance is higher than the actual impedance. While, the exporting load 
conditions might cause the relay to overreach as the measured impedance is lower than the 
real impedance. 

4.6 Simulations of the parallel transmission line application 

4.6.1 Introduction 

Parallel transmission lines are widely used because they can provide a reliable and secure 
electrical energy transport compared to the single transmission lines. However, the different 
network configurations and operation modes in the parallel lines result in a more complex 
protection challenge for the distance protection. Some special conditions also need to be 
considered in the protection design, including the evolving fault and the current reversal.  

Evolving faults 

An evolving fault is a fault that starts with a single-phase-to-ground fault and turns into a multi-
phases fault shortly after the first fault inception. When the evolving fault occurs, the distance 
relay must be able to detect the fault correctly and operate quickly without an additional time 
delay. The operation time delay can arise because of the change of the measured fault 
impedance during the fault. The phase selection algorithms used in the relay need to perform 
quickly to ensure a fast tripping and correct operation for evolving faults. In some situations, 
the first faults can also evolve from one line to the other line to form a cross-country fault.  

A cross-country fault is multiple faults that occur on the transmission line at the same time but 
at different locations. For example, an AG fault at line 1 takes place at the same time with a 
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BG fault at line 2 as displayed in Figure 4.55. Cross-country faults often lead to an incorrect 
phase tripping and a selectivity problem in distance relays.  

 

Figure 4.55 Cross-country fault 

For faults located close to bus R, the distance relays R1 and R2 are normally able to detect 
the correct fault type. In this case, relay R1 will detect an AG fault, while relay R2 will detect a 
BG fault. However, this is not the case with the relays at bus L. Both distance relay L1 and L2 
can detect the faults as the ABG fault due to the same electrical point in the system as seen by 
the relays.  

Current reversal 

Current reversal conditions might occur on the parallel transmission line with power sources at 
the both ends of the circuit. Current reversal is a case when the current direction in the healthy 
line suddenly change for a short period during the fault clearing of the faulted line. This 
condition leads to an unwanted tripping of distance relays on the healthy line. Figure 4.57 and 
4.58 explain how current reversal occurs in parallel transmission lines. 

 

Figure 4.56 Current reversal consideration in parallel line 

When a fault near the circuit breaker (CB) B occurs (location F), the distance relay at CB B will 
clear the fault faster than the relay at CB A. However, before CB B opens, relay C will also 
detect this fault as a zone 2 fault and send a trip signal to distance relay D. At the same time, 
the reverse element of relay D also detect the fault and blocks the trip operation of both CB C 
and D.   
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Figure 4.57 Reverse direction of current at healthy line 

When CB B opens, the zone 2 protection of relay C begins to reset, while the forward element 
of relay D picks up due to the reverse in current direction. If the pickup time of relay D is faster 
than the reset time of relay C, both relay C and D will pickup at the same time and will cause 
the line between CB C and D to trip. The conditions usually happen when the transfer trip 
function is used in the protection scheme. 

In this section, the performance of distance relay for evolving faults and current reversal 
conditions are analyzed. The simulations are performed on a long parallel transmission 
network (100 km). The evolving faults are simulated by varying the initiation time of the first 
and the second faults. The time differences between fault initiation are: 10 ms, 30 ms, and 200 
ms. Two fault locations inside the protection zone 1 are also considered in the simulation: 0% 
and 70% of the transmission line length. In summary, total 41 cases are simulated for the 
evolving faults. Furthermore, one current reversal condition is also simulated. A detailed 
explanation on how to simulate the current reversal in ATP-EMTP is given in the next section. 

4.6.2 The network model 

The transmission networks used in the simulations are according to the parallel line double in-
feed benchmark network in the IEC 60255-121 standard. In this network, The CT and VT are 
considered as ideal transformers, and the transmission line capacitances are neglected. Two 
types of source impedance are used: 

 Homogenous source – S1 (Z1 = Z0 = 1+j30 Ω) 

 Non-homogenous source – S2  (Z1 = 1+j7 Ω; Z0 =1+j21 Ω) 
 

 

Figure 4.58 Parallel transmission network [1] 

In the simulation, the behaviour of the remote and parallel CBs are defined as follow: 

 For faults located inside the zone 1 setting (80% of the line), the CBs will open 60 ms 
after the fault inception (20 ms relay tripping time + 40 ms breaker opening time). 

 For faults located outside the zone 1 (>80% of the line), the CBs will open 300 ms after 
the fault inception.  



Simulation of the Dynamic Conditions 54 

Dynamic Testing of Distance Protection  Dedi Mahendra 

The parallel network model built in ATP-EMTP is shown in Figure 4.59.  

 

Figure 4.59 Parallel network model 

Simulation sequence for the current reversal condition is based on [1]. The simulation 
sequence in ATP-EMTP is described as follow: 

1. The pre-fault load is simulated for both lines (each at 450 MVA). The load current is 
simulated by setting the initial angle of the source L to13º and the initial angle of source 
R to 0º. 

2. A single phase-to-ground fault (AG) is initiated in Line 2. The AG fault is location at 0% 
of the transmission line length.  

3. The left side CB on Line 2 opens 60 ms after the fault initiation. 
4. The right side CB on Line 2 opens 300 ms after the fault initiation. 
5. The load continues to flow in line 1 (900 MVA). 

For the evolving faults cases, two fault models are considered in the simulations [1]: 
1. Evolving faults only in Line 1  

In this case, two fault models are built: AG-to-ABG and AG-to-ABC. The closing time of 
each switch phase (A, B, and C) is varied to obtain the desired fault characteristic.  

2. Evolving faults in Line 1 and 2 (cross-country fault) 
In this case, two faults occur at the same time in the network with different fault type at 
each of the lines. The closing times of the faults are varied to obtain different fault 
characteristics. 

4.6.3 Analysis of the simulation result 

The total simulation time used is 800 ms, with pre-fault duration around 100 ms, and solution 
time step 5 µs. The voltage and the current during current reversal are shown in Figure 4.60. It 
can be seen that once the AG fault (at line 2) is initiated at around 100 ms, the phase A voltage 
suddenly drops to zero, while the phase A current increases to the maximum fault current. The 
opening of left side at line 2 affects the fault currents as can be seen in the discontinuity of the 
shape of the current waveforms in all three phases. 
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Figure 4.60 Secondary voltages and currents for current reversal in parallel line 

Further analysis using the impedance plane shows the impedance trajectory during current 
reversal as illustrated in figure 4.61. During the first three cycles (when the fault is occurring at 
line 2), the impedance trajectory is located in the reverse protection zone (zone 3). Further on, 
after the left side CB at line 2 opens, the impedance moves towards the forward zone. 
However, the trajectory of the impedance does not enter the zone 1 protection.  

 

Figure 4.61 Impedance trajectories of A-E loop for current reversal test 

The shape of the voltage and the current for an AG fault that evolve to an ABC fault at line 1 
are shown in Figure 4.62. It can be seen that after the fault initiation, the phase A current 
jumps from zero to the maximum peak value and 1.5 cycles (30 ms) later, the currents are 
starting to flow in the other two phases (B and C) as the ABC fault is initiated.  
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Figure 4.62 Fault signals of AG fault evolves to ABC fault (time difference 30 ms) 

An analysis using the impedance plane shows the impedance trajectory of the evolving fault. 
Because of the shape of the voltage and current, the measured impedances for each phase 
are different both in its shape and direction as observed in the impedance plane. However, all 
the impedances of three phases enter the zone 1 characteristic and converge into the 
impedance value after some time. 

 

Figure 4.63 Impedance trajectories AG fault evolves to ABC fault (time difference 30 ms) 

Figure 4.64 shows the voltage and current of a cross-country fault. In this case, an AG fault 
located at line 1 is followed by a BG fault at line 2 after 30 ms.  
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Figure 4.64 Fault signals of AG fault at line 1 followed by BG fault at line 2 (time difference 30 ms) 

An analysis using the impedance (R-X) plane shows the impedance trajectory of the fault as 
shown in Figure 4.65. In this case, the AE loop is the only impedance loop that enters the zone 
1 characteristic. 

 

Figure 4.65 Impedance trajectories of AG fault on line 1 evolves to BG fault on line 2 (time difference 30 ms) 

4.7 Simulations with the fault arc 

4.7.1 Introduction 

Most of the faults in overhead transmission lines are single phase-to-ground faults with arcing. 
Arcing faults are typically caused by lightning strikes that create a flashover on the surface of 
the string insulators. There are two types of arc on the transmission line: the primary arc and 
the secondary arc. The primary arc happens during the fault period and is preserved by the 
high fault current. The primary arc is only removed when the CB isolates the faulty phase. The 
secondary arc starts when the CB has cleared the faulty phase. In general, the secondary arc 
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has a much lower current compared with the primary arc, and is removed when the arc path 
inside the circuit breaker becomes too long to sustain the current flow. 

 

Figure 4.66 Equivalent circuit of single line to ground fault with arc 

The arcing fault in transmission network has a non-linear resistance due to the varying arc 
length. The non-linear resistance causes the voltage and current of the arc to vary non-linearly 
during the faults. The voltage and current waveforms of a real arc are shown in Figure 4.67 
[24]. 

 

Figure 4.67 Voltage and current waveform of arc [24] 

The resistance of arcing faults can be calculated using the following equation [9]: 

 
𝑅𝐴 =

2√2

𝜋
∙

𝐸𝐴𝐿

𝐼
 

 

(25) 

Where, 
RA  = Arc resistance (Ω) 
L  = Arc length (m) 
I = Arc current (A) 

EA = 950 +
5000

𝐼
 (V/m) 

An arcing fault creates operation problems of distance relay because it affects the measured 
impedance by the relay. The most critical situation for the operation of distance relay arises 
when an arcing fault occurs near the end of the impedance reach setting (for example 80% of 
the transmission line). In this case, there are high possibilities that the distance relay mis-
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operates and causes an overreach or underreach operation due to the non-linear resistive 
components. 

In this section, the performance of distance relay under arcing faults is studied using a series 
of test cases. The simulations are performed on the short transmission line with double in-
feed. The arc model used in the simulation is developed by [10]. The detail explanation about 
the arc model is given in the next section. Several arcing faults located near the zone 1 
impedance setting are defined to test both the security and the dependability of distance relay. 
In summary, total 18 test cases are performed in the simulation as shown in Table 4.9. 

Table 4.9 Fault parameters for arc fault test 

Case 
Fault position 

(Percentage of network length) Fault type 
Fault inception 

angle (°) 
Total 

Security test 85,90 A-G 45 9 

Dependability test 75, 80 AG 45 9 

 

4.7.2 The arc model 

The arc model in ATP-EMTP is developed by [10] and is based on a mathematical model by 
Kizilcay and Pniok [11]. The model consists of the primary and the secondary arc. The 
equations for the primary can be described as follow: 

 𝑑𝑔

𝑑𝑡
=

1

𝜏0
𝐺 (26) 

 
𝐺 =

𝑖𝑎𝑟𝑐

(𝑢0 + 𝑟0|𝑖𝑎𝑟𝑐|) ∙ 𝑙0
 

 

(27) 

Where, 
G  = stationary arc conductance  
g = time varying arc conductance 
𝜏0 = initial time constant of the arc 
u0 = characteristic arc voltage (V/cm) 
r0 = characteristic arc resistance (mΩ/cm) 
iarc = arc current 
l0 = initial arc length (cm) 

The secondary arc starts after the CB clears the faulty phase. The secondary arc is explained 
by the following equations: 

 𝑑𝑔

𝑑𝑡
=

1

𝜏
(𝐺 − 𝑔) (28) 

 
𝐺 =

𝑖𝑎𝑟𝑐

(𝑢0 + 𝑟0|𝑖𝑎𝑟𝑐|) ∙ 𝑙𝑎𝑟𝑐
 

(29) 

 𝑙𝑎𝑟𝑐 = (𝑣𝑙 ∙ 𝑡 + 1) ∙ 𝑙0 (30) 

 𝜏 = 𝜏0 − 𝑣𝜏 ∙ (𝑙𝑎𝑟𝑐 − 𝑙0) (31) 



Simulation of the Dynamic Conditions 60 

Dynamic Testing of Distance Protection  Dedi Mahendra 

The secondary arc extinction limit is defined by: 

𝑔𝑚𝑖𝑛

𝑙𝑎𝑟𝑐
= 0.25 𝜇𝑚ℎ𝑜/𝑐𝑚  

𝑚𝑎𝑥{
𝑑𝜏

𝑑𝑡
}

𝑙𝑎𝑟𝑐
= 64 𝑘Ω/(𝑠. 𝑐𝑚) 

Based on the equations for primary and secondary arcs, the complete arcing fault model is 
developed using the MODELS language in ATP-EMTP as displayed in Figure 4.68 [10]: 

 

Figure 4.68 Fault arc models in ATP-EMTP [10] 

Network model with an additional arc is built in ATP-EMTP as shown in Figure 4.69. In the 
simulation, the fault inception angle is set to 45°. 

 

Figure 4.69 Transmission network with fault arc model in ATP-EMTP 

4.7.3 Analysis of the simulation results 

The essential characteristics of an arcing fault are shown in Figure 4.71. It can be observed 
that the voltage, current, and conductance of the arc are different for various arc stages. The 
arc voltage during the primary arc period represents the short circuit voltage of the system. It 
can be seen that the voltage during this period is much smaller than the nominal voltage. 
Moreover, the primary arc occurs for 60 ms and extinguished after the remote-end CB clears 
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the faulty phase. As soon as the remote-end CB opens, the secondary arc stage begins. In 
this period, the arc voltage increases because of the decreased arc current.  

Further analysis shows that due to the lower resistance during the primary arc period, the 
current in this stage is much higher compared to the current of the secondary arc. The other 
characteristic of an arcing fault is the time-varying conductance. It can be seen that the 
conductance values are varying in time. As a result, the arc produces harmonics components 
that can alter the shape of the voltage. 

 

 

 

 

Figure 4.70 Arc voltage, current, and conductance of the arc 

The critical stage of distance relay operation is when the primary arc occurs. During this period 
the relay must detect the fault and send a signal to open the circuit breaker. The shape of the 
voltages and currents measured by distance relay during an arcing fault are shown in Figure 
4.72. When an AG fault is initiated at around 100 ms, the phase A current jumps from the load 
current the peak fault current, while the phase A voltage suddenly drops to a much smaller 
magnitude.  

 

 

Figure 4.71 Secondary voltage and current for AG fault at 75% of transmission length 
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The analysis using impedance (R-X) plane shows the time varying impedance during arcing 
faults. In both the exporting and the importing load cases, the impedance trajectories enter the 
protection zone after the fault initiation. However, the trajectory is slightly tilted upward and 
moves to the outside of zone 1 characteristic in the case of importing load, while for the 
exporting load, the trajectory lies in the reactance line setting. Due to the time varying 
resistance of arcing faults, it can be observed that the fault trajectory has the “curl” shape in 
the impedance plane.  

 

Figure 4.72 Impedance trajectory A-E loop for AG fault at 80% of transmission length 
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5 Dynamic Test Results 

5.1 Introduction 

The dynamic tests are performed based on the test methodology described in Chapter 3. For 
all the test cases, the voltage and current from the simulation results of chapter 4 are injected 
into physical distance relays. Total 5898 test shots are performed. For each test shots, 
distance protection response such as tripping time is recorded in the test library. 

Two distance protections from the different manufacturers are tested: distance relay M and N. 
Both distance relays are numerical relays used for protection of HV and EHV transmission 
line. Distance relay M has six protection zones, which can be set to forward, reverse, and non-
directional. It uses 32-bit microprocessors with highly integrated components and 20 
samplings per power frequency cycle. The shortest tripping time is 17 ms for 50 Hz systems.  

Distance relay N is used for the protection, control, and monitoring of HV overhead lines and 
cables in solidly earth networks. It has five protection zones with fully independent 
measurements and settings. Relay N has a sampling frequency of 5000 Hz at 50 Hz systems 
and a typical operating time of 25 ms.  

5.2 Test with decaying dc-offset 

Test results for decaying dc-offset are presented in the source impedance ratio (SIR) diagram. 
In the SIR diagram, the average operating times for four fault types (LN, LL, LLN, and LLL) are 
shown as a function of the fault position and the source impedance ratio. 

Figure 5.1 and 5.2 show the average operating time of relay M and N for LN faults. It can be 
seen that as the fault distance increases, the average operating times of both relays are 
delayed. This characteristic is similar for the short and the long transmission networks. In the 
case of relay M, the tripping times for the faults located at 0% of the zone 1 setting are 
constant at 20 ms for all the SIR values. While, for the same fault location, the tripping time of 
relay N is gradually delayed with the increasing of SIR values. 

In figure 5.1, it is shown that the operating times of relay M are sharply increased for the faults 
located at more than 80% of the zone 1 setting. Furthermore, in the case of SIR 50, the 
operating time is significantly delayed for faults located after 50% of the zone 1 setting. The 
operating time delay is due to the lower fault current and voltage measured by the relay. In 
general, relay M has a fast operating time for faults located at 0% of the zone 1 setting and a 
significant operating delay for faults located beyond 50% of zone 1 setting.  

Similar operating delay characteristic can be observed for relay N in Figure 5.2. However, 
relay N seems to have a less steep operating delay compared to the relay M. The same 
significant delay is found on relay N for the SIR 50. In this case, the operating time is 
significantly delayed for faults located beyond 80% of the zone 1 setting. Moreover, the 
operating time for the SIR 50 can be delayed up to 52 ms for faults located at 95% of the zone 
1 setting. 
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Figure 5.1 Average operating time for LN fault - Relay M 

 

Figure 5.2 Average operating time for LN fault - Relay N 

Figure 5.3 illustrates the average operating time of relay M for LL faults. The operating time 
characteristic is relatively similar with the LN faults. However, in the case of LL faults, the 
operating times for the faults located at 0% of the zone 1 setting are varied with different SIR 
values. It is also seen that for the faults beyond 50% of the zone 1 setting, the operating time 
can be delayed up to 20 ms. Furthermore, it is seen that the operating times for faults located 
at 50% of the zone 1 setting are slightly faster than the faults at 0% of zone 1 setting. 

In the case of relay N, the operating time for the SIR 10 is slightly slower than the SIR 50 for 
the faults located at 0% to 90% of the zone 1 setting as shown in figure 5.4. In general, relay N 
also has a less steep delay characteristic for LL faults compared to the relay M. 
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Figure 5.3 Average operating time for LL fault - Relay M 

 

Figure 5.4 Average operating time for LL fault - Relay N 

The operating time of relay M and relay N for LLN faults are illustrated in Figure 5.5 and Figure 
5.6, respectively. For the relay M, a significant time delay can be observed for faults located at 
80% of the zone 1 setting. In this case, the operating time is delayed up to more than three 
cycles (60 ms) for the SIR 50. For the other SIR values, the delays are found to be less than 
one cycle (20 ms). In the case of relay N, it is found that the tripping time characteristic is 
relatively similar with the previous faults (LN and LL).  
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Figure 5.5 Average operating time for LLN fault - Relay M 

 

Figure 5.6 Average operating time for LLN fault - Relay N 

Figure 5.7 shows the operating time of relay M for three-phase faults. For the faults located at 
0% of the zone 1 setting, relay M operates slower for the SIR 0.2 compared to the other SIR 
values. However, for the faults in the middle of zone 1 setting (50%), it can be observed that 
the operating time are relatively stable for all SIR values. In this case, the operating time is in 
the range of 20 – 25 ms. The graphs also show the delayed tripping time for the faults located 
beyond 80% of the zone 1setting for all the SIR values. 

The operating time characteristic of relay N during LLL faults is illustrated in Figure 5.8. The 
graph shows the delayed operating time especially for the SIR 50. It is seen that for the faults 
located at 95% of the zone 1 setting, the operating time is delayed up to 49 ms. However, the 
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characteristic seems to be different for the other SIR values as the delays are found to be less 
than 10 ms. 

 

Figure 5.7 Average operating time for LLL fault - Relay M 

 

Figure 5.8 Average operating time for LLL fault - Relay N 

Results Discussion 

Based on the test results, some interesting findings regarding distance relay performance are 
presented as follow:  
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Faults located close to distance relay vs faults at the end of zone-1 reach 

The tripping times for the faults located at the end of zone-1 setting (95%) are much slower 
compared to the faults close to the distance relay (0%). Test results show the average tripping 
time difference of 18.9 ms and 10.1 ms, for relay M and N, respectively. Furthermore, the 
maximum tripping time difference can be up to 43.2 ms for Relay M and 19.2 ms for Relay N. 

High source impedance ratio (SIR) 

Both distance relays operate slower in the system with very high source impedance ratio 
(SIR). This characteristic is particularly true for faults that occur at the end of zone-1 reach 
(95%). The average tripping time for the systems with low source impedance ratio (0.2, 5, and 
10) are: 30.2 ms for relay M and 31.3 ms for relay N. However, when applied to the systems 
with high source impedance ratio (50), both distance relays operate much slower: 38.7 ms for 
Relay M and 38.2 ms for Relay N. 

Types of the fault 

Test results show that the fault types do not have major effects on the tripping time. The 
average tripping times for each fault types are summarized below: 

Fault type Relay M Relay N 

LN fault 32 ms 32.9 ms 

LL fault 31.6 ms 33.3 ms 

LLN fault 34.3 ms 29.7 ms 

LLL fault 32.1 ms 30.8 ms 

 

Transient overreach 

In terms of the reach accuracy, both distance relays have no transient overreach issues. The 
test results show that both distance relays do not trip for the faults located outside of the 
protection zone (105%  and 110% of the zone-1 setting). 

5.3 Test with CVT transient 

The test results for the transient error of CVT are also presented in the SIR diagram. The 
average operating time of distance relay is shown as a function of the fault position, the fault 
type, and the source impedance ratio. 

Figure 5.9 illustrates the operating time of relay M with the CVT. It is seen that relay M 
operates much faster for the network with SIR 5, and this characteristic applies for all the fault 
types. In the case of faults located at 0% of the zone 1 setting, the operating time for the SIR 5 
is around one cycle (20 ms), while for the SIR 50, the operating time is delayed up to two 
cycles (40 ms). Also, it can be observed that for the LLN faults with SIR 50, relay M is 
significantly delayed for the faults located beyond 80% of the zone 1 setting. In this case, the 
operating time is delayed up to more than three cycles (60 ms). Moreover, relay M seems to 
have a problem to operate fast for the LL faults located at 95% of the zone 1 setting. 
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Figure 5.9 Average operating time with CVT - Relay M 

The operating time of relay N with the CVT is shown in Figure 5.10. The graphs show the 
similar delay characteristic with relay M. For the faults located at 0% of the zone 1 setting, 
relay N trips after 25 ms for the SIR 5, and around 45 ms for the SIR 50. However, for the 
faults located at 95% of the zone 1 setting, the operating time are delayed up to more than 60 
ms for the SIR 50, while for the SIR 5 the tripping times are slightly delayed to 30 ms. 

To sum up, the CVT transient causes a significant time delay for both relays, especially for the 
system with SIR 50. The operating time delay applies for all the fault types. 

 

Figure 5.10 Average operating time with CVT - Relay N 
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Results Discussion 

The performance of distance relay with the CVT can be summarized as follow: 

Operating time for fault located close to relay location (with high SIR) 

The CVT transient seems to cause significant tripping delays for both distance relays. In the 
case of high SIR (50), the average tripping times for the faults close to the relay location are 
30.6 ms for relay M and 36.3 ms for relay N. The tripping times are much slower compared to 
the average tripping time without the CVT, which is found to be 20.33 ms for relay M and 28.4 
ms for relay N. 

Types of the fault 

Similar to the previous test results, the fault types do not have major effects on the tripping of 
the relay. However, in the case of the CVT, the average tripping times for each fault types are 
slightly slower compared to the test cases without the CVT.  

Fault type Relay M Relay N 

LN fault 36.9 ms 39.4 ms 

LL fault 37.7 ms 41.6 ms 

LLN fault 41.4 ms 42 ms 

LLL fault 35.4 ms 37.2 ms 

 

Transient overreach 

In terms of the reach accuracy, both distance relays have no transient overreach issues 
caused by the CVT. The test results show that the relays did not trip for faults located on the 
outside of zone 1 setting. 

5.4 Test with superimposed harmonics 

Figure 5.11 shows the average operating time of relay M for faults with superimposed 
harmonics. The voltage and current superimposed with harmonics order from the fifth to tenth 
harmonics are injected into the relay.  
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Figure 5.11 Average operating time with superimposed harmonics 

Results Discussion 

Delay in tripping time 

Compared to the previous cases where there is no superimposed harmonics in the voltage 
and current signals, the tripping time of the relay is relatively similar and there is no significant 
time delay found. Moreover, the average tripping time with superimposed harmonics is 38.3 
ms. 

However, this is not the case when relay M was tested using LN faults with seventh 
harmonics. It is shown that the seventh harmonics seems to cause a significant time delay of 
around one cycle. The average tripping time for LN faults with the seventh harmonic is 56.7 
ms. 

Transient overreach 

The accuracy of relay M is not affected by the superimposed harmonics as there was no 
transient overreach found in the test. The digital filtering used in relay M seems to be able to 
extract the fundamental frequency component correctly from the distorted waveforms. 
However, the filtering process produces a significant operating time delay for the seventh 
harmonics. 

5.5 Test with transient frequency deviation 

The average operating time of relay M with the transient frequency deviation is illustrated in 
Figure 5.12. For all the frequency variations, relay M trips less than one cycle in the case of 
faults located at 0% of the zone 1 setting. Moreover, the operating times are delayed up to 
around 35 ms for the faults at 95% of zone 1 setting, and the delay characteristic applies for all 
the system frequencies.  
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Figure 5.12 Average operating time with transient frequency deviation 

Results Discussion 

Delay in tripping time 

The frequency deviation has negligible effects on the operating time of Relay M. It is found that 
the maximum time delay caused by the off-nominal frequency conditions is only 0.2 ms.  

Transient overreach 

The frequency of the system seems to affect the accuracy of relay M. From the test results, it 
is shown that relay M trips for faults located at 105% of zone 1 setting (overreach). The 
overreach happens when the minimum frequency (49 Hz) is applied to the relay.  

5.6 Test with fault resistance and remote in-feed 

Distance relay response to fault resistance (without pre-fault load) 

Test results for the fault resistance (without pre-fault load) are presented in Table 5.1. The table 
compares the tripping time of relay M and N for various system parameters such as fault type, 
fault location, and network length. In this test, the impedance setting of zone 1 is set to protect 
from 0% to 80% of the transmission line length.  

In the case of the long transmission line (fault no. 1 - 16), both distance relays M and N can 
detect the faults and operate correctly according to the zone 1 criteria. It can be seen that both 
relays correctly operate for the faults located inside of the zone 1 (i.e. 0% and 70% of 
transmission line length). On the other hand, the relays do not operate for the faults located 
outside of the zone 1 (i.e. -0% and 80%). Moreover, it is shown that for several faults, the 
operating times of relay N are delayed up to more than four cycles (80 ms), while the relay M 
shows relatively faster operating time (less than three cycles) for all the faults. 
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Table 5.1 Test result of fault resistance without pre-fault load 

Fault no. Fault Type Fault location Line Type Zone 1 Criteria 
Operating time (ms) 

Relay M Relay N 

1 A-G 70% Long Trip 37,4 87,4 

2 A-G 90% Long No Trip - - 

3 A-B 70% Long Trip 37,4 86,3 

4 A-B 90% Long No Trip - - 

5 A-B-G 70% Long Trip 47,5 85,5 

6 A-B-G 90% Long No Trip - - 

7 A-B-C -0% Long No Trip - - 

8 A-B-C +0% Long Trip 17,7 25 

9 A-G 70% Long Trip 48,1 88 

10 A-G 90% Long No Trip - - 

11 A-B 70% Long Trip 38,7 28,9 

12 A-B 90% Long No Trip - - 

13 A-B-G 70% Long Trip 48,2 29,7 

14 A-B-G 90% Long No Trip - - 

15 A-B-C -0% Long No Trip - - 

16 A-B-C +0% Long Trip 28 20,4 

17 A-G 70% Short Trip 117,9 86,7 

18 A-G 90% Short No Trip - - 

19 A-B 70% Short Trip 117,9 88,2 

20 A-B 90% Short No Trip - - 

21 A-B-G 70% Short Trip 117,9 - 

22 A-B-G 90% Short No Trip - - 

23 A-G 70% Short Trip 117,9 83,5 

24 A-G 90% Short No Trip - - 

25 A-B 70% Short Trip 37,7 32,2 

26 A-B 90% Short No Trip - - 

27 A-B-G 70% Short Trip 48 30,3 

28 A-B-G 90% Short No Trip - - 

Furthermore, distance relay M and N have problems to operate fast enough in the case of 
short transmission networks (fault no. 17 – 28). It can be seen that the tripping times are 
delayed up to more than four cycles (80 ms) for the relay N and almost six cycles (120 ms) for 
the relay M. It is also observed that in the test case 21 (LLN faults at 70% of the transmission 
length), relay N fails to operate for a fault located inside the protection zone. 

It can be concluded that relay M operates satisfactory only for the long transmission network, 
while for the short network, its operating times are delayed up to six cycles (120 ms). On the 
other hand, relay N seems to have a problem to operate quickly for both the short and the long 
transmission networks.  

Distance relay response to fault resistance (with pre-fault exporting load) 

The test results for fault resistance with pre-fault exporting load are presented in Table 5.2. The 
pre-fault exporting load means that the load current flows from the source L to R (in Figure 4.8) 
or in the same direction with the fault current as seen by the distance relay. 

Similar tripping characteristics are shown for the long transmission network (fault no. 29 – 43) 
compared with the cases without the pre-fault load. It can be observed that both the relays can 
detect the faults and operate correctly according to the zone 1 criteria. However, the operating 
time of relay N is also delayed up to four cycles (80 ms) for the long transmission network.  

In the case of the short transmission network, relay M and N are significantly delayed in all the 
cases. It can be observed that the faults at 0% of transmission line length produce the slowest 
operating time, where both relays are delayed up to more than 15 cycles (300 ms). 
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Table 5.2 Test result of fault resistance with exporting pre-fault load 

Fault no. Fault Type Fault location Line Type 
Load 

Direction 
Zone 1 Criteria 

Operating time (ms) 

Relay M Relay N 

29 A-G -0% Long Export No Trip - - 

30 A-G +0% Long Export Trip 47,8 20,1 

31 A-G 50% Long Export Trip 20,6 82,5 

32 A-G 70% Long Export Trip 38,3 82 

33 A-G 100% Long Export No Trip - - 

34 A-B -0% Long Export No Trip - - 

35 A-B +0% Long Export Trip 18,9 23,3 

36 A-B 50% Long Export Trip 27,5 82,3 

37 A-B 70% Long Export Trip 37,6 86,2 

38 A-B 100% Long Export No Trip - - 

39 A-B-C -0% Long Export No Trip - - 

40 A-B-C +0% Long Export Trip 18,9 20,7 

41 A-B-C 50% Long Export Trip 24,5 22,4 

42 A-B-C 70% Long Export Trip 37,8 28,4 

43 A-B-C 100% Long Export No Trip - - 

44 A-G -0% Short Export No Trip - - 

45 A-G +0% Short Export Trip 337,4 324,9 

46 A-G 50% Short Export Trip 112,9 86,4 

47 A-G 70% Short Export Trip 117,3 86,5 

48 A-G 100% Short Export No Trip - - 

49 A-B -0% Short Export No Trip - - 

50 A-B +0% Short Export Trip 335,6 322,1 

51 A-B 50% Short Export Trip 113 86 

52 A-B 70% Short Export Trip 116,8 88 

53 A-B 100% Short Export No Trip - - 

54 A-B-C -0% Short Export No Trip - - 

55 A-B-C +0% Short Export Trip 17,8 23,9 

56 A-B-C 50% Short Export Trip 24,3 25,8 

57 A-B-C 70% Short Export Trip 37,9 28,3 

58 A-B-C 100% Short Export No Trip - - 

Distance relay response to fault resistance (with pre-fault importing load) 

The pre-fault importing load means that the load current flows in the opposite direction with the 
fault current as seen by the distance relay, or the current flows from source R to L. Table 5.3 
presents the test results of fault resistance with the pre-fault importing load. 

Table 5.3 Test result of fault resistance with importing pre-fault load 

Fault no. Fault Type Fault location Line Type 
Load 

Direction 
Zone 1 Criteria 

Operating time (ms) 

Relay M Relay N 

59 A-G -0% Long Import No Trip - - 

60 A-G +0% Long Import Trip 19 20,3 

61 A-G 50% Long Import Trip 48,2 92,8 

62 A-G 70% Long Import Trip 123,3 97 

63 A-G 100% Long Import No Trip - - 

64 A-B -0% Long Import No Trip - - 

65 A-B +0% Long Import Trip 19,3 25,5 

66 A-B 50% Long Import Trip 37,9 82,1 

67 A-B 70% Long Import Trip 38,3 86,7 

68 A-B 100% Long Import No Trip - - 

69 A-B-C -0% Long Import No Trip - - 

70 A-B-C +0% Long Import Trip 17,4 22,2 

71 A-B-C 50% Long Import Trip 25 21,2 

72 A-B-C 70% Long Import Trip 37,7 29,1 

73 A-B-C 100% Long Import No Trip - - 

74 A-G -0% Short Import No Trip - - 

75 A-G +0% Short Import Trip 344 336,5 

76 A-G 50% Short Import Trip 122,9 97,3 

77 A-G 70% Short Import Trip 126,9 95,7 

78 A-G 100% Short Import No Trip - - 

79 A-B -0% Short Import No Trip - - 

80 A-B +0% Short Import Trip 335 321 

81 A-B 50% Short Import Trip 113,1 87,3 
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82 A-B 70% Short Import Trip 116,4 86,2 

83 A-B 100% Short Import No Trip - - 

84 A-B-C -0% Short Import No Trip - - 

85 A-B-C +0% Short Import Trip 17,3 24,2 

86 A-B-C 50% Short Import Trip 24,4 25,4 

87 A-B-C 70% Short Import Trip 37,7 33,6 

88 A-B-C 100% Short Import No Trip - - 

The distance relay M and N fail to provide fast operating time for both the long and the short 
transmission networks. For the long transmission network, relay M trips after six cycles (120 
ms), while relay N has a slightly faster operating time (less than 100 ms). Moreover, the 
slowest operating time for both relays is found when the LN and LL faults occur at 0% of the 
transmission line length. In this case, the operating time is delayed up to more than 15 cycles 
(300 ms). 

To sum up, the distance relay M can detect faults with resistance in all load conditions. Relay 
M trips correctly for all the faults inside zone 1, and never trip for the faults outside the zone 1. 
However, its operating time seems to be delayed severely in the case of the short transmission 
network configuration. Meanwhile, relay N cannot provide fast tripping for both the short and 
the long transmission networks. The operating time of the relay is found to be delayed for 
almost all the faults. Furthermore, relay N also fails to detect one of the faults located inside 
the protection zone. 

5.7 Test with parallel transmission line application 

The test results of relay M are presented in Table 5.4. The table shows the relay operating time 
for three different conditions. The first condition is the current reversal. In this case, the change 
of current direction when faults occur in the reverse direction is tested. The relay is expected 
not to trip in this case. 

The second condition is the evolving fault on line 1. In this case, LN faults evolve to LLN (or 
LLL) faults after several ms as indicated in the table. All faults occur inside the protection zone 
1. The relay is expected to provide fast operating time for all the faults. The third condition is 
the cross-country faults. In this case, LN faults on line 1 (or line 2) are evolving into faults on 
different lines to produce the cross-country faults. Similar with the evolving fault on one line, 
the relay is expected to provide fast tripping for all the faults inside the protection zone. 

Table 5.4 Test result of parallel transmission line 

Fault 
no. 

1st fault 
1st fault 
on line 

2nd fault 
2nd fault 
on line 

Time 
difference 

(ms) 

Fault 
position 

Zone 1 
Criteria 

Operating time 
(ms) 

Relay M 

Current Reversal 

89 A-G 1 - - - +0% No Trip - 

Evolving fault on line 1 

90 A-G 1 A-B-G 1 10 +0% Trip 18,9 

91 A-G 1 A-B-G 1 30 +0% Trip 18,5 

92 A-G 1 A-B-G 1 200 +0% Trip 19,1 

93 A-G 1 A-B-G 1 10 70% Trip 57 

94 A-G 1 A-B-G 1 30 70% Trip 36,9 

95 A-G 1 A-B-C 1 10 +0% Trip 17,3 

96 A-G 1 A-B-C 1 30 +0% Trip 18,6 

97 A-G 1 A-B-C 1 200 +0% Trip 18,6 

98 A-G 1 A-B-C 1 10 70% Trip 48,5 

99 A-G 1 A-B-C 1 30 70% Trip 37,9 

Cross-country fault 

100 A-G 1 B-G 2 10 +0% Trip 18,5 

101 A-G 1 B-G 2 30 +0% Trip 17,5 
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102 A-G 1 B-G 2 200 +0% Trip 18,2 

103 A-G 1 B-G 2 10 70% Trip 43 

104 A-G 1 B-G 2 30 70% Trip 38,3 

105 A-G 1 A-B-C 2 10 +0% Trip 18,2 

106 A-G 1 A-B-C 2 30 +0% Trip 18,1 

107 A-G 2 B-G 1 10 +0% Trip 37,1 

108 A-G 2 B-G 1 30 +0% Trip 52,6 

109 A-G 2 B-G 1 200 +0% Trip 24,7 

110 A-G 2 B-G 1 10 70% Trip 37,3 

111 A-G 2 B-G 1 30 70% Trip 53,5 

112 A-G 2 A-B-C 1 10 +0% Trip 22,8 

113 A-G 2 A-B-C 1 30 +0% Trip 47,1 

114 A-G 2 A-B-C 1 200 +0% Trip 17,9 

115 A-G 1 B-G 2 10 +0% Trip 17,6 

116 A-G 1 B-G 2 30 +0% Trip 19,9 

117 A-G 1 B-G 2 200 +0% Trip 17,6 

118 A-G 1 B-G 2 10 70% Trip 46,8 

119 A-G 1 B-G 2 30 70% Trip 37,7 

120 A-G 1 A-B-C 2 10 +0% Trip 18,1 

121 A-G 1 A-B-C 2 30 +0% Trip 18,4 

122 A-G 1 A-B-C 2 200 +0% Trip 17,3 

123 A-G 2 B-G 1 10 +0% Trip 37,1 

124 A-G 2 B-G 1 30 +0% Trip 47,1 

125 A-G 2 B-G 1 200 +0% Trip 24,6 

126 A-G 2 B-G 1 10 70% Trip 38,8 

127 A-G 2 B-G 1 30 70% Trip 53,4 

128 A-G 2 A-B-C 1 10 +0% Trip 36,6 

129 A-G 2 A-B-C 1 30 +0% Trip 36,6 

130 A-G 2 A-B-C 1 200 +0% Trip 27,7 

Relay M operates correctly for all the three conditions. It is found that the relay is not trip in the 
case of the current reversal, while it is able to provide fast tripping for evolving and cross-
country faults. The results also indicate that the operating times of relay M are below three 
cycles (60 ms) for all the faults. 

5.8 Test with fault arc 

The test results of relay M in the case of arcing faults are presented in Table 5.5. The table 
shows the operating time of the relay for different fault locations. Two load conditions are 
considered in the test: the exporting and the importing load. The zone 1 reach impedance is 
set to cover 80% of the transmission line length. Therefore, relay M is expected to operate for 
faults located at 75% and 80%. On the other hand, relay M must not trip for faults located 
beyond 80% of the transmission line length. 

Table 5.5 Test result of faults with arc 

Fault no. Load Direction 
Fault 

location 
Source L Zone 1 Criteria 

Operating time (ms) 

Relay M 

1 Export 75% Homogenous Trip 48,8 

2 Export 80% Homogenous Trip 48,7 

3 Export 85% Homogenous No Trip - 

4 Export 90% Homogenous No Trip - 

5 Export 75% Non-homogenous Trip 49,4 

6 Export 80% Non-homogenous Trip 49,3 

7 Export 85% Non-homogenous No Trip - 

8 Export 90% Non-homogenous No Trip - 

9 Import 75% Homogenous Trip 99 

10 Import 80% Homogenous Trip 108,1 

11 Import 85% Homogenous No Trip - 

12 Import 90% Homogenous No Trip - 

13 Import 75% Non-homogenous Trip 49,7 

14 Import 80% Non-homogenous Trip 108,6 

15 Import 85% Non-homogenous No Trip - 

16 Import 90% Non-homogenous No Trip - 
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To sum up, the test results indicate that relay M is able to operate correctly under arcing fault 
conditions. However, in the case of the importing loads (source R to L), the operating time of 
relay M is delayed up to 100 ms. This condition is not happening for exporting load conditions 
where relay M consistently trips below three cycles (60 ms). 
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6 Conclusions and Recommendations 

6.1 Conclusions 

This thesis presents the implementation of the dynamic testing according to the IEC 60255-
121 standard. The testing tools are applied to assess the operation of distance protection 
during dynamic conditions. The first part of the study is related to the modeling and simulation 
of dynamic conditions in the power system. The networks and components are modeled and 
simulated in ATP-EMTP. The models are developed based on benchmark network defined by 
the standard. From the simulation results, it can be concluded that: 

 The network and component models work appropriately based on the requirement of 
IEC 60255-121 standard. 

 Decaying dc-offset on fault current alters the fault impedance trajectory. The higher the 
magnitude of dc-offset, the more impedance is shifted to the right of R-X plane. 

 CVT transient causes impedance measurement error in the first three cycles after fault 
inception. 

 The frequency of power system affects the shape and the diameter of the spiral 
trajectory of fault impedance. 

 Fault resistance and pre-fault load cause impedance trajectory on the RX plane to shift 
downward or upward. Impedance trajectory is shifted downward for exporting load, and 
it shifted upward in the case of importing load. 

 Voltage and current dynamics during an evolving fault (and cross-country fault) cause 
the shape and direction of the measured impedances vary for each phase. Moreover, 
during the current reversal conditions, the faulted phase impedance will enter the 
reverse zone of distance protection. 

 Simulations performed for arcing faults show similar results with the fault resistance 
test cases. However, due to the time-varying resistance of the arcing fault, it is shown 
that the impedance trajectory has the “curl” shape that encroaches inside and outside 
of the distance protection zone. 
 

The second part of the thesis is related to developing the test tools for performing the dynamic 
testing of distance relays. The test libraries are developed using the Omicron Control Center 
(OCC) Software. The protection setting of the distance relay is defined, and the hardware 
connection was established between the relay and the Omicron CMC 356. An Extensive 
testing was performed to study the influence of the transient on the performance of 
commercial distance relays. From the test results, it can be concluded that each distance relay 
has a relatively different dynamic performance. The characteristics are summarized as follow: 

 The average operating time of distance relay M is faster than distance relay N for faults 
located close to the relay location. 
Relay M: 24.4 ms; Relay N: 31.1 ms 

 The average operating time of distance relay M is slower than distance relay N for 
faults located close at the end of zone 1 setting. 
Relay M: 41.9 ms; Relay N: 36 ms 

 High source impedance ratio (SIR) causes a delay in operating time of distance relay. 
The delay can be different for different relay manufacturers. In this case: Relay M: 8.5 
ms; Relay N: 6.9 ms 

 CVT transient also causes a delay in operating time of distance relay. In this case: 
Relay M: 6.9 ms; Relay N: 14.1 ms 
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 The types of the fault do not cause significant effect on average operating time and 
accuracy of distance relay as can be seen in the following table 

Fault type Relay M Relay N 

LN fault 32 ms 32.9 ms 

LL fault 31.6 ms 33.3 ms 

LLN fault 34.3 ms 29.7 ms 

LLL fault 32.1 ms 30.8 ms 

 
 Superimposed harmonics could cause an operating time delay in distance relay. In this 

case (relay M), the seventh harmonics causes almost one cycle delay for AG fault at 
95% of zone 1 setting.  

 Frequency deviation has no influence on the operating time of distance relay. However, 
relay M seems to have overreach problems when operating on the minimum 
frequency. 

 Both distance relays appear to have problems to provide fast operation during faults 
with resistance and arc. This condition happens especially in the short line application. 
In the extreme cases, the operating time delay can be up to more than 15 cycles (300 
ms). 

6.2 Recommendation 

The dynamic testing tools developed in this thesis can be used to assess the operation of 
numerical distance protection under different dynamic conditions. The network models built in 
this thesis are open models. The models can be modified or expanded to represent other 
dynamic conditions of interest such as transformer inrush current, series-compensated line, 
ferroresonance, and CT saturation. Further study using sensitivity analysis is also 
recommended to provide an in-depth analysis of each dynamic condition. 
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Appendix  

A. Reach impedance setting calculation 

The procedure steps required to calculate the reach impedance of distance zone are given in 
the following. 

 Define system data 

Parameter Value 

Nominal phase-phase voltage 400 kV 

System frequency 50 Hz 

VT ratio 400 kV / 100 V 

CT ratio 1200 A / 1 A 

Line length   short 20 km 

                     long 100 km 

Line positive-sequence impedance 0.03184 + j0.3636 Ω/km 

Line zero-sequence impedance 0.12740 + j1.4552 Ω/km 

Maximum fault resistance Ph-e  15 Ω 

Maximum fault resistance Ph-Ph 10 Ω 

 Define characteristic shape 
In this thesis, the characteristic shape is quadrilateral as it provides independent 
settings for impedance and resistance reach. 

 Calculate line reactance per length unit (secondary value) 

𝑥𝑠𝑒𝑐
′ =

𝐶𝑇 𝑟𝑎𝑡𝑖𝑜

𝑉𝑇 𝑟𝑎𝑡𝑖𝑜
∙ 𝑥𝑝𝑟𝑖

′ =

1200
1

400000
100

∙ 0.3636 = 0.10908 Ω/km 

 Calculate impedance reach setting (X1) 
𝑋(𝑍1) = 0.8 ∙ 𝑥𝑠𝑒𝑐

′ ∙ 𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 
Short line = 0.8 ∙ 0.10908 ∙ 20 = 1.74528 Ω 

Long line = 0.8 ∙ 0.10908 ∙ 100 = 8.7264 Ω 

 Define zero-sequence compensation factor (RE/RL) and (XE/XL) 
The zero-sequence compensation factor is applied, so that distance relay measures 
the distance to the fault of all fault based on positive-sequence impedance reach. The 
setting is applied as RE/RL and XE/XL from line impedance data as follow 

𝑅𝐸

𝑅𝐿
=

1

3
∙ (

𝑅0

𝑅1
− 1) =

1

3
∙ (

0.1274

0.03184
− 1) = 1.0004 

𝑋𝐸

𝑋𝐿
=

1

3
∙ (

𝑋0

𝑋1
− 1) =

1

3
∙ (

1.4552

0.3636
− 1) = 1.0007 

 Calculate resistive setting (R1) for Ph-Ph fault and Ph-e fault 
The criteria for resistive setting of quadrilateral protection zone is defined as 

0.8 ∙ 𝑋(𝑍1) < 𝑅(𝑍1) < 2.5 ∙ 𝑋(𝑍1) 
The ph-ph resistive setting for the short line can be calculated as follow: 
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𝑅(𝑍1)𝑝ℎ−𝑝ℎ =
120% ∙ 𝑅𝑚𝑎𝑥,𝑝𝑟𝑖 ∙

𝐶𝑇 𝑟𝑎𝑡𝑖𝑜
𝑉𝑇 𝑟𝑎𝑡𝑖𝑜

2
=

1.2 ∙ 10 ∙ 0.3

2
= 𝟏. 𝟖 𝛀  

 
Notes:  

 With additional 20% safety margin 

 Division by factor of 2 because fault resistance appears in the loop 
measurement, while the setting is done as positive-sequence impedance.  

 
Ph-e resistive setting is then calculated by 

𝑅(𝑍1)𝑝ℎ−𝑒 =
120% ∙ 𝑅𝑚𝑎𝑥,𝑝𝑟𝑖 ∙

𝐶𝑇 𝑟𝑎𝑡𝑖𝑜
𝑉𝑇 𝑟𝑎𝑡𝑖𝑜

(1 +
𝑅𝐸

𝑅𝐿
)

=
1.2 ∙ 15 ∙ 0.3

(1 + 1.0004)
= 𝟐. 𝟔𝟗𝟗𝟒 𝛀  

 
Notes:  

 Division by factor (1+RE/ RL) because fault resistance appears in the loop 
measurement, while the setting is done as positive-sequence impedance. 

 
For long transmission line, the minimum criteria of resistive setting is not satisfied 
(R(Z1) < 0.8 X(Z1)), hence minimum resistive settings are used 
𝑅(𝑍1)𝑝ℎ−𝑝ℎ = 𝑅(𝑍1)𝑝ℎ−𝑒 = 0.8 ∙ 𝑋(𝑍1) = 0.8 ∙ 8.7264 =  𝟔. 𝟗𝟖𝟏𝟏𝟐 𝛀 

 Calculate characteristic angle 
Characteristic angle setting is calculated from the positive sequence line impedance 
data. 

𝐶ℎ𝑎𝑟. 𝑎𝑛𝑔𝑙𝑒 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑋𝐿

𝑅𝐿
) = 𝑎𝑟𝑐𝑡𝑎𝑛 (

0.3636

0.03184
) = 𝟖𝟓° 

  



Appendix 84 

Dynamic Testing of Distance Protection  Dedi Mahendra 

B. Test sequence  

B.1 Decaying dc-offset  

  

 

B.2 CVT transient 

 



Appendix 85 

Dynamic Testing of Distance Protection  Dedi Mahendra 

B.3 Superimposed  harmonics    B.4 Frequency deviation 

 


