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Abstract 

This paper evaluates the traveling wave-based differential 

protection (TW87) when applied on hybrid transmission lines 

(HTL). The TW87 has attracted the interest of utilities due to 

its high-speed operation and reliability. However, to apply 

such a function on lines that combine overhead and 

underground cable sections, additional challenges arise, 

which must be overcome to guarantee the proper TW87 

operation. The goal of this paper is to clarify issues related to 

the TW87 settings and performance when applied on HTLs, 

highlighting the impact of the used settings on the protection 

operation. To do so, fault scenarios on a 230 kV/60 Hz test 

power system were simulated using the Alternative Transients 

Program (ATP). The obtained results attest the TW87 is able 

to properly protect HTLs, provided that special requirements 

are considered. 

1 Introduction 

In recent decades, electrical power systems have grown 

rapidly. As a result, transmission lines have been requested to 

operate close to their stability limits, what has been cause of 

concern for utilities [1]. To overcome transient stability 

problems, researchers and relay manufacturers have made 

efforts to develop high-speed protection functions with the 

aim to speed up the fault clearance procedure, increasing the 

stability margins of power grids [2].  

 

Among the existing high-speed protection functions, the 

traveling wave-based differential line protection, called 

TW87, has shown to be reliable and fast, achieving tripping 

times in the order of a few milliseconds [3]. The TW87 

evaluates the first incident fault-induced traveling waves 

(TWs) that reach both line terminals and those ones that show 

up at the line ends one line propagation time after the first 

detection [2]. By doing so, when applied in parallel with a 

companion phasor-based relay, in less adverse scenarios, the 

well-known reliability of the traditional protection functions 

is maintained, whereas the protection operation is accelerated 

in critical fault cases, which are those that deserve more 

attention regarding transient stability issues [3], [4]. 

In the context of modern transmission networks, HTLs have 

been more and more used. HTLs combine overhead 

transmission lines (OTL), underground cable lines (UCL) and 

not so rare underwater cables [5]. Depending on the 

differences between the electrical parameters of each section, 

TWs may propagate with different velocities, affecting TW-

based protection and fault location functions which consider 

an uniform propagation velocity along the monitored line [6].  

 

According to the TW87 developers, due to the different 

parameters on HTLs, some adaptations and system topology 

conditions must be taken into account to guarantee a reliable 

TW87 operation [7]. However, in the open literature, a 

detailed analysis justifying these adaptations and conditions 

has not been found. Hence, in this paper, the performance of 

the TW87 when applied on HTLs is evaluated. Different 

protection settings are studied and different fault scenarios are 

simulated using the ATP, allowing the analysis of key issues 

related to the TW87 application on HTLs. The obtained 

results show that the TW87 properly operates when applied 

on HTLs, provided that the specific requirements and settings 

suggested reported by the TW87 developers are considered. 

2 The TW87 Function 

The main operation conditions of the TW87 function are 

based on the analysis of current TW that enter and leave the 

monitored transmission line [2], [4]. To better illustrate the 

main principles of the TW87, Figure 1 depicts the Lattice 

diagrams for internal and external faults on an overhead line. 
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Figure 1: Lattice diagrams for internal and external faults. 



From Figure 1, according to the polarity of local and remote 

current transformers (CTs), it is noticed that TWs that enter 

and leave the line have opposite polarities. Also, it should be 

observed that the time lag P between the instants at which the 

first TWs reach the monitored terminals is approximately the 

line propagation time τ in external fault cases, (i.e., P ≈ τ), 

and smaller than τ for internal faults (i.e., P < τ). Based on 

these assumptions, the TW87 computes operating and 

restraining current signals, which are obtained using: 

)]()()( tiPtiti TWRTWLOP  ,  (1) 

],max[ RTRRTLRT iii  ,   (2) 

being: 
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where iTWL and iTWR are the amplitudes of the first TWs that 

reach the local and remote line terminals, respectively. 

 

By analyzing (1) to (4), and considering the abovementioned 

relations between P and τ, as well as the local and remote 

terminal TW polarities, in internal fault cases, iOP increases, 

whereas iRT tends to have small values. On the other hand, for 

external faults, iOP tends to present small values, whereas iRT 

increases. From these conditions, the TW87 distinguishes 

internal from external faults on transmission lines. 

Regarding the TW87 numerical implementation, the 

following aspects must be considered:  

1) The first step of the TW87 is the extraction of TWs 

from the monitored current signals. Such a procedure is 

performed by means of the differentiator-smoother filter (DS 

filter) [8], which has shown to be suitable for TW-based 

applications. As TWs induce step-changes in the monitored 

signals, the DS filter was developed to respond to step-

changes with a triangular-shaped output, whose peak value is 

associated to the TW arrival time at the monitored terminal. 

Even in cases of attenuated transients in which ramp-changes 

would show up instead of step-changes, the DS filter would 

respond with a parabola-shaped output, whose peak can be 

also associated with the TW arrival time [8]. As reported in 

[7], the DS filter has a window length of 20 µs, and the peak 

value of the triangular-shaped outputs occur at half the DS 

filter length, i.e., 10 µs after the moment at which the DS 

filter window enters in the signal transient period. In the 

TW87, the samples at which the first incident TWs are 

detected at the local e remote terminals are called NLFIRST and 

NRFIRST, respectively. To facilitate the next explanations, the 

DS filter window length will be referred to as TDS;  

2) Once the first incident TWs are detected, search 

windows with length equal to TDS (the same length of the DS 

filter) are created to identify wavefronts that leave the line in 

external fault cases. Basically, the center of the search 

window is positioned at the nominal line propagation time 

after the first TW detection at the opposite terminal, and the 

peak value found within the search window is assumed to be 

the exit time of the TWs that leave the line. In the TW87, the 

samples at which the exit TWs are detected at the local e 

remote terminals are called NLEXIT and NREXIT, respectively; 

3) As soon as the exit TWs are detected, for the sake of 

security, the amplitude values IOP and IRT are estimated from 

the current signals iOP and iRT described in (1) and (2). To do 

so, M samples around NLFIRST, NRFIRST, NLEXIT and NREXIT are 

used to estimate IOP and IRT, being M=TDS/2 [4]. As a result, 

the following formulas are used: 
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where C is a scaling factor adjusted to maintain an unity gain 

of the estimated amplitudes [4]. 

4) To improve the TW87 security, additional conditions 

are evaluated before the tripping decision [4], [7]. The TW87 

also analyzes the amplitudes IL and IR of the first incident 

TWs at local and remote terminals, respectively. According to 

[4], [7], IL and IR are estimated using:  
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From IL and IR, the TW87 identifies TWs with energy enough 

to provide a reliable protection operation [7]. Besides, the 

TW87 also estimates the fault distance m87 (in pu) by using 

the classical TW-based two-terminal fault location formula: 
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where TL is τ given in number of samples [4].  

While external faults result in m87 ≈ 0 or 1 pu, for internal 

faults, 0 < m87 < 1. Thus, by analyzing m87, the TW87 reliably 

distinguish internal faults from external events or switching 

maneuvers at the line terminals. 

The TW87 tripping logic is depicted in Figure 2. Modal 

quantities referenced to each line phase are used to compute 

IOP, IRT, IL, IR and m87, guaranteeing the TW87 operation for 

all fault types [7]. Also, other additional operation conditions 

are also taken into account, among which the polarizing 

voltage (VPOL) supervision and overcurrent supervision 

(OC87) deserve attention. 
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Figure 2: Simplified TW87 tripping logic. 



3 Applying the TW87 on HTLs 

3.1 Problems Due to the UCL Section Length 

When the TW87 is applied on HTLs, some challenges arise. 

Figure 3 illustrates the Lattice diagrams for internal and 

external faults on a two-segment transmission line composed 

by an OTL section with length equal to LA, and by an UCL 

section, with length LS. In the presented example, consider 

that fault-induced TWs propagate faster in the OTL section. 
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Figure 3: Propagation of fault-induced TWs on HTLs. 

Comparing Figures 1 and 3, and supposing that the illustrated 

HTL was approximated to an uniform OTL, it is noticed that 

deviations show up in the estimated arrival times of the first 

incident TWs due to the different propagation velocities in the 

OTL and UCL sections [7]. In fact, as shown in the figure, the 

TWs reduce their propagation velocity when they pass from 

the OTL to the UCL section, resulting in a delayed TW 

detection. On the other hand, an early detection in relation to 

the expected one would occur in cases of faults within the 

UCL section, since the fault-induced TWs accelerate when 

they pass from the UCL to the OTL.  

From Figure 3, it can be seen that the estimated period P is 

greater than its expected value in internal fault cases. 

However, since underground cable sections in typical HTLs 

are usually short, P < τ is still verified, so that a correct TW87 

operation for internal faults is guaranteed. On the other hand, 

being the measured P value greater than the expected one, the 

detection of exit TWs may be compromised, since these exit 

wavefronts can take place outside the search window 

positioned one line propagation time after the first TW 

detection at the opposite terminal. As a result, the IRT value 

varies depending on the UCL length LS, what may jeopardizes 

the TW87 security in external fault cases.  

Figure 4 illustrates an external fault case downstream from 

the remote line terminal. The figure shows the detection of 

exit TWs, when the length LS of the underground cable 

section varies. Also, Figure 4 depicts the search windows 

used to identify the exit TWs that leave the protected line, as 

well as the calculation window with 2M samples applied from 

(5) to (10) to compute IOP, IRT, IL and IR. It should be noted 

that the calculation window contains M samples before and 

after the peak value detected within the search window, 

thereby both windows are not necessarily aligned. 
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(c) 

Figure 4: Exit TWs detection and amplitude estimation in 

HTLs: (a) Underground cable section with negligible length 

(b) Underground cable section 1.5 km long (c) Long 

underground cable section. 

In Figure 4, the peak detection consists of the identification of 

the maximum value found within the search window. Hence, 

even if small time displacements of the exit TWs occur due to 

the different HTL propagation velocities, the calculation 

window accommodates most of the errors, since it 

encompasses the actual peak value related to the exit TW. 

Thereby, by using (6), an acceptable estimation of IRT is 

obtained, and a reliable and secure TW87 operation is 

guaranteed. However, if the time displacement of the exit 

TWs increases, the peak detection may occur far from the 

actual peak position, so that the calculation window do not 

encompasses the exit TW peak value. As a consequence, the 

errors due to the different propagation velocities on the HTL 

are not accommodated by the calculation window, and the 

exit TW is lost, resulting in a reduced value of IRT. Therefore, 

depending on the length of the UCL section of the monitored 

HTL, in external fault cases, IRT can present values smaller 

than IOP, what would compromise the TW87 security. 

To solve the abovementioned problems, the TW87 developers 

suggest the use of an equivalent line propagation time, 

including the effects of the different parameters of both OTL 

and UCL sections. Otherwise, if the HTL is approximated to 

an uniform OHL, restrictions are made regarding the UCL 

length LS, which must be shorter than 2 km, as reported in [7]. 



3.2 Problems Due to the UCL Total Impedance 

The TW87 function applies additional security layers to 

guarantee reliable operations in practical cases of faults in 

parallel lines, lightning strokes, among other scenarios [4]. 

Among these security conditions, the overcurrent supervision, 

called here OC87, and the polarizing voltage (VPOL) 

supervision deserve attention [7].  

The VPOL supervision compares the polarities of IOP and the 

polarizing voltage, which consists of an estimate of the pre-

fault voltage at the fault point obtained from the analysis of 

the estimated fault location m87 and the instantaneous voltage 

values at both local and remote terminals taken immediately 

before the detection of the first TWs. Therefore, the TW87 

function restrains if both signals have different polarities. On 

the other hand, to verify if the detected event is a fault and not 

other low-energy event, the OC87 compares over the time the 

integrated incremental replica currents with an integrated 

overcurrent pickup setting plus a security margin (SM) [7]. 

Therefore, as soon as the integrated incremental replica 

current presents values greater than the pickup+SM, a fault is 

confirmed and the TW87 is enabled to operate by the 

conditions shown in Figure 2. 

When applying the TW87 on HTLs, the inclusion of an UCL 

section in series with the OTL section changes the voltage 

profile and fault currents along the monitored line in 

comparison to the case of an uniform OTL. Even 

approximating the two-segment to an uniform OTL by 

disregarding the UCL section, differences in voltage profile 

and fault currents are observed. In this context, it is known 

that the errors illustrated in Figure 3 lead m87 to also present 

errors, resulting in inaccuracies in the computed polarizing 

voltage VPOL. However, from preliminary results, for fault 

cases in a single-circuit transmission line, such a condition 

tends to be satisfied for most practical scenarios. Thus, as in 

this paper only a single-circuit HTL is evaluated, only the 

OC87 supervision will be analyzed in the next sections. 

Here, the OC87 is set following the instructions reported in 

[9]. By doing so, the OC87 may be adjusted to be as sensitive 

as desired. However, the inclusion of an UCL in the HTL 

circuit results in a different value of the total impedance of 

the monitored system, so that the fault current contributions 

are reduced. As a result, settings computed for an uniform 

OTL may do not suit for a HTL, in such a way that a 

restriction regarding the percentage between the total 

impedance of the UCL (Zcable) and the total impedance of the 

monitored HTL (Ztotal) must be taken into account to 

guarantee the TW87 sensitivity in internal fault cases. In [7], 

the TW87 developers state that the positive and zero sequence 

impedance relation (Zcable/Ztotal).100% must be smaller than 

5%. By meeting such a requirement, the TW87 operation is 

guaranteed even if the HTL is approximated to an uniform 

OTL. Thus, from the considerations shown in this section, it 

is concluded that the effects of the UCL section length are 

cause of concern during external faults, whereas the 

evaluation of the UCL total impedance is related to the OC87 

sensitivity in internal fault cases. These conclusions underlie 

the computational tests presented next. 

4 Test Power System and Simulation 

The 230 kV/60 Hz power system shown in Figure 5 was 

modeled in the ATP to evaluate the TW87 performance when 

applied on HTLs. The electrical parameters of the modeled 

system were taken from the Brazilian power grid, which are 

shown in Tables 1 and 2. Besides the HTL, two adjacent 

OTLs 100 km long were taken into account to evaluate 

external fault cases. Thévenin equivalent circuits were used to 

represent the power systems connected to the adjacent lines. 

Also, an ATP time step equal to 0.1 μs was used, and a 1 

MHz sampling frequency was simulated. 

To evaluate the TW87 performance itself, CTs and the 

communication channel were intentionally modeled as ideal. 

However, for the simulated line, a communication latency of 

about 2 ms would be realistic for optical fiber-based links [8], 

including relay transmit, receive and processing delays. 

Due to space limitations, to evaluate problems related to the 

UCL length, only external AG solid faults with inception 

angles equal to θ=90º at the middle of the adjacent lines Adj1 

and Adj2 were analyzed. Here, two different scenarios were 

taken into account: Scenario 1) The HTL is approximated by 

an uniform OTL. In this case, LS varies from 0.1 km to 6 km 

with steps of 0.1 km, so that LA=L-LS; Scenario 2) The HTL is 

approximated by an uniform OTL. In this case, LA is fixed at 

200 km, and LS varies from 0.1 km to 4 km with steps of 0.1, 

so that L=LA+LS (L varies when LS varies).  
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Figure 5: Test System Power. 

Transmission 

Line 
Sequence 

R 

(Ω/km) 

X 

(Ω/km) 

ωC 

(μS/km) 

Overhead 

 

Zero 

Positive 

0.38638 

0.10113 

1.42623 

0.52381 

2.3057 

3.2509 

Underground Zero 

Positive 

0.23000 

0.23000 

1.15000 

0.23000 

8.0135 

40.2153 

Adjacent 

 

Zero 

Positive 

0.38638 

0.10113 

1.42623 

0.52381 

2.3057 

3.2509 

Table 1: Electrical parameters of transmission lines. 

Source 
Voltage 

(p.u.) 

Zero Sequence 

(Ω) 

Positive Sequence 

(Ω) 

S1 

S2 

1.00∟0º 

0.95∟-25º 

15.4552+j57.0492 

15.4552+j57.0492 

4.0452+j20.9524 

4.0452+j20.9524 

Table 2: Thévenin equivalent parameters. 

Figure 6 shows the obtained |IOP| and SLP∙IRT for the Scenario 

I when the HTL is approximated by an uniform OTL with 

length LA. It is observed that in cases of faults within the 

adjacent line Adj1 (at the opposite side of the UCL section), 

|IOP|<SLP∙IRT is obtained, as expected for external fault cases. 

However, for faults within the adjacent line Adj2 (at the same 



side of the UCL section), |IOP|>SLP∙IRT is verified for LS>1 km 

when SLP=0.5, and for LS>4.2 km when SLP=0.6, leading the 

TW87 to misoperate. Similarly, from Figure 7, which shows 

|IOP| and SLP∙IRT for the Scenario II when the HTL is 

approximated by an uniform OTL 200 km long, in cases of 

faults within the adjacent line Adj1, |IOP|<SLP∙IRT is obtained, 

so that the TW87 correctly restrains as expected. 

Nevertheless, for faults within the adjacent line Adj2, again, 

the TW87 misoperates, because |IOP|>SLP∙IRT for LS>1 km 

when SLP=0.5, and for LS>2.5 km when SLP=0.6. Therefore, 

assuming SLP=0.6, Figures 6 and 7 justify the restrictions 

suggested by the TW87 developers, which state that the UCL 

section should not have lengths greater than 2 km [7]. 

 
(a) 

 
(b) 

Figure 6: Scenario I for faults on lines: (a) Adj1; (b) Adj2. 

 
(a) 

 
(b) 

Figure 7: Scenario II for faults on lines: (a) Adj1; (b) Adj2. 

Based on Figures 6 and 7, one concludes the critical values of 

LS in Scenarios I and II for SLP=0.6 were of about 4 km and 

2.5 km, respectively. Hence, to evaluate the LS variation and 

the percentage relation (Zcable/Ztotal).100% on the OC87 

supervision, AG fault currents IF were computed for several 

combinations of (Zcable/Ztotal).100% and fault distances d. The 

obtained results are shown in Figures 8 and 9, where the 

OC87 threshold TP50G is represented by the sum of the 

overcurrent pickup plus a security margin SM. By doing so, 

cases in which the OC87 supervision loses its sensitivity in 

internal fault cases due to the presence of the UCL section in 

the monitored HTL are identified. 

From Figures 8 and 9, by using SM as a percentage of 0.5% 

and 1% of the OC87 pickup setting (resulting in the threshold 

TP50G), it is noted that the OC87 supervision blocks the 

TW87 operation in some cases, depending on the 

combination of SM and (Zcable/Ztotal).100%. As shown in 

Figure 8, in Scenario I, the OC87 blocks the TW87 for 

(Zcable/Ztotal).100%≈5.4% and 8%, when SM=0.5% and 1% of 

the OC87 pickup, respectively. On the other hand, as shown 

in Figure 9, in Scenario II, the OC87 supervision blocks the 

TW87 for (Zcable/Ztotal).100%≈4.3% and 8%, when SM=0.5% 

and 1% of the OC87 pickup, respectively. 

 
(a) 

 
(b) 

Figure 8: OC87 evaluation in Scenario I for SM equal to:     

(a) 0.5% of TP50G; (b) 1% of TP50G. 

 
(a) 

 
(b) 

Figure 9: OC87 evaluation in Scenario II for SM equal to:     

(a) 0.5% of TP50G; (b) 1% of TP50G. 



Based on the obtained results for the evaluated system, it is 

concluded that (Zcable/Ztotal).100% greater than ≈ 4.3% must be 

avoided when applying the TW87 on HTLs. By considering 

this restriction, the OC87 operation for faults at any point of 

the HTL is guaranteed. In fact, such a critical value is very 

close to the restriction of the (Zcable/Ztotal).100% value reported 

by the TW87 developers in [7], where a maximum 

(Zcable/Ztotal).100% value equal to 5% is indicated. Thereby, it 

is concluded that by using the special requirements reported 

by the TW87 developers, the TW87 can properly protect 

HTLs, without loss of security and sensitivity.  

Finally, it should be pointed out that, if Zcable is taken into 

account during the OC87 setting, sensitive TP50G values may 

be obtained, guaranteeing its operation for faults at any point 

of the HTL. Besides, if the equivalent line propagation time 

of the HTL is taken into account, IRT deviations due to the exit 

TW displacements in time are eliminated. However, since the 

TWs transmitted from the OTL to the UCL are amplified, and 

those transmitted from the UCL to the OTL are attenuated, IRT 

amplitude variations may show up, so that an appropriate SLP 

value should be chosen. Figure 10 illustrates the results 

obtained for the Scenario I when the equivalent line 

propagation time is taken into account. For faults within the 

adjacent line Adj1, the TW87 function operated as expected 

for all evaluated LS values. On the other hand, for faults 

within the adjacent line Adj2, although in the case of 

SLP=0.5 the TW87 misoperates for LS>1 km, it is observed 

that the problems shown in Figure 6 are overcome when 

SLP=0.6 and 0.7 are used, leading the TW87 to operate as 

expected for all evaluated LS values. Therefore, it is 

concluded that by using appropriate TW87 settings, the TW-

based differential protection scheme may protect HTLs, 

without restrictions related to the UCL length LS. 

 
(a) 

 
(b) 

Figure 10: Scenario I, considering an equivalent line 

propagation time for faults on lines: (a) Adj1; (b) Adj2. 

5 Conclusions 

In this paper, issues related to the application of the TW-

based differential protection function (TW87) on hybrid lines 

were addressed. The main challenging scenarios were 

presented and evaluated, highlighting some special 

requirements related to the underground cable section length 

and impedance that must be taken into account when the 

hybrid line is approximated to an uniform overhead line. 

Finally, it was attested that simple adaptations on the TW87 

settings may guarantee reliable and secure protection 

operations, irrespective of the underground cable section 

length and impedance. 
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