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Abstract— This paper discusses the governing principles and 

overall design of the incremental-quantity distance element pre-
sent in commercially available time-domain-based protective 
relays (TDRs), as well as the details pertaining to the digital im-
plementation of this element using the Electromagnetic Transi-
ents Program (EMTP). Analysis of the performance of this ele-
ment under various fault scenarios is presented as well. It also 
discusses the limitations of the model, along with some of the 
assumptions that were made during its implementation in EMTP. 
The model is validated using a commercially available TDR by 
utilizing the event-playback testing capabilities of these modern 
relays. This new capability is utilized not only in the performance 
analysis testing, but also in the core functionality design of the 
digital model. The principal advantage of this modern time-
domain-based approach to power system protection is the speed 
at which the protection elements can operate after a fault is 
sensed on a transmission line. The rapid operating time gives this 
protection technique a competitive edge over traditional phasor-
domain impedance-based protection schemes from which these 
modern techniques are derived. 

Index Terms— traveling waves, incremental quantity, distance 
element, line-protection relay, and electromagnetic transients.  

I.  INTRODUCTION 
RADITIONAL phasor-based protective elements have 

minimum operating times of approximately one cycle 
after a fault for most cases, and can be as short as half a cycle 
for best-case scenarios [1]. The operating speed of these ele-
ments is mainly limited by the time required to accurately 
measure the new faulted state phasors [1]. In contrast, the in-
cremental-quantity (IQ) distance element (TD21) present in 
the new time-domain-based relays (TDRs) can operate within 
a few milliseconds [2] after detecting the fault. Such a rapid 
operation is made possible because the TD21 element’s algo-
rithm is based on the instantaneous quantities, and is not lim-
ited by phasor calculations and communication delays [3]. 

Even though the TD21 element utilizes the line impedance 
values in its algorithm, its governing principles are quite sepa-
rate from those utilized in the traditional impedance- and ad-
mittance-based protective relays such as the impedance-type, 
modified impedance-type, reactance-type, or the mho-type 
distance relays. These traditional methods, also referred to as 
phasor-based protection elements, operate strictly by relying 
on the phasors measured at the relay terminals. In contrast, the 
TD21 element is based in the time domain and utilizes the 
superposition principles to extract the IQs which represent the 

change in the system following a fault.  
Since the TDRs are based on a relatively new technology, 

detailed analysis of their performance, especially by end users 
or independent researchers, are not in abundance. Even though 
[4], [5] discuss the operational characteristics of TDRs, neither 
the digital simulation models nor discussions of detailed mod-
eling and design of the constituent elements of TDRs, includ-
ing the TD21, are readily available in literature.  

This paper discusses in detail the design and digital imple-
mentation of the TD21 element using the electromagnetic 
transients program (EMTP). Published literature that discuss 
the fundamentals of this model [1], [3], [5], [6] are used as the 
primary reference, while real-world commercially available 
TDRs are used for the model validation.  

Several assumptions had to be made during the modeling of 
the element due to the sparsity of available information as well 
as the limitations of the software package used in the model-
ing. One of these limitations pertains to the down-sampling of 
input data. Real world TDRs sample the raw data at the rate of 
1 MHz and then the data is down-sampled at 10 kHz for use in 
the IQ-based elements [6]. To mimic this operation, a down-
sampling method was developed where the system simulations 
were performed using a step-size that corresponds to sampling 
rate of 1 MHz and the data was then exported into a separate 
file, consisting of the distance element relay model signal pro-
cessing, where the simulations were performed using a step-
size that corresponds to the sampling rate of 10 kHz. Howev-
er, the results indicated that the element performed basically 
the same regardless of down-sampling, except for points very 
close to the reach point where the higher resolution signal pro-
cessing generated slightly larger or smaller operating signal 
magnitudes which lead to operational discrepancies in margin-
al cases. Therefore, down-sampling was not included in the 
final design of the element because the added complexity did 
not yield proportional improvement in accuracy. Next, the 
internal low pass filter was estimated to have a cutoff frequen-
cy of about 125 Hz, and some of the thresholds and scaling 
factors were estimated by using available documentation and 
comparing against TDR test results. These nuances are dis-
cussed in detail in the later sections of this paper. Although the 
design of the digital model is not identical to that of the TDRs 
due to these assumptions, the model nonetheless mimics the 
operation of the TD21 element of the TDRs for the majority of 
the cases tested.  

The primary objective of this paper is to provide insight in-
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to the digital implementation and design process of the IQ 
distance element available in ultra-high-speed TDRs. The 
model discussed herein can be used in transient studies of sys-
tems and fault events to help predict the operation of TDRs in 
the field under various operating conditions.  

II.  OVERVIEW OF GOVERNING PRINCIPLES  

A.  Application of the Superposition Principle in Fault Analy-
sis 

Superposition principle is used in the analysis of faulted 
networks to separate the prefault and the fault-induced quanti-
ties. Consider the prefault network depicted in Fig. 1 consist-
ing of two sources and a defined fault location where the fault 
point voltage can be determined [7].  

 
 
 
 
 
 
 
 
 
 
Next, to represent the fault generated network, a similar 

circuit is designed with the terminal sources short-circuited. In 
this circuit, a new source is added at the point of the fault with 
a voltage that is equal but opposite to the prefault voltage at 
that point [7]. This fault-generated network has only one 
source at the fault point in addition to any impedances given in 
the prefault configuration. The fault circuit is shown in Fig. 2.  

 
The prefault and fault-generated circuits are analyzed sepa-

rately to determine the prefault and the fault induced compo-
nents, the sum of which is the postfault or faulted network 
depicted in Fig. 3 [1]. 

 
The superposition principle is an important tool in fault 

analysis because it provides a method of breaking up a fault 
event into three separate independent circuits. This paper will 

focus on the prefault and the fault generated circuits for the 
development of the governing equations. The voltages and 
currents observed in the fault-generated network are known as 
the IQs; they represent the change in conditions from steady-
state to postfault and are typically denoted with a “∆” in the 
script, as shown in Eq. (1)-(7). These change-in-state condi-
tions are typically calculated by subtracting a quantity’s value 
during the previous cycle, which represents the prefault 
steady-state condition, from the present or postfault values [3]. 
The IQs are extracted using a base-delta filter shown in Fig. 4 
in its block diagram form. The input to the filter is the instan-
taneous voltage or current signal measured by the instrument 
transformers. The delay block implements a one-power-cycle 
delay, and the output is the difference between the instantane-
ous and the delayed values. When the system is under steady-
state conditions, the output of the base-delta filter will be ap-
proximately zero because the voltages and currents should not 
have changed in the duration of one cycle [2]. 

 
If the system is faulted, the output of the filter will repre-

sent the change in conditions referenced as the faulted network 
for exactly one cycle duration following a fault. These IQ val-
ues will only be valid for one cycle after the fault because 
once this window is exceeded, the one-cycle-old data no long-
er represents the prefault steady-state conditions of the circuit. 
The output of the base-delta filter contains only the transients 
generated by the fault, and does not include the prefault 
steady-state values [1]. 

B.  IQ Distance Element Operating Principles 
IQ distance elements can operate at high speeds because 

they are based on calculations from signals observed in real-
time along with the signals recorded from the previous cycle. 
They do not require the additional filter delays associated with 
phasor calculations. Therefore, once the simple signal pro-
cessing, which includes a short filter delay, is completed, the 
element can operate immediately, assuming the necessary 
conditions are met. This element has a settable reach point, 
and it should only trip for faults within the set reach. It oper-
ates by calculating the steady-state and the incremental volt-
ages at the set reach point with current and voltage signals 
measured at the relay terminals [3]. The element uses a re-
straining voltage calculated using the prefault voltage at the 
reach point as an input. The incremental signal calculated at 
the reach point provides an output that represents the magni-
tude of change due to the fault, and this signal is called the 
operating voltage or operating signal. Next, the operating and 
the restraining signals are compared against one another, 
which provides the basis for the trip decision. The EMTP 
model discussed herein also differs slightly from the physical 
TDRs relays while making the trip decision. In the model, if 
the magnitude of the operating signal exceeds that of the re-

 
Fig. 2. Fault-generated network circuit. 

 

 
Fig. 3.  Postfault network circuit. 

 

 
Fig. 4.  Base-delta filter block diagram. 

 
 

 
Fig. 1. Prefault network circuit 
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straining signal and they are of opposite polarity, then the fault 
is deemed to be within the reach point, thereby causing the 
element to operate. As such, there is no additional security 
margin. However, in the physical relays, the difference be-
tween the two signals are added together for a short window 
using an accumulator, and the element will operate if the out-
put of the accumulator exceeds a pre-defined threshold [3]. 
The reason for not including the accumulator in the model is 
because some of the necessary information about it is proprie-
tary and could not be gathered. As a result of this, the model 
slightly over-reaches compared to the physical relays. To ac-
count for this, yet another variable, referred to as the restrain-
ing signal scaling factor [1], was adjusted in the model to ne-
gate the differences arising due to the lack of the accumulator. 
The scaling factor is discussed in more detail in IV.    

Given a fault at the reach point, the condition that causes 
the largest incremental signal occurs when the voltage drops to 
zero due to a bolted fault [5]. As fault impedance is added, the 
magnitude of the reach point voltage decreases in an inverse 
relationship with fault impedance [2]. This relationship will 
cause the incremental-quantity distance element to underreach 
proportionally with the fault impedance until the fault imped-
ance reaches a point where the change given by the incremen-
tal signal will never exceed the value of the restraining signal 
[2]. Therefore, like traditional distance elements, this element 
is not always dependable during fault scenarios involving 
large fault impedances.  

The voltage at the reach point is calculated for six fault 
types, namely, Phase-A-to-ground, Phase-B-to-ground, 
Phase-C-to-ground, Phase-A-to-B, Phase-B-to-C, and Phase-
C-to-A. For each fault type, the independent fault loop is de-
rived where the voltage at the reach point is calculated. This 
voltage is calculated with both the incremental current and 
voltage signals as well as with the one-cycle-old steady-state 
voltage and current signals. These fault loop equations are 
derived from the general fault network circuit shown in Fig. 2. 
These impedances are scaled by the reach point setting that is 
a percentage of the protected line to determine the voltage at 
this location.  

First a line-to-ground fault loop is considered. This is ac-
complished by using a combination of Thevenin’s theorem for 
two-port networks and the superposition principle to solve the 
faulted network [1]. The circuit shown in Fig. 5 is used to de-
rive the loop equations for the Phase-A fault loop.  

 
The circuit depicted in Fig. 5 is a modified version of the 

fault-generated network circuit given earlier in Fig. 2 with 
specific elements that can be related to known or measured 
values in the protected power system. Both the operating and 

restraining signals are derived from the same circuit with the 
only difference being that the restraining signal uses one-
cycle-old voltage and current signals measured at the relay and 
the operating signal uses incremental voltage and current sig-
nals generated using the delta filter depicted earlier in Fig. 4. 

In the Phase-A fault loop circuit given in Fig. 5, the VA 
and IA values are the instrument transformer voltage and cur-
rent readings from the relay terminals respectively, while ‘L’ 
and ‘R’ indicate the local and the remote terminals, respective-
ly. The reach setting is denoted by ‘m’. This circuit is de-
signed to find the voltage at the set reach point by multiplying 
the reach with the line impedance between the fault and the 
local relay terminal. It can be assumed that the line impedance 
is a complex value with both nonzero R and L components. 
Circuit theory is applied to the loop circuit and expressions for 
the loop replica current and incremental loop replica current 
are derived resulting in the flowing equations (the 1 and the 0 
subscripts denote the positive and the negative sequences, 
respectively): 

𝐼"# = %𝑏' ∙ 𝐼# + 𝑏* ∙
𝑑𝐼#
𝑑𝑡 - + %𝑏. ∙ 𝐼/ + 𝑏0 ∙

𝑑𝐼/
𝑑𝑡 -

(1) 

and, 

∆𝐼"# = %𝑏' ∙ ∆𝐼# + 𝑏* ∙
𝑑∆𝐼#
𝑑𝑡 - + %𝑏. ∙ ∆𝐼/ + 𝑏0 ∙

𝑑∆𝐼/
𝑑𝑡 -

(2) 

where the following constants are declared to simplify the 
equations above: 

𝑏' =
𝑅'
|𝑍'|

, 𝑏* =
𝐿'
|𝑍'|

, 𝑏. = ;
𝑅/ − 𝑅'
|𝑍'|

= , 𝑏0 = ;
𝐿/ − 𝐿'
|𝑍'|

= (3) 

Using the above relations, the expressions for the restrain-
ing (𝑉@AB) and the operating C𝑉/DE	signals can be derived: 

𝑉@AB = 𝑉#G − ;𝑏' ∙ 𝐼# + 𝑏* ∙
𝑑𝐼#
𝑑𝑡 + 𝑏. ∙ 𝐼/ + 𝑏0 ∙

𝑑𝐼/
𝑑𝑡 = ∙ 𝑚 ∙ |𝑍'| (4) 

and, 

𝑉/D = ∆𝑉#G − ;𝑏' + ∆𝐼# + 𝑏* ∙
𝑑∆𝐼#
𝑑𝑡 + 𝑏. ∙ ∆𝐼/ + 𝑏0 ∙

𝑑∆𝐼/
𝑑𝑡 = ∙ 𝑚 ∙ |𝑍'|(5) 

These relationships are the same for all three line-to-ground 
loops. The line-to-line fault loops are derived in a similar 
manner with the primary difference being that none of the zero 
sequence components are used. The relationships for the line-
to-line restraining and operating voltages are: 

𝑉@AB = 𝑉#K − %𝑏' ∙ 𝐼#K + 𝑏* ∙
𝑑𝐼#K
𝑑𝑡 - ∙ 𝑚 ∙ |𝑍'| (6) 

and, 

𝑉/D = ∆𝑉#K − %𝑏' ∙ ∆𝐼#K + 𝑏* ∙
𝑑∆𝐼#K
𝑑𝑡 - ∙ 𝑚 ∙ |𝑍'| (7) 

III.  EVENT PLAYBACK TESTING PROCEDURE FOR THE SEL-
T400L TIME-DOMAIN LINE PROTECTION RELAY  

A.  Event Playback Testing 
Event playback testing is a modern approach to testing 

time-domain-based ultra-high-speed relays and the feature is 
available in the SEL-T400L Time-Domain Line Protection 
relay (to be referred to as the SEL-T400L Relay), the TDR 
used in this study. In this method, event files generated using 
electromagnetic transient simulation programs can be played 
back to the relays, and, as such, it enables relay testing without 
the need for test equipment. The principal advantage to this 
type of testing is that an accurate representation of the high 

 
Fig. 5.  Phase A fault loop circuit. 
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frequency transient behavior of a faulted system can be ap-
plied to the devices under test without bandwidth limitations.  

To complete playback testing,  
• a suitable test file that contains an accurately modeled 

power system must be available in an electromagnetic 
transient study program.  

• This file must be configured with appropriately rated 
voltage and current transformers so that the secondary 
voltage and current signals have magnitudes within the 
specified range of the intended relay under test.  

• Additionally, this file must be configured to run at a 
step-size of one microsecond or smaller, and the overall 
file length must be between 0.1 s and 24 s in duration 
[3].  

• Next, a fault scenario is simulated using the system 
model.  

• After the simulation, the three-phase voltage and cur-
rent secondary signals must be stored in a 
COMTRADE file format. Each signal should be given 
a unique name that properly identifies the individual 
signals such as: IA, IB, IC, VA, VB, and VC.  

• Next, all voltage and current signals that are to be ap-
plied to the relay under test must be saved as a single 
COMTRADE file. This file is given a unique name so 
that it can be identified throughout the test procedure 
and located if additional testing is required.  

• After the file(s) have been generated, they must be 
converted to a file format that can be accepted and 
loaded on the TDRs [8].  

• Once converted to the appropriate format the resulting 
file can be loaded on the relay under test and the test 
can be initiated.  

A detailed synopsis of the relay’s operation can be observed 
by downloading the event files generated by the relays after 
each test case is completed. The test procedure is discussed in 
more detail in [9].  

B.  Event Playback Testing Applications 
Event playback testing is utilized in the design as well as 

the verification of the digital model discussed herein. As stat-
ed previously, the TDR used in this study has a time-domain 
IQ distance element referred to as the TD21 [3], which is the 
basis of the digital model implemented in this paper. Through 
playback testing, the operation of the TD21 element in the 
TDR can be examined and recorded under specific fault condi-
tions. Additionally, the digital model can also be tested under 
identical faulted conditions. Then, the results can be com-
pared, and necessary modifications can be made to the digital 
model, so that its response mimics that of the TDR’s TD21 
element as closely as possible. In addition, unit-step signal can 
be applied to the TDRs through playback testing methods to 
analyze the filtering elements within the relays. 

IV.  DEVELOPMENT OF THE INCREMENTAL-QUANTITY 
DISTANCE ELEMENT DIGITAL MODEL  

The development of the digital model of the IQ distance el-
ement using EMTP is discussed in this section. The digital 
model is also validated using a TDR at each major step. Alt-
hough the model was designed to mimic the final operation of 

the TD21 element in the TDR, the individual blocks and signal 
processing techniques that are presented are not identical to 
the TD21 elements in the TDR. In other words, while the final 
operation of the model and the TD21 elements are similar in 
nature, the design of the blocks is not identical. 

A.  Initial Settings  
Global variables can be configured in EMTP with what is 
called a mask by introducing them at the top level of each sub-
circuit. The mask is where the element’s settings are entered. 
The TD21 element in the TDR requires the positive- and the 
zero-sequence line impedances along with the line length and 
reach settings. These same settings are entered using the same 
units into the mask of the digital model. Additionally, a few 
constants and threshold variables are also declared in the mask 
to simplify the design and tuning of the element. One such 
variable is the restraining signal scaling factor or “Vrst_SF” 
which is a small margin added to the restraining signal for 
added security [3]. This scaling factor is said to be some value 
greater than one to provide an additional security margin [1]. 
Using playback testing and a trial-and-error approach, this 
scaling factor was determined to be 1.06 for the digital model. 
The authors discovered that the scaling factor used in the TDR 
was 1, but it was adjusted and fine-tuned to be greater than 1 
in the digital model to account for the lack of the accumulator 
discussed earlier in the paper.  

B.  Model Overview  
The approach taken in the design of the digital model was 

to organize tasks in a logical manner where similar blocks 
were lumped together in smaller subcircuit blocks allowing for 
simplified troubleshooting and ease of use. The first layer of 
the element is depicted in Fig. 6. Each of the constituent 
blocks are discussed in the subsequent sections in more detail. 

 
C.  Filter Design 

The TD21 element relies on a low-pass anti-aliasing filter  
that removes the high-frequency content present in the incom-
ing current and voltage signals from the instrument transform-
ers [5]. As a result of having this filter, the frequency spectrum 
of the TDR’s TD21 element is in the range of a few hundred 
hertz [3]. The filter of the digital model was designed using 
MATLAB and then implemented using EMTP. Event report-
ing and playback testing features of the TDRs were utilized 
extensively during the filter design process. Many signals are 
available in event files that can be downloaded from the relays 
following a test that leads to a trip outcome. The extracted 
signals in these files come from various points in the signal 
processing chain, and some can be utilized in the design of 
certain elements within the model. One such signal is simply 
the filtered response to an input voltage waveform. It is esti-

 
Fig. 6.  Distance element top level subcircuit. 
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mated that the only processing applied to this signal is the 
internal anti-aliasing filter along with the element’s low-pass 
filter. Therefore, with careful manipulation of the input test 
file, a simple unit-step input can be disguised as a voltage sig-
nal, loaded on the TDRs, and run through the filters to observe 
the step response in the event files. The filter’s step response 
is provided in Fig. 7. The step response characteristics such as 
the rise time and percent overshoot were measured and rec-
orded. The readers will notice that the magnitude of the input 
in the step-response shown in Fig. 7 is not 1V. This is because 
the signal processing present in the relays attenuates the input 
signal to some extent. As a result, even when a unit-step input 
is applied to the relays, the actual input that gets applied to the 
TDRs low-pass filter (LPF) is close to 0.6V. In addition, the 
filter in the TDR gets automatically turned off after approxi-
mately 20 milliseconds, leading to the response as depicted by 
the green trace in Fig. 7.   

 
While designing the filter for the incremental-quantity dis-

tance element, the assumption was made that the internal low-
pass filter in the TDR was likely a low-order filter. Beginning 
with low-order Butterworth and Chebyshev low-pass filters, a 
trial-and-error approach was applied to try and mimic the step 
response characteristics of the TDR’s internal low-pass filter. 
It was observed that the frequency spectrum of the TDR’s 
TD21 element was of the order of a few hundred hertz [3]. 
This insinuates that the cutoff frequency of the low-pass filter 
is likely in the range of 100 to 300 Hz. The filter was initially 
designed using MATLAB and then implemented in EMTP 
after it had been validated. The step response of the filter de-
signed using MATLAB is provided in Fig. 8. As shown in Fig. 
8, the overshoot and the rise time of the filter designed in 
MATLAB are very close to that of the internal low-pass filter 
inside the TDR depicted in Fig. 7. Additionally, it was ob-
served in both responses that just after the initial overshoot, 
the filter output has a small undershoot below unity for a short 
duration (not to be confused with the undershoot below 0 after 
the filter is the turned off in Fig. 7). MATLAB provided a 
transfer function that was easily implemented in EMTP in the 
LPF block in Fig. 6. The unit-step response of the LPF in 
EMTP is shown in Fig. 9. The input was turned off after 20 
milliseconds to better resemble the operation in the TDR. 

 

 
D.  Disturbance Detector  

The disturbance detector (DD) used for the digital model’s 
design is very simple and sensitive. It will pick up faults on 
the protected system very quickly and provide an output that 
transitions from zero to one after a disturbance. It will remain 
on for one cycle before resetting to zero. This output is a pre-
requisite for the trip logic in the TD21 element to operate and 
the one cycle duration prevents the element from operating 
more than one cycle post fault because by that point the in-
cremental signals are no longer a valid representation of the 
fault induced changes.  

E.  Line-to-Ground Fault Loop Logic  
All calculations for the line-to-ground fault loops happen in 

the “Line 2 Ground” block of the block diagram depicted in 
Fig. 6. The subcircuit of the this block is shown in Fig. 10. As 
shown, each individual line-to-ground fault loop block re-
ceives the filtered current (blue) and voltage (green) signals 
respective to its phase. Each block receives the DD output as 

 
Fig. 7. Step-response of the SEL-T400L Relay’s internal lowpass filter. 

 

 
Fig. 8. Unit-step-response of the lowpass filter designed using 
MATLAB. 

 
 

 
Fig. 9. Unit-step-response of the lowpass filter implemented in EMTP. 
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well as the zero-sequence current. The zero-sequence current 
is only used for the line-to-ground calculations, and it is calcu-
lated only once in the “Io” block as shown in Fig. 6. 

 
The subcircuit of each of the three fault loops shown in Fig. 

10, namely AG, BG, and CG, are identical, and are shown in 
Fig. 11. This is where the base or raw operating and restrain-
ing voltages are calculated for each fault loop. 

 
The restraining signal is calculated in the “Vrst_ag” blocks 

which are shown at the top of the diagram. Equation (4) is 
implemented in EMTP in this section of the block. To do so, 
the derivative of the filtered current signals is first calculated, 
and the scaling factors are applied in the weighted sum block 
denoted by “IZA” in block diagram in Fig. 11. Next the loop 
replica current “IZA” is multiplied by the reach setting and the 
positive sequence line impedance magnitude. Finally, this 
product is subtracted from the filtered phase voltage. The out-
put of this block is the pre-restraining signal. The operating 
signal is calculated based on the incremental quantity values. 
This is done by subtracting exactly one cycle old data from the 
current cycle data to represent the change in the faulted net-
work. 

F.  Trip Logic  
The raw operating signal and the pre-restraining signal are 

passed into the “Trip Logic” block. This block is the same for 
all fault loops and the subcircuit is shown in Fig. 12. 

 
The incremental-quantity distance element requires that the 

raw operating and restraining signals be of opposite polarities 
for trip requirements to be met. In addition, the digital model 
requires the DD supervision to be active. Therefore, none of 
the blocks will operate unless the DD output is high. The 
“Vrst_POL” and “Vop_POL” blocks require that DD and the 
input signal be greater than zero to operate. As such, the out-
put of these blocks is high only if the input signal is in the 
positive region of the cycle. The next block is “POL_CHK” 
which provides an output of one only if the inputs are of oppo-
site polarities. 

The next step is to derive the final restraining signal. This 
process starts with the pre-restraining signal that has yet to be 
delayed. It is explained in [5] that the final restraining signal 
consists of the “sub-cycle-max” of three signals: one that is 
exactly one cycle old, another that is slightly before that one-
cycle-old data, and finally one that is slightly after the exact 
one-cycle-old data. Reference [5] depicts a final restraining 
signal that has a flat-topped shape that appears the be a slight-
ly elongated version of the original restraining signal. Using 
this figure and other figures in [5] that depict real fault scenar-
ios, it was estimated that the time between the sub-cycles is 
roughly 0.6667 ms. This is implemented using the “3 Cycle 
Max” block shown in Fig. 12. The waveforms obtained using 
this block are depicted in Fig. 13 where the three traces on the 
top plot are the sub-cycle waveforms, while the trace in the 
bottom plot is the maximum instantaneous value of these three 
waveforms.  

 

 

 
Fig. 10. Subcircuit of the Line 2 Ground block. 

 

 
Fig. 11. Individual LG fault loop subcircuit. 

 
 

 
Fig. 12. Subcircuit of the Trip Logic block. 

 
 

 
Fig. 13. Operation of the 3 Cycle Max block: top plot depicting the one-
cycle-old (blue), sub-cycle delayed (red), and sub-cycle advanced (red) 
waveforms, and the bottom plot depicting the maximum instantaneous 
value of these three waveforms. 
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The next step in finding the final restraining signal is im-
plementing a minimum restraining level, called “Vrst_MIN”, 
to protect against false tripping near a zero-crossing [5]. As 
before, using figures in [5] that depict real fault scenarios, a 
good estimate for the minimum restraining level was found to 
be roughly 50 Volts. This is implemented in the next set of 
blocks in EMTP using an output selector block. If the input is 
50 Volts or greater, the output will reflect the value of the in-
put. However, if the input is less than 50 Volts, the output will 
remain at 50. Finally, the output is scaled by the scaling factor 
“Vrst_SF” discussed earlier to produce the final restraining 
signal which is depicted in Fig. 14 in blue. The raw restraining 
signal in red is also provided for reference. 

 
G.  Line-to-Line Fault Loop Logic  

The line-to-line fault loops are implemented in a similar na-
ture to the line-to-ground loops with the main difference being 
that the zero-sequence currents are not used.  

H.  Phase Selector  
 The incremental-quantity distance element has six loops 

(one for each of the three line-to-ground and the three line-to-
line faults) that can trip for a given fault scenario. Therefore, 
the model blocks must determine the fault type and verify that 
the correct loop operates when intended. The operating signal 
measures the change from the steady-state operation to its 
postfault scenario. This signal stays at or near zero until a fault 
occurs, after which its value represents the change in magni-
tude from steady state to postfault. In theory, this magnitude 
will be the largest in the faulted loop. The loop selector for the 
incremental-quantity distance element selects the faulted loop 
by choosing the loop with the operating signal that has the 
largest peak magnitude during the first postfault cycle [1]. 

I.  Phase Check  
The incremental-quantity distance element must check to 

ensure that the loop correlating to the selected fault type indi-
cated by the phase selector operates with the incremental 
quantity logic. This step occurs in the “Phase Check” Circuit 
block in the block diagram shown in Fig. 6. The model will 
check to ensure that the appropriate loop has operated, and if 
so, it will generate a high output. Next, a logic block is im-
plemented that provides a final output of zero for cases with-
out any fault and an output of -1 if the faulted loop did not 

meet the incremental-quantity distance element’s trip require-
ments. This will occur for faults that are either in the reverse 
direction or beyond the reach point in the forward direction. 

J.  Trip Time  
 The “Trip Time” block, shown in the bottom right section 
of the block diagram in Fig. 6, provides an output that indi-
cates the time duration between when the disturbance detector 
detected a fault on the line until the instant when the trip re-
quirements are met on the appropriate faulted loop. Although 
its EMTP subsystem is not shown in this paper, it simply 
tracks the outputs of the DD block and the TD21 bit and cal-
culates the time difference between their respective assertion.  

V.  MODEL VALIDATION  

A.  Test System Used for Model Validation  
Testing the incremental-quantity distance element requires 

a model that is representative of a typical power system in 
which the protection element is applied. Modeling such a sys-
tem requires accurate information about the sources, loads, 
transmission lines, and instrument transformers. Since the 
incremental-quantity distance element relies on prefault cur-
rent and voltage signals, the system must also have sufficient 
load that draws the necessary prefault current. Additionally, 
the positive- and the zero-sequence line impedance values 
must be available to be applied to the settings of the distance 
element blocks. The system used for the testing is depicted in 
Fig. 15. It consists of two synchronous machines and constant 
parameter lines. The protected line is 175 km long and is con-
nected to the synchronous machines via external lines, 150 km 
in length, at each end. The relays and the instrument trans-
formers are placed at each end of the protected line. 

 
The protected line system settings are shown in TABLE 1:  

 
B.  Summary of Test Plan  

After configuring the system and the appropriate settings, 
the basic operation of the model is tested by running prelimi-
nary simulations and ensuring that the element is tripping 

 
Fig. 14. Comparisons between the raw (red) and the final (blue) restrain-
ing signals. 

 
 

 
Fig. 15. Test system. 

 
 TABLE 1  

TEST SYSTEM SETTINGS 

System voltage level 230 kV 
VT Ratio 132000 / 115  
CT Ratio 1200 / 5  
Per-length positive-sequence imped-
ance of all lines (at 60 Hz) 

(0.02+j0.339) Ω/𝑘𝑚 
 

Per-length zero-sequence impedance 
of all lines (at 60 Hz) 

(0.3+j 0.113) Ω/𝑘𝑚 
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when it absolutely should, and not tripping when it should not. 
We know that the model should not operate during external 
faults; it should operate for faults on the protected line that 
occur very close to the respective terminal, and this operation 
region should extend out to roughly the reach point. However, 
the reach point is not an exact specification of the element’s 
reach; due to the system specific parameters, fault inception 
angle, and the security measures included in the design, the 
distance elements will typically trip to within 5 to 10 percent 
of the reach point setting [5]. This means that the operation of 
the elements can become less predictable and might vary 
slightly from system to system around the reach point. 

After ensuring that the element is fully secured and gener-
ally dependable, the next step is to fine-tune the value of the 
restraining voltage scaling factor. This is done by first playing 
back a set of test cases on the TDRs and recording the opera-
tion of the TD21 element for each. Since the most profound 
differences will only be observed around the reach point, all of 
these simulations are completed for faults near the theoretical 
reach point location. Additionally, a variety of fault types are 
used for these simulations to ensure that different scenarios are 
considered, and operational differences due to fault inception 
angles are mitigated. Once the tests have been completed with 
the TDRs, the same tests are again completed with the EMTP 
distance element blocks. The “Vrst_SF” is adjusted until the 
block has close agreement with the TDRs. 

C.  Preliminary EMTP Simulation Results  
In the preliminary testing, the reach is set to 0.7 for both 

line-to-line and line-to-ground fault loops, which equals to 
approximately 122.5 km. Simulation results are depicted in 
TABLE 2 which indicate that the element’s operation was fully 
secured, and generally dependable. Neither the local nor the 
remote relay operated during any of the external fault cases 
(presented in the first two and the last two rows of the table). 
As the fault location was moved into the protected line, the 
appropriate element began tripping for faults that occurred 
within the reach point. In addition, as the fault approached the 
reach point, the elements became less dependable.  

Fig. 16 shows the raw operating (red trace) and restraining 
(blue trace) signals for a close-in C-to-A fault located 1 km 
from the local terminal on the protected line. The depicted raw 
restraining signal that is delayed by one cycle but not yet 
scaled by the scaling factor and without the sub-cycle max 
signal processing. Note that they are of opposite polarity for 
the first cycle after the fault. 

Fig. 17 shows the final operating and restraining signals for 
the same CA fault for both the local (top plot) and the remote 
(bottom plot) relays. These final operating and restraining 
signals only depict the magnitudes of the respective signals. 
The final operating signal is simply the absolute value of the 
raw operating signal, but as described above, the final restrain-
ing signal undergoes some modifications. These signals are 
used to determine whether the operating signal exceeds the 
restraining signal, and thereby the trip decision. If the final 
operating signal exceeds the final restraining signal, and, if the 
raw signals are of opposite polarities, then the TD21 digital 

model element will operate. 

 

 

 

TABLE 2  
PRELIMINARY SIMULATION RESULTS USING THE 

IQ DISTANCE ELEMENT DIGITAL MODEL 
IMPLEMENTED IN EMTP 

 

Line 
Length 

(km) 

Fault 
Distance 

from 
Local 
Relay 
(km) 

Fault 
Type 

I.Q. 
Distance 
Element 

Local

I.Q. 
Distance 
Element 
Remote

-10 CG NT NT
-5 AB NT NT
1 AG TRIP NT
1 CA TRIP NT

20 CG TRIP NT
20 AB TRIP NT
25 BG TRIP NT
25 BC TRIP NT
75 AG TRIP TRIP
75 AB TRIP TRIP
95 BG TRIP TRIP
95 CA TRIP TRIP

120 CG NT TRIP
120 BC NT TRIP
135 AG NT TRIP
135 BC NT TRIP
145 CG NT TRIP
145 CA NT TRIP
173 BG NT TRIP
173 AB NT TRIP
178 CG NT NT
181 AB NT NT

Fault introduced at 0.099 seconds

175

 
Fig. 16. Raw restraining (blue) and operating (red) signals for a 
close-in fault. 

 
Fig. 17. Final operating (red) and restraining (blue) signals calculated at 
the local (top) and the remote (bottom) relays for a close-in CA fault 1 km 
away from the local terminal. 
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Note how the final operating signal (red traces) in Fig. 17 
no longer retains its form after one full cycle postfault as this 
delayed signal begins to show the effects of the fault. Once 
this signal begins to degrade, the logic is no longer valid, and 
the supervision will prevent the element from operating. 

If a fault is located towards the center of the line, then the 
distance element at both terminals should operate. In this sce-
nario, the operating signals at both relay terminals should have 
similar magnitudes. In addition, the line impedance seen from 
each end to the fault location should also be roughly the same. 

Fig. 18 shows the final operating (red trace) and restraining 
(blue trace) signals for a fault roughly located near the center 
of the protected line (90 km from the local terminal and 85 km 
from the remote terminal) for both the local (top plot) and the 
remote (bottom plot) relays. 

 
Observing Fig. 18, it is evident that the trip requirements 

were not met at either of the relays until the second peak of the 
operating signal. It was generally observed for the cases tested 
in this paper that when the fault is located farther away from 
the relay terminals or near the reach point, the distance ele-
ment typically operates on the second peak of the operating 
signal. On the other hand, it was also observed that for test 
cases where the fault is located near the relay terminal, the trip 
conditions are usually met during the first peak of the restrain-
ing signal like the top plot in Fig. 17. However, it is important 
to note that the cases tested herein were only for bolted faults. 
Presence of fault resistance tends to attenuate the incremental 
quantities, making the fault seem further down the line. For 
such cases, trip requirements might not be met until the second 
peak, if at all, even for close-in faults, leading to a longer op-
erating time. Therefore, it can be deduced that the operating 
time of the element is likely to increase with the increase in 
both the distance to fault, as well as the fault resistance. Fur-
thermore, the fault inception angle also tends to impact the 
element’s operating time to some extent.  

D.  Comparisons with the TDR Test Results  
The first set of simulations of this category, provided in 

TABLE 3, were run on the TDRs to establish a baseline for 

the TD21 element’s operation. These tests were only run for 
cases that are close to the reach point since the main purpose 
of these simulations was to determine the scaling factor used 
for the final restraining signal. After the simulations were 
completed on the TDRs, similar tests were run on the EMTP 
relay model shown in the right-side columns of TABLE 3. 
Starting at 1.01, the scaling factor (K) was increased until the 
operation of the digital model was in close agreement with 
that of the TDRs for most of the cases. As this scaling factor is 
increased, the actual reach is slightly reduced compared to the 
ideal reach setting. The inclusion of this scaling factor in-
creases the magnitude of the restraining signal which in turn 
requires a larger operating signal to produce a trip scenario, 
thereby decreasing the reach of the element as the scaling fac-
tor is increased. 

 
Observing the results TABLE 3, there were only two test 

cases in which the TDRs and the digital model disagreed with 
one another (indicated in red). These were for two different 
phase B-to-ground faults, located 99 km and 68 km away re-
spectively from the local relay terminal. The final operating 
and restraining signals were observed, and it was determined 
that for both these cases, the magnitude difference that caused 
the non-trip case was less than half-a-volt. Since the difference 
was small, it was deduced that a very small discrepancy in the 
scaling factor could be causing the differences observed in the 
distance elements operation near the reach point. In addition, 
the discrepancies could also be partially attributed to the fact 
that the TDR down-samples the input data to 10 kHz for the 
TD21 calculations, whereas such down-sampling does not 
take place on the digital model as explained earlier. Based on 
prior simulations, it was determined that the digital model 
operates very well when sampled at 1 MHz, but the addition 
of down-sampling can cause small differences in signal mag-
nitudes resulting in operational differences for marginal cases 
that are very close to the reach point. 

A significant underreach (below set reach setting) of the 
TD21 element was noted in TABLE 3. This was attributed to 
the combination of the element’s design [5] and the operating 
conditions (the lengths of the external lines, for example). To 

 
Fig. 18. Final operating (red) and restraining (blue) signals calculated at 
the local (top) and the remote (bottom) relays for a fault located approx-
imately half-way along the protected line. 

 
 

TABLE 3 
 COMPARISON OF RESULTS BETWEEN THE DIGITAL MODEL 
AND THE SEL-T400L RELAY FOR DIFFERENT FAULT TYPES 

 
 

TD21 
Local

TD21 
Remote

I.Q. 
Distance 
Element 

Local

I.Q. 
Distance 
Element 
Remote

66 AG TRIP NT TRIP NT
66 BC TRIP NT TRIP NT
67 CG TRIP NT TRIP NT
67 AB TRIP TRIP TRIP TRIP
68 BG TRIP TRIP TRIP NT
68 CA TRIP NT TRIP NT
69 CG TRIP TRIP TRIP TRIP
69 AB TRIP TRIP TRIP TRIP
70 BG TRIP TRIP TRIP TRIP
70 BC TRIP TRIP TRIP TRIP
98 CG TRIP TRIP TRIP TRIP
98 AB TRIP TRIP TRIP TRIP
99 BG TRIP TRIP NT TRIP
99 AB TRIP TRIP TRIP TRIP

100 AG NT TRIP NT TRIP
100 BC NT TRIP NT TRIP

Fault Introduced at 0.099 seconds
Incremental Quantity Distance Element Comparison

175

Line 
Length 

(km) 

Fault 
Distance 

from 
Local 
Relay 
(km) 

Fault 
Type 

T400L Relays
EMTP Model 

(K=1.06)
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verify this, simulations were run by changing the length of the 
two external lines in the system shown in Fig. 15, referred to 
as the original test system for clarity, from 150 km to 10 km. 
This increased the reach of the TD21 element by approximate-
ly 4%. However, since the underreach below the set reach 
point seen in the results obtained using the original test system 
was seen in the model as well as the TDRs physical relays, 
and the focus of the paper was just on the digital implementa-
tion of the element, it was concluded that the original test sys-
tem was adequate to verify the accuracy of the digital imple-
mentation. As such, the original test system, consisting of the 
150 km external lines on each side of the protected line de-
picted in Fig. 15, was used for the additional simulations. 
Nonetheless, results suggest that the increase in source-to-
impedance ratio tends to cause the element to underreach. 

The discrepancies between the digital model and the TDRs 
during the phase BG fault cases were further investigated. 
Tests were completed at 1 km increments to determine the 
differences in the trip range for the BG fault cases. The results 
of these additional simulations are shown in TABLE 4.  

 
It is apparent from the results shown in Table 4 that the 

TD21 element in the TDRs tripped for a slightly larger range 
of values than the digital model. The tests were completed 
again with the scaling factor K reduced to 1.05 which yielded 
results that had a closer agreement with the TDRs for BG 
faults; however, this reduced scaling factor caused a larger 
number of disagreements between the model and the TDRs for 
other tests cases shown in TABLE 3. More attempts were 
made at tuning the scaling factor to get complete agreement 
between the model and physical relays, but this goal was never 
achieved. It was therefore decided that adjusting the scaling 
factor K, denoted by “Vrst_SF” in the digital model, does 
cause small differences in the operation of the digital model, 
but since it is not the only difference between the model and 
the TDRs, it cannot be adjusted to get perfect agreement. The 
results indicate that the optimal value of the scaling factor in 

the digital model is 1.06 in its present stage. Therefore, the 
scaling factor was set to that value.  

VI.  CONCLUSION   
A digital model of an incremental-quantity distance ele-

ment developed using the Electromagnetic Transients Program 
(EMTP) software package was presented in this paper. The 
design was based on the TD21 element in the SEL-T400L 
Relays developed by Schweitzer Engineering Laboratories. 
The TD21 is an underreaching protective element with no 
intentional time delay that does not require communication 
with the remote relay. The developed model was also validat-
ed using the SEL-T400L Relay. The event playback testing 
capability of the SEL-T400L Relay was utilized extensively 
during the validation and testing of the model. While there 
were certain design discrepancies between the digital model 
and the physical relays, the digital model closely mimicked 
the operation of the physical relays. Both the model and the 
physical relays operated correctly for all close-in faults on the 
protected line and did not operate for any external faults. The 
element operated within a few milliseconds of fault detection 
for most fault cases; however, as the distance to the fault in-
creased, the operating times did increase slightly. There were 
certain operational discrepancies between the relay and the 
model, which were more pronounced during fault scenarios 
near the reach point setting of the element. In these situations, 
the difference between tripping or not tripping is often due to a 
very small margin in the operating signal magnitude, which is 
likely due to the discrepancies between the signal processing 
in the computer model and the SEL-T400L Relays. Overall, 
the EMTP incremental-quantity distance element performed 
well for most scenarios as a fast and secure high-speed protec-
tion element.  

Although time-domain-based relays consisting of the in-
cremental quantity distance element are becoming increasing-
ly common in the power transmission system, detailed digital 
models of these elements are not readily available yet in elec-
tromagnetic transient analysis software packages. The final 
operation of the digital model discussed herein closely tracks 
that of the commercially available relay, and, as such, can be 
utilized in transient studies to predict the behavior of the TD21 
element of the relays in the field.  
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