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Abstract—The purpose of this paper is to present the outcomes 
of using time-domain line-protection technology on the highly 
complex 500 kV transmission line that connects the Xingu and 
Tucuruí substations in Brazil. The transmission line is a long, 
double-circuit line with both series and shunt reactive 
compensation in the proximity of high-voltage direct current 
(HVDC) links. The system was modeled in a real-time digital 
simulator (RTDS) and in Alternative Transients Program (ATP) 
software to simulate system events as realistically as possible. The 
paper also features results from real events collected from the field 
and reapplied to relays that use time-domain technology of 
traveling waves and incremental quantities. 

I. INTRODUCTION AND SYSTEM OVERVIEW 
The 500 kV Xingu-Tucuruí transmission line consists of two 

265 km (165 mi) parallel circuits with series capacitors at the 
Xingu terminal. These capacitors have a 
70 percent compensation level. In Xingu, there are two high-
voltage direct current (HVDC) bipoles associated with the Belo 
Monte Hydroelectric Plant (±800 kV) that lead to the Estreito 
and Terminal Rio inverter stations. In addition, this line crosses 
the Amazon region, where vegetation includes many tall and 
fast-growing trees that can cause high-resistance faults. There 
is also strong mutual coupling between adjacent 500 kV lines 
that share the same tower, which are also compensated. 

Considering all of these points, the conventional phasor-
based protection systems of this line are susceptible to 
undesired performance problems. These problems can result 
from the presence of subharmonic frequencies, the inversion of 
voltage and current caused by the presence of series capacitor 
banks, and/or the mutual coupling and grounding factors of the 
electrical network. 

The appearance of unbalanced currents and voltages with a 
high-harmonic content also influences the performance of the 
line-protection system after the elimination of external short 
circuits, which can be attributed to the phenomenon of 
converter transformer recovery inrush at the Xingu station. 
Proximity to the HVDC link can also cause the line protection 
to misoperate when switching faults occur in the inverter station 
following short circuits in the Southeast region of the country 
close to the Estreito or Terminal Rio substations [1]. These 
switching faults cause large fluctuations in current and voltage 

and, consequently, cause large deviations in the apparent 
impedance measured by the protection relay for the line under 
study. This results in transient overreaches of phasor-based 
distance protection elements. 

Thus, considering the complexity of the line and the effect 
of harsh conditions on the performance of conventional phasor 
protection, Operador Nacional do Sistema Elétrico (ONS) 
decided to test time-domain line protection on the 500 kV 
Xingu-Tucuruí C1 transmission line using a real-time digital 
simulator (RTDS) and Alternative Transients Program (ATP) 
software to evaluate its performance. 

II. RTDS MODEL 
An RTDS was used to simulate the system. Due to the 

network arrangement, the smallest possible integration step was 
6 µs for the small time-step block. The line used in the test had 
transposition at 1/6, 1/3, 1/3, and 1/6. It was modeled using the 
frequency-dependent line model (J. Marti model). 

Generation was modeled on the Belo Monte, Tucuruí 1, and 
Tucuruí 2 nodes; the following busbars were also modeled 
later: 

• Oriximiná (500 kV) 
• Jurupari (500 kV) 
• Jurupari (230 kV) 
• Belo Monte (500 kV) 
• Xingu (500 kV) 
• Xingu (230 kV) 
• Tucuruí (230 kV) 
• Tucuruí (500 kV) 
• Vila do Conde (500 kV) 
• Itacaiúnas (500 kV) 
• Marabá (500 kV) 
• Colinas (500 kV) 
• Imperatriz (500 kV) 
• Miracema (500 kV) 

The rest of the system was represented by an equivalent 
network. The diagram of the area modeled in the RTDS 
simulation is shown in Fig. 1. The analyzed line, Circuit 1 
connecting Xingu and Tucuruí, is highlighted in blue. 
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Fig. 1. One-line diagram of the RTDS-modeled system. The line being studied is in blue. 
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III. ANALYSIS OF RTDS CASE STUDY RESULTS 
This section presents the results obtained during RTDS 

testing. Table I summarizes all test cases. 
TABLE I 

RTDS TEST CASES 

Case 
Number 

Description 

Disturbance 
Type 

Fault 
Type 

Location 

01 Internal fault AG 16.67% from Xingu terminal 

02 Internal fault AG 50% from Xingu terminal 

03 Internal fault AG 83.33% from Xingu terminal 

04 External fault AG Parallel circuit. 16.67% from 
Xingu terminal 

05 External fault AG Parallel circuit. 50% from 
Xingu terminal 

06 External fault AG Parallel circuit. 83.33% from 
Xingu terminal 

07 External fault AG Xingu busbar 

08 External fault AG Tucuruí busbar 

09 External fault AG Belo Monte busbar 

10 External fault AG Marabá busbar 

11 External fault AG Jurupari busbar 

12 External fault 
that evolves into 
internal fault 

 50% from Xingu terminal 

13 Internal fault ABC 16.67% from Xingu terminal 

14 Internal fault ABC 50% from Xingu terminal 

15 Internal fault ABC 83.33% from Xingu terminal 

16 External fault ABC Parallel circuit. 16.67% from 
Xingu terminal 

17 External fault ABC Parallel circuit. 50% from 
Xingu terminal 

18 External fault ABC Parallel circuit. 83.33% from 
Xingu terminal 

19 External fault ABC Xingu busbar 

20 External fault ABC Tucuruí busbar 

21 External fault ABC Belo Monte busbar 

22 External fault ABC Marabá busbar 

23 External fault ABC Jurupari busbar 

24 Internal fault AG 83.33% from Xingu terminal 
with fault resistance 

25 Switching  Series capacitor bank bypass 

26 Switching  Energization of 
converter transformers 

27 Playback  Playback—fault on Belo 
Monde Busbar 

28 Playback  Playback—HVDC 
switching failure 

A. Internal Faults 
This line has transposition, and these points were used to 

apply internal faults. The fault points were 16.67 percent, 
50 percent, and 83.33 percent of the line length from the Xingu 
substation. Internal single-line-to-ground and three-phase faults 
were applied at these points with incidence angles of 0 degrees 
and 90 degrees. The functions TD21, TW87, and permissive 
overreaching transfer trip (POTT) (using TD32 and TW32 as 
directional elements) were enabled to trip, and for all 
simulations, the ultra-high-speed protection performed as 
expected. Table II summarizes the average operating times 
obtained for each function, as well as the average trip time, 
disregarding channel latencies. All protection functions are 
detailed in [2] and [3]. 

TABLE II 
AVERAGE OPERATING TIMES FOR INTERNAL FAULTS 

Protection Function Average Operating Time (ms) 
TD32 1.8 

TD21 2.6 

TW32 0.1 

TW87 1.2 

TRIP 1.7 

Fig. 2 shows the results of one of the tests, Case 3, which 
was a bolted single-line-to-ground fault at 83.33 percent of the 
line from the Xingu substation. 

Fig. 2a 

 

Fig. 2b 

 

Fig. 2. Event record oscillography and digital data showing results for 
internal fault at (a) Xingu and (b) Tucuruí relays. 
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At both line terminals, engineers observed that both the 
traveling-wave directional element and the incremental-
quantity directional element declare a forward direction 
(assertion of TW32F and TD32F, respectively). The ground 
incremental-quantity distance element (TD21G) operated for 
the substation closest to the fault, as expected. The traveling-
wave differential scheme (TW87) also detected this fault at 
both terminals. All protection elements operated rapidly for an 
ultra-high-speed trip of the relay. 

Fig. 3 shows Case 24, a fault with resistance equal to 
150 ohms at 83.33 percent from the Xingu substation. In this 
scenario, the TD32F element was asserted in both relays; hence, 
the correct performance of the POTT scheme was observed and 
caused both relays to issue a trip signal. 

Fig. 3a 

 

Fig. 3b 

 

Fig. 3. Case 24 oscillography and digital data showing TD32F and TRIP 
assertions for (a) Xingu and (b) Tucuruí relays. 

High-impedance fault-detection sensitivity is dependent on 
the selected settings. Choosing more sensitive settings allows 
the detection of higher impedance faults but compromises 
security. Normally, impedances of 100 ohms are used to 
calculate settings for single-line-to-ground faults, considering 
the worst condition of the power system, in terms of fault-
current contribution (i.e., source behind the relay is at its 
expected weakest value and remote source is at its expected 
strongest value). The settings definition in this paper uses this 
methodology. 

B. External Faults 
Table I shows a great number of external faults applied to 

verify protection security and to protect against undesired 
tripping in this system, which can occur frequently with phasor-
based protection. For all external faults tested on time-domain 
relays, operation remained secure. Fig. 4 shows an example of 
a fault on the midpoint of the parallel circuit, Case 5, for which 
the relays performed as expected. 

Fig. 4a 

 

Fig. 4b 

 

Fig. 4. Case 5 oscillography and digital data obtained at (a) Xingu and 
(b) Tucuruí relays. 

All elements were secure for this case. The TD32 directional 
element detected a fault forward at the strong source terminal, 
Xingu substation. At the weak source terminal, Tucuruí 
substation, TD32 detected the fault as reverse, meaning the 
POTT scheme was secure. 

C. Fault Evolving From External to Internal 
Time-domain protection elements, using the principles of 

incremental quantities and traveling waves, need to measure 
stable electrical quantities to become armed prior to a 
disturbance. Once a disturbance occurs, the time-domain 
protection elements become disarmed until a new steady-state 
condition is reached and the relay becomes armed again. During 
an external fault, the relay executes its algorithms, does not 
operate, and remains secure. If the fault develops into an 
internal fault, then the relay must calculate new incremental 
quantities. Thus, in the case of a second fault (the internal fault), 
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the pre-fault is a system fault (the external fault). In this case, it 
is necessary to set a time delay in the software simulation that 
allows the external fault to reach the permanent short-circuit 
state for a period of time before transitioning to the internal 
fault. The time during which the relay disables the arming of 
protection (i.e., the arming logic) is determined by both a fixed 
minimum time and a variable time that is determined according 
to system-stabilization time constants. Fig. 5 shows the results 
of Case 12, which is an external fault that initiated in the middle 
of the parallel circuit and evolved into an internal fault. 

Fig. 5a 

 

Fig. 5b 

 

Fig. 5. Case 12 oscillography and digital data from the (a) Xingu substation 
and (b) Tucuruí substation relays. A fault on the parallel circuit evolves into 
an internal fault; the system remains secure. 

Fig. 5 shows the behavior of the TD32 element in each relay. 
The Xingu substation relay detected both internal and external 
faults as forward faults. The Tucuruí substation relay correctly 
detected the first fault as reverse and the second fault as 
forward. The ALPARM variable, shown in Fig. 5, represents 
the moments when the relay protection was armed and the 
incremental-quantity-based elements (and TW-based elements) 
were active. 

The fault in Fig. 5 was sustained for almost 
600 milliseconds, which is typical. Similar tests were 
performed with elimination of the parallel line fault with 
identical results. The relays were available to provide 
protection after the electrical input signals returned to a 
quiescent state. For the tested fault conditions, the duration of 
inactive protection was 175 milliseconds (ALPARM 
deasserted). 

D. Capacitor Bank Bypass 
In addition to faults, the insertion and removal of the 

capacitor bank, which is within the protection zone, was also 
simulated. These switching events did not activate the 
protection trip because they were not faults, but they did 
generate incremental quantities and traveling waves on the line. 
Again, the relay restrained and remained secure. Fig. 6 shows 
the result for the capacitor bank bypass, Case 25. 

Fig. 6a 

 

Fig. 6b 

 

Fig. 6. Case 25 oscillography and digital data from the (a) Xingu substation 
and (b) Tucuruí substation relays. By bypassing the capacitor bank, the 
system remains secure. 

The Xingu substation calculated this event as reverse, since 
the bank is behind the relay potential transformer. The Tucuruí 
substation detected this event in the forward direction; 
however, its calculations were such that the transients generated 
by the bypassing of the capacitor bank were not sufficient to 
activate the directional algorithm. In summary, the performance 
of the protection scheme was correct and secure. 

E. HVDC Switching Failure 
This case involves a switching failure of an HVDC link that 

occurred in the power system and was captured by devices 
installed in the field. The real field records were reapplied using 
the event playback feature that is built into these time-domain 
relays. There was a fault in the ac system near an inverter 
substation (in the southeastern region) that is located more than 
2,000 km (1,242 mi) away from the evaluated transmission line, 
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which resulted in the dipole failing to switch. The switching 
failure cut off active power transferred through the link, and this 
momentary event caused the misoperation of the phasor-based 
protection installed on the line. Fig. 7 shows the response of the 
time-domain relays at both line terminals. 

Fig. 7a 

 

Fig. 7b 

 

Fig. 7 Results obtained from the switching failure of the HVDC link at the 
(a) Xingu substation and (b) Tucuruí substation relays. 

The time-domain relays did not signal a trip and, since the 
event was detected in the forward direction (TD32F) by one 
terminal and in the reverse direction (TD32R) by the other, the 
relays were secure. Also, the oscillographs in Fig. 7 show 
current interruption, the result of phasor-based relays 
insecurely tripping the circuit breakers. 

IV. EXTENSIVE ATP TESTING 
To comprehensively analyze the performance of the time-

domain protection elements, extensive tests were performed  

using computer simulations of faults in the same test system 
evaluated in the previous sections. For these tests, ATP was 
used for detailed modeling of the monitored electrical network. 
Through the simulations in ATP, oscillographs were generated 
with a sampling rate of 1 MHz, compatible with the event-
playback testing functionality of the time-domain relays [4]. 
Automation of the tests was carried out using the methodology 
reported in [5]. 

Three groups of tests were evaluated: 
• Test Group 1: 256 simulated internal faults on the 

protected line 
• Test Group 2: 128 simulated external faults on the 

parallel line 
•  Test Group 3: 76 simulated external faults on the 

500 kV Tucuruí–Jurupari line 
All cases were evaluated using the frequency-dependent line 

model (J. Marti model). In Test Groups 1 and 2, the positions 
of the applied faults were varied in terms of the percentage of 
the length of each transposed section. In Test Group 3, the 
position of the fault was varied in terms of percentage of the 
total length. 

Table III shows the fault parameters in each group of 
simulation tests, which were chosen to evaluate reliability of 
the protection scheme. Protection reliability is a measure of the 
degree of certainty that the relay, or relay system, will perform 
(operate) correctly (dependably) for internal faults together 
with assurance against incorrect operation (security) from all 
extraneous causes, such as switching events and external faults. 
Hence, we measure: 

• Dependability—the ability of the scheme to respond to 
all internal faults. 

• Security—the ability of a protection scheme to avoid 
operation for external fault conditions. 

The results obtained are presented in terms of the percentage 
of protection element operations in relation to the number of 
simulated cases (see Fig. 8), as well as the probability 
distribution of the operating times in relation to the fault 
location (see Fig. 9). In all analyses, results obtained at both 
terminals of the protected line are presented. It is also 
noteworthy that, during laboratory tests, the communication 
between relays was implemented via optical fiber 
approximately two meters long, so that the latency of the 
channel could be considered negligible. 

TABLE III 
SIMULATED FAULT PARAMETERS 

Test 
Groups 

Fault Type Distance to Fault (% of Line 
From Reference Terminal)* 

Phase-Ground Fault 
Resistance 

Phase-to-Phase 
Fault Resistance 

Incidence 
Angle** 

1 Internal AG, AB, ABG, and ABC 20% to 80%, ∆ = 20% 
(per transposition section) ≈ 0 ohms and 50 ohms ≈ 0 ohms and 20 ohms 0° and 90° 

2 External AG, AB, ABG, and ABC 20% to 80%, ∆ = 20%  
(per transposition section) ≈ 0 ohms ≈ 0 ohms 90° 

3 External AG, AB, ABG, and ABC 5% to 95%, ∆ = 5% 
(along the whole transmission line) ≈ 0 ohms  ≈ 0 ohms 90° 

* ∆ = step of variation of the fault location; ** Sinusoidal angle reference in Phase A 
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Fig. 8a 

 

Fig. 8b 

 

Fig. 8 Percentage of operations for internal faults (Test Group 1) at (a) 
Tucuruí and (b) Xingu. 

A. Results Obtained for Internal Faults (Test Group 1) 
From Fig. 8, the trip output activated in 100 percent of the 

cases. Likewise, TD32F operated in all scenarios evaluated at 
both terminals of the line, producing POTT scheme operations. 

The TW32F and TW87 elements operated in more than 
80 percent of the cases in Tucuruí and Xingu, with highly 
damped transients being the only conditions they were not 
sensitized to. Regarding the TD21 function, there were 
operations in approximately 49 percent and 32 percent of cases 
in Tucuruí and Xingu, respectively. Such percentages were 
expected due to the TD21 being an underreaching element 
whose sensitivity reduces for faults with high resistance. Even 
so, in the cases in which it operated, TD21 resulted in maximum 
reaches of 70 percent and 43 percent in relation to the Tucuruí 
and Xingu terminals, respectively. 

In Fig. 9, the probability distributions of the operating times 
of elements TD21, TD32F, TW32F and TW87 are presented in 
relation to the fault location. The underreaching nature of the 
TD21 element is confirmed, which showed a higher probability 
of operations in less than 6 milliseconds in Tucuruí and 
4.5 milliseconds in Xingu. Regarding elements TD32, TW32 
and TW87, it appears that each could identify short circuits over 
the entire length of the transmission line. In terms of operating 
times, when considering the highest probabilities obtained for 
the evaluated system, times shorter than 2.7 milliseconds and 
3.5 milliseconds were found for the TD32F in Tucuruí and 
Xingu, respectively, as well as 1.0 milliseconds and 
3.0 milliseconds for TW32F and TW87, respectively, at both 
line terminals. Given these results, it is confirmed that the 
evaluated elements were capable of providing reliable and 
ultra-high-speed performance, even when applied to more 
complicated electric power transmission system networks. 

 

Fig. 9 Two-variable contour probability-density plot, showing operating times in relation to the fault location: (a) TD21 in Tucuruí; (b) TD21 in Xingu; (c) 
TD32F in Tucuruí; (d) TD32F in Xingu; (e) TW32F in Tucuruí; (f) TW32F in Xingu; (g) TW87 in Tucuruí; (h) TW87 in Xingu. 
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B. Results Obtained for External Faults (Test Groups 2  
and 3) 

The results obtained from the analysis of external faults in 
Test Groups 2 and 3 are presented together in Fig. 10. Since the 
actions of the evaluated protection schemes were not expected, 
the results are illustrated only in terms of the percentage of 
operations. As demonstrated, only the TD32F element operated 
in some scenarios, which, depending on the location of the 
simulated short circuit, was expected. Even so, undesired 
remote permissive signals were not observed, and in all cases 
the trip command was restrained through the POTT scheme. 
Thus, the TRIP variable remained at zero percent of operations 
(which consists of TD21, POTT, and TW87), demonstrating 
that undesired trip commands did not occur because, in all 
scenarios, the evaluated elements were secure. 

Fig. 10a 

 

Fig. 10b 

 

Fig. 10 Percentage of operations for cases in Test Groups 2 and 3 at (a) 
Tucuruí and (b) Xingu. 

V. CONCLUSION 
This paper presented an analysis of the simulated 

performance of time-domain protection in a highly complex 
region of the National Interconnected System (SIN) of Brazil. 
This region was chosen specifically because it experiences 
many system events that can compromise the performance of 
applied phasor protection. A challenging scenario like this can 
be considered ideal for testing any technology that seeks to 
increase the safety and reliability of an electric power system. 

These tests utilized simulations created in RTDS and ATP. 
The focus of the ATP simulations was to produce results for a 
large volume of cases with which to test all types of faults in 
various fault locations and with fault-impedance variations. In 
contrast, the RTDS testing sought to examine carefully selected 
cases with a more detailed analysis of the results. It appears that 
most scenarios tested in RTDS refer to situations of external 

faults or system transients, which can generate security 
challenges for phasor-based protection. 

For all cases tested in both RTDS and ATP, time-domain 
protection performed as expected. It operated with a high level 
of dependability and sensitivity for internal faults. This includes 
faults with high fault impedance, up to 150 ohms, a value 
higher than expected based on the selected settings. In addition, 
protection remained secure for all external faults or switching 
events, as expected. 

The companion phasor-based protection was responsible for 
the actions taken during events in which protection in the time- 
domain was not armed and there was an internal fault, such as 
an evolving fault that was shorter than the duration required to 
assert the arming logic that supervises the time-domain 
protection. 

For internal faults, the ultra-high-speed performance of the 
tested protection system was confirmed, which is beneficial. 
Average trip times were less than 2 milliseconds. Benefits of 
fast tripping include reduced equipment damage, increased 
system stability, and ultra-high-speed operation in highly 
complex systems, which further improve the safety and 
reliability of the electric power system. During short circuits, 
there are voltage and current inversions, asymmetric bank 
bypasses, CT saturation, etc. All these conditions hinder the 
algorithms of microprocessor- and phasor-based protection 
relays. Algorithms that detect and respond quickly, before these 
effects can even occur, improve performance. 

Considering these results, time-domain protection has 
proven itself a great solution for providing better security and 
dependability in the evaluated system and is likely a promising 
technology for other systems with highly complex topologies 
and conditions. 
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