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SUMMARY 

Inverter-based wind turbine generators of types III and IV have been increasingly used in modern power 

grids, resulting in challenging scenarios for protection schemes applied to the interconnecting 

transmission lines. Since power electronic converters are responsible for interfacing these wind turbine 

generators with the electrical power grid, atypical short-circuit responses often occur, such as low fault-

current contributions, and synthetic behaviors of voltage and current signals.  

Various researches have been carried out towards investigating solutions for protection schemes applied 

to transmission lines interconnecting inverter-based wind turbine generators. Consequently, several 

lessons have been learned, including findings related to traditional phasor-based protection functions, 

and modern time-domain solutions. Therefore, in this paper, lessons learned by the authors from studies 

performed in the context of Brazilian CIGRE research groups over the past years are pointed out and 

discussed. To demonstrate the protection challenges in this type of system, simulated and real fault 

records are considered, through which different actual micro-processed relays and computational relay 

models based on phasor and time-domain quantities are evaluated. Although some of the presented 

topics have been already addressed in the literature, recent findings are pointed out as well, providing 

quantitative demonstrations of the addressed protection issues. 

The obtained results allow the discussion about the performance of the studied phasor-based and time-

domain line protection functions, highlighting recommendations for modeling procedures of 

interconnection circuits of inverter-interfaced resources when Electromagnetic Transient Programs 

(EMTP) are used to simulate power systems during protection commissioning tests. Moreover, an 

overview of protection correcting measures already proposed by relay manufacturers and researchers 

worldwide is presented. Thereby, the authors express their perspective on potential future trends and 

indicate challenges that are still to be overcome in the inverter-dominated power system relaying field. 

Finally, technological advances that could be useful for the upcoming years are highlighted.  
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1. INTRODUCTION 

Several countries have experienced expressive changes in their electrical power grids due to the 

increasing interest in clean and renewable resources. In this context, wind generation units have been 

massively integrated into electrical grids worldwide [1], such as in Brazil, where they already account 

for about 10% of the total Brazilian interconnected power system (BIPS) generation capacity. 

To overcome the inherent variability of wind potential, power electronic converters are used in some 

types of wind turbine generators to provide proper voltage and power (active and reactive) control [2]. 

Two types of wind inverter-based resources (WIBRs) stand out, namely: type III, which consists of a 

doubly fed induction generator (DFIG), and type IV, which consists of a full converter (FC) topology 

[2]. These units pose challenging scenarios on protection schemes applied to the interconnecting 

transmission lines, mainly due to their atypical short-circuit responses caused by the inverter control 

strategies [3]. Thus, when WIBRs are applied, low fault-current contributions and synthetic behaviors 

of voltage and current signals occur [3], differing from the traditional fault response.  

Various studies have been conducted towards investigating solutions for protection schemes used in the 

WIBRs-to-grid interconnecting lines [4]-[10]. Consequently, although this subject is still under a 

maturation process in the power system protection area, several lessons have been learned over the past 

years. Thus, aiming to contribute to the related state-of-the-art and industry applications, in this paper, 

the lessons learned by the authors from studies carried out in the scope of CIGRE Brazilian research 

groups are pointed out and discussed. All addressed topics are explained through realistic simulations 

in different Electromagnetic Transients Programs (EMTP), such as the Alternative Transients Program 

(ATP), Power System Simulator (PS Simul) and Matlab/Simulink platforms. Different power systems 

and grid-following WIBR models are considered, including the detailed representation of power 

electronics control schemes. Actual voltage and current records are also used to explain some of the 

addressed issues. In addition, four actual micro-processed relays and different computational relay 

models are analyzed. Distance, directional, differential and pilot protection schemes are assessed, 

considering phasor- and time-domain technologies. The performance of the studied functions is 

discussed, and from the results, correcting measures available in the literature and insights on future 

trends are pointed out. 

2. MAIN THEORETICAL CONCEPTS 

This section presents the main theoretical concepts required to understand the results reported in this 

manuscript. They are related to particularities of WIBRs of types III and IV, main features of converter 

control strategies, and traditional WIBR-to-grid interconnecting topology. 

2.1 WIBRs Type III and Type IV Topologies 

Figure 1 depicts the topology of WIBRs of types III (DFIG) and IV (FC). These units are interfaced 

with the electrical grid using converters, allowing to produce active and reactive power by controlling 

the terminal inverters [2]. As shown in Figure 1, the DFIG unit has two connection paths: the stator 

connection to the grid; and the rotor windings connection to a power electronic AC-DC-AC converter, 

which controls the magnitude and frequency of rotor currents [2]. On the other hand, the FC unit is 

completely decoupled from the grid, being connected uniquely through an AC-DC-AC converter [2]. 

Since DFIG and FC units have different connections to the grid, they also respond differently to faults 

on the interconnecting lines, being these features decisive in their dynamic behavior. 

 
                                      (a)                                                                       (b) 

Figure 1 – WIBRs connection to the power grid: (a) Type III (DFIG); Type IV (FC). 
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2.2 Fault Current Levels, Main Control Strategies and Grid Codes 

Conventional synchronous generators have high inertia and, during short-circuits, they remain 

delivering bulk energy amounts to the fault. It results in high fault current contributions that typically 

lead protection schemes to operate. However, WIBRs are governed by converters, whose control 

strategies may differ from one manufacturer to another, leading fault studies to be complex and often 

fraught with uncertainties [3]. Indeed, DFIG and FC units provide low fault currents and have a quite 

different behavior during faults.  

Since DFIG units directly connect the generator stator to the grid, fault currents are typically up to 2 pu 

[3]. In turn, in FC units, due to the converter thermal limits, fault currents are often limited to 1.2 pu [3]. 

DFIG and FC units can also present different levels of frequency deviations in their terminal electrical 

quantities. For instance, if a DFIG unit is operating with high slips and the crowbar operates, the 

frequency of output currents can significantly deviate from the grid frequency [4]. Conversely, as FC 

units are decoupled from the grid, frequency deviations depend mainly on the applied control elements.  

Control strategies have been continuously enhanced, promoting improvements in WIBRs of types III 

and IV. Among the existing approaches, the Coupled Sequence Control (CSC) and Decoupled Sequence 

Control (DSC) are widely applied [11]. In summary, the converter emulates only positive sequence 

currents in the CSC strategy, suppressing negative sequence contributions, even when unsymmetrical 

faults take place. In turn, the DSC strategy reproduces the conventional generator response during 

unsymmetrical faults, emulating negative sequence current contributions. In this sense, to avoid multiple 

control strategies in the same power system, several countries have proposed grid codes to define how 

the WIBRs must operate under fault conditions. As a rule of thumb, levels of reactive power that the 

WIBRs must emulate are defined, allowing to draw strategies to control voltage and frequency.  

Existing grid codes have been frequently divided into two main groups [12], which are referred to here 

as European Grid Codes (EGC) and American Grid Codes (AGC). In this paper, to represent the EGC, 

guidelines reported in [13] are considered, which impose the emulation of reactive current during grid 

faults. In contrast, despite the variety of AGCs, guidelines reported in [14],[15] are considered, which 

does not require reactive current to be generated (i.e., high power factors are verified). 

2.3 Topology of Typical WIBRs Interconnection to the Power Transmission Grid 

Figure 2 shows a typical circuit topology used to connect WIBRs to the grid. Information used in the 

next sections are also presented in the figure, such as the fault distance d and line length L. The terminal 

at the WIBR side is taken as reference, being called local bus (Bus L), and the line end at the grid side 

is called remote bus (Bus R). As illustrated, WIBRs are connected to a collector distribution feeder, 

which converges to a step-up YNd1 power transformer that adapts voltages to sub-transmission levels. 

Then, sub-transmission lines provide the system connection until another step-up transformer, usually 

of type YNyn0 in Brazil, which increases voltages to the desired transmission level (other countries 

have adopted Yd connections with separate grounding transformers, or sometimes neutral earthing 

resistors on the WIBR collector network side). Finally, transmission lines connect the WIBRs to the 

grid. Despite great attention is often given to the influence of converters on the fault response of WIBRs, 

the connection circuit topology is directly related to some uncommon system fault response features.  

 
Figure 2 – Typical interconnection circuit between WIBRs and electrical power grids. 

3. LESSONS LEARNED ABOUT THE IMPACT OF WIBRs ON LINE PROTECTION 

The “learned lessons” discussed in this paper come from several kinds of research carried out in Brazil, 

including studies in the context of the Brazilian CIGRE groups B5.55 and B5.65. Aiming to evaluate 

phasor- and high frequency-based protection functions (“from hertz to megahertz”, such as indicated in 

the title), massive testing cases are studied, including actual fault measurements and records obtained 

from EMTP simulations in ATP, Matlab/Simulink, and PS Simul platforms. To better explain the 

“learned lessons”, they are separately addressed, highlighting the most insightful aspects. 
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3.1 Lesson 1: “Not everything is ‘control’. The interconnection circuit topology matters!” 

In the context of power system relaying studies, when the integration of WIBRs is considered, it is 

common to hear that “converter controls cause the problem of WIBRs’ fault response”. This statement 

is true, but not everything is a control issue. As previously shown in Figure 2, the connection topology 

is typically composed of dedicated transmission paths, with transformers and lines connected in series, 

forming a weak termination at the WIBR side and grounding connections at the installation points of 

wye-grounded power transformer windings. In grounded fault scenarios, it results in zero-sequence 

dominated currents, which are not necessarily low. However, zero-sequence currents do not exist in 

ungrounded faults, and the WIBR atypical behaviour may be more critical to protection elements. This 

question is exemplified through Figure 3, in which a real single-phase-to-ground AG fault record taken 

from a 230 kV/60 Hz line that connects DFIG units to the BIPS is shown. 

 
Figure 3 – Real record taken from a transmission line that interconnects a DFIG unit in the BIPS. 

3.2 Lesson 2: “Atypical WIBR fault contributions are not limited to fault current levels” 

Undoubtedly, limited WIBR fault contribution consist in a critical aspect for traditional protection 

elements [4]-[10]. However, the WIBR atypical behaviour is not limited to that. An interesting aspect 

scarcely explored in the literature regards the fault-induced transients and the effect of different fault 

inception angles θ. To investigate the related effects, Figure 4 presents simulated records of a single-

phase-to-ground fault considering that a synchronous generator, DFIG and FC units are installed at the 

Bus L in the system depicted in Figure 2. θ = 0o, 45o and 90o are studied (under a sinusoidal reference). 

The WIBR models are based on those reported in [16],[17], where further modeling details can be found. 

 
Figure 4 – Fault current contributions: (a) conventional synchronous generator; (b) DFIG; (c) FC. 

 

It is noticed that currents in the fault steady-state are much greater for the conventional generator than 

for the DFIG and FC units. These fault steady-state current levels are independent of the chosen θ value. 

However, as highlighted in the zoomed areas, fault current initial transients significantly vary from one 

case to another. For instance, in the conventional generator, currents in the first fault cycles substantially 

increase in relation to their steady-state values, mainly due to a decaying DC component, which is less 

critical for DFIG and almost completely suppressed in the FC unit. On the other hand, fault-induced 

high-frequency transient levels increase as θ gets closer to 90o (voltage peak), and attenuate as θ gets 

closer to 0o (voltage zero-crossing), following the classical theory of electromagnetic transients. This 

behavior is highlighted in Figure 4 and it means that fault-induced transients are not affected by the 

atypical WIBR behavior. From the perspective of power system transients, it is worth noting that, after 

the initial fault-induced high-frequency components, the traditional generator presents well-behaved 

signals, whereas slight signal distortions remain present in the outputs of DFIG and FC units. These 

distortions are caused by high-frequency power switching maneuvers in WIBR converters, which are 

not completely eliminated by the WIBR terminal filters and transformers. These components of spurious 

frequencies may pose difficulties to phasor estimation algorithms and, consequently, to protection 

functions, because they may not be completely gotten rid of during the filtering process. 
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Another critical issue is the impact of WIBR controls on the angles of electrical quantities. Depending 

on the control strategy (as addressed in the next sections), these angles may behave atypically, posing 

difficulties for traditional protection elements. To demonstrate this issue, Figure 5 illustrates the 

magnitude and angle of phase and sequence phasors obtained from the real record shown in Figure 3.  

Figure 5 – Magnitude and angle of phase and sequence quantities: Magnitude of (a) phase-to-ground voltages; 

(b) sequence voltages; (c) line currents; (d) sequence currents; and angle of (e) phase-to-ground voltages;          

(f) sequence voltages; (g) line currents; (h) sequence currents. 

From Figure 5, in the particular studied case, it is noticed that: 1) a significant sag occurs in the faulted 

phase voltage, which is expected for weak terminals; 2) phase-to-ground voltage angles present slight 

variations, but they are relatively stable; 3) zero-sequence voltage exceeds the faulted phase voltage;     

4) zero- and negative-sequence voltages are almost in phase; 5) although an AG fault is analyzed, line 

currents present similar magnitudes in all phases; 6) line currents are in phase; 7) zero-sequence current 

is dominant, justifying the last two conclusions; 8) sequence currents present angle variations and, at a 

given instant (≈ 220 ms), they stabilize with values different from the initial ones. For instance, positive-

sequence current angle presents such variation, and after it stabilizes, it presents values different from 

those of negative- and zero-sequence current angles. All these conclusions prove that the atypical fault 

response of WIBRs is not limited to current levels. Indeed, electrical quantities do not follow the 

traditional fault pattern regarding both magnitude and angle, posing difficulties and uncertainties that 

can compromise the protection performance. 

3.3 Lesson 3: “Pay attention to digital phasor estimation filters” 

Control schemes applied to WIBRs require a frequency reference to synthesize DC quantities into AC 

voltages and currents. Phase Locked Loop (PLL) methods based on different strategies have been used 

for this end, allowing to estimate voltages at the grid side, whose estimated frequency and amplitude are 

used as a reference to drive the inverters. However, inverter outputs can present distortions due to their 

inherent switching maneuvers [18], which can be aggravated depending on the used PLL approach and 

PLL settings. Hence, distortions in estimated phasors can occur, putting protection security at risk. 

To demonstrate the above-mentioned issue, a WIBR with a rated power of 35 MW composed by FC 

units is simulated, considering an interconnecting line 80 km long and a connection circuit similar to 

the one shown in Figure 2. Two PLL types are tested, namely: Synchronous Reference Frame (SRF-

PLL) [19] and Dual Second Order Generalized Integrator (DSOGI-PLL) [20]. Distance and percentual 

differential protection functions are computationally implemented and tested, considering an external 

fault at the grid side, beyond the Bus R (see Figure 2). Two full cycle (F1, F2) and two half cycle (H1, 

H2) phasor estimation methods based on [21]-[23] are tested, simulating their respective digital filters, 

anti-aliasing filters and signal sampling procedures. The obtained results are shown in Figure 6. 

Figure 6 – Phasor distortions affecting protection elements: Distance protection using  

(a) SRF-PLL; (b) DSOGI-PLL; and differential protection using (c) SRF-PLL; (d) DSOGI-PLL. 
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As expected, the results show that the differential protection is restrained, attesting that its security is 

not critically affected by phasor distortions caused by the converters transient response. Indeed, the 

differential principle has shown to be quite robust in this type of system [24], provided that the same 

tracking frequency is considered at both line terminals. Nevertheless, since a high value of Source 

Impedance Ratio (SIR) is verified at the WIBR terminal, the converter-induced signal distortions 

become more prominent. Thus, distance protection is affected by phasor distortions, resulting in zone 1 

overreaching in the analyzed self-polarized quadrilateral operation characteristic. Using the SRF-PLL 

strategy, a zone 1 overreaching is verified for all H1, H2, F1 and F2 methods. On the other hand, 

considering the DSOGI-PLL, phasor distortions are less critical, resulting in zone 1 overreaching only 

for the H1 and H2 methods. These results reveal that phasor estimation methods based on short data 

windows may be problematic in the presence of WIBRs, increasing the protection susceptibility to 

security issues.  

3.4 Lesson 4: “Blind zones on the interconnecting line may exist if communication is lost” 

Among the protection functions typically applied in WIBRs interconnecting lines, distance, differential 

and pilot protection schemes stand out. Weak infeed logic schemes are also commonly enabled to assist 

pilot schemes due to the inherent weakness of the WIBR terminal. It has already been proven that 

distance protection is affected by the atypical fault response of WIBRs [24], but it is still the function 

commonly expected to operate if communication channels get out-of-service. 

To quantitatively demonstrate the impact of communication problems on the main protection functions 

applied to WIBR interconnecting lines, real relays from four different manufacturers were assessed by 

means of playback tests. The analyzed devices have phasor-based and time-domain protection 

algorithms according to firmware versions from 2018. Phasor-based functions were evaluated utilizing 

the test set CE-7012, whereas the time-domain relay was assessed through playback tests directly in its 

memory, allowing reliable studies even when protection algorithms based on high-frequency transients 

are considered (like traveling wave-based elements). The system illustrated in Figure 2 was simulated 

using the PS Simul software, considering relays at both line ends, and varying d (10%, 20%,…,90%), θ 

(0o and 90o), fault type (AG, AB, ABG and ABC) and fault resistance RF (solid, 5 Ω and 50 Ω for 

grounded faults, as well as solid and 5 Ω for ungrounded faults), for L=239 km. Zone 1 is set to reach 

80% and 70% of the line impedance in phasor-based and time-domain distance elements, and two global 

scenarios were studied, namely: communication channel 1) available; and 2) unavailable. Only internal 

faults were evaluated in this study, being the weak-infeed logic enabled whenever it was available in the 

relays. For the sake of confidentiality, the relay manufacturers are omitted, and the devices are analyzed 

together. All relays were set according to specific manufacturers guidelines for traditional systems. 

Figure 7 depicts the obtained results, which account for only instantaneous tripping commands.  

   
                                        (a)                                                            (b)                                              (c) 

Figure 7 – Evaluation of instantaneous operation percentage of real relays in internal fault cases (a) per 

protection function; and per communication channel status: (b) available, and (c) unavailable. 

From Figure 7, issues in the distance protection performance can be observed. Since zone 1 consists of 

an underreaching element, the distance protection performance is considered acceptable at Bus R (grid 

side), but a low percentage of operations is observed at Bus L (WIBR side). In turn, differential 

protection and pilot schemes (mainly when associated with weak infeed logic schemes) resulted in high 

levels of operation, attesting their dependability (see Figure 7(a)). These unitary elements commonly 

assure the line protection for faults along its full extension when the communication channel is available 

(see Figure 7(b)). However, if the communication channel is lost, differential protection and pilot 

schemes are disabled, leading the line protection to be susceptible to distance relays sensitivity issues. 
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Figure 7(c) shows that the remote distance relays could instantaneously protect a significant portion of 

the line, but the local relays presented a very low sensitivity. Thus, if for any reason the communication 

channel gets unavailable, depending on the zone 1 reaching setting, there is a region on the line within 

which faults will never be instantaneously cleared, requiring backup protections. A potential blind zone 

of about 25% of the line length from Bus L towards Bus R was identified. Hence, faults in this region 

can remain fed over periods proportional to the remote backup protection delays, which can in turn also 

present dependability issues. In the authors’ opinion, this is undoubtedly a critical problem in terms of 

system stability and equipment degradation, which is still looking for consolidated solutions.  

3.5 Lesson 5: “EMTP models must include stray capacitances at line buses” 

Aiming to overcome the protection issues presented so far, researches worldwide have investigated 

alternative protection solutions. In this context, traveling wave (TW)-based protection elements stand 

out. Despite eventual needs for fundamental component-based supervision elements, the operating 

principle of TW-based functions is not affected by the inverter-induced WIBR atypical fault response. 

In summary, it is only required to have sufficient sensitivity to detect fault-launched TWs at the line 

terminals. Nevertheless, as only transformers are connected at the WIBR termination, a predominantly 

inductive characteristic is seen by the arriving TWs [25], significantly attenuating current TWs used by 

most TW-based protection elements. Indeed, inductive terminations reflect current TWs with opposite 

polarities [25], and since the incident and reflected TWs are superposed at the measurement point, the 

measured TW is substantially attenuated, posing difficulties to such functionalities. 

Although the above-mentioned problem is mathematically proven, busbar and transformer stray 

capacitances occur at higher frequencies in real-world systems. Albeit small capacitances are typically 

verified, they provide additional sensitivity to TW detectors. In [26], the influence of busbar 

capacitances Cbusbar on a TW-based differential element (TW87) available in a real relay was evaluated 

through simulations in the PS Simul software, considering the system shown in Figure 2. The obtained 

results for AG faults with RF = 0 Ω (solid) and 50 Ω are depicted in Figure 8, in which Cbusbar values are 

varied from 0 to 100 nF at both line ends, considering faults at d = 10%, 50% and 90% of L=239 km. 

 
                                               (a)                                                                                  (b) 

Figure 8 – Cbusbar influence on TW-based differential element applied to the studied WIBR connecting line:          

(a) faults with RF = 0 Ω; and (b) faults with RF = 50 Ω. 

No operation was verified for Cbusbar up to about 20 nF in the tested system. However, analyzing the 

busbar topology of power transmission reference systems, Cbusbar higher than 20 nF were obtained in 

some cases, revealing that the TW-based differential element could be sufficiently sensitive. This 

finding was possible only because a careful EMTP system design was considered. Otherwise, the TW87 

protection could be unfairly disapproved due to unrealistic modeling strategies. Hence, although relay 

manufacturers have recognized that TW-based functions may lose sensitivity in transformer-terminated 

lines [27], TW detection is still considered possible, depending on the Cbusbar value. Thus, EMTP 

simulations must represent stray capacitances at line buses, being this procedure crucial when TW-based 

functions are under investigation in lines that connect WIBRs. By doing so, the sensitivity limits of TW-

based protections can be identified, verifying whether they could be dependable in the system of interest.  

3.6 Lesson 6: “For each system, a particular study. Uncertainties are inevitable!” 

Several works in the literature have reported solutions to protect lines that interconnect WIBRs to the 

grid [4],[5],[10]. However, these works often focus on the worst-case or specific topologies, with 

specific control strategies, allowing limited conclusions on particular scenarios. The authors recognize 

that this is the case of all results intentionally presented in this paper, which aim to show problems that 

“may arise” rather than that “will always arise”. Consequently, due to the diversity of grid codes, control 
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strategies, interconnection system topologies and WIBR features, as well as considering the continued 

evolving of inverter technologies and the increasing intention to provide synthetic inertia via battery 

energy storage systems (BESS), fault studies in the presence of WIBRs or any other inverter-based 

resource inevitably present uncertainties. To demonstrate such an issue, a few fault examples are 

simulated considering FC and DFIG units controlled according to the grid codes EGC and AGC, as 

reported in [13] and [14], respectively. The test system shown in Figure 2 was expanded to allow studies 

of internal and external faults, as shown in Figure 9(a). In the following studies, faults F1…F6 are 

considered (as indicated in Figure 9(a)), being the frequency deviation between electrical quantities at 

local and remote buses firstly investigated in Figure 9(b). 

 
                                                           (a)                                                                                           (b) 

Figure 9 – Uncertainties in the presence of WIBRs: (a) expanded test system; (b) frequency deviation. 

As verified in Figure 9(b), while the EGC resulted in slight frequency deviations, the AGC resulted in a 

relevant frequency deviation concerning the grid reference frequency. Such behaviors are caused by 

particular control methodologies adopted by each grid code, as explained earlier in section 2.2. These 

frequency excursions impact the protection performance, revealing that different problems may occur 

by changing the applied grid code. A self-polarized distance element was evaluated under ABC and 

ABG fault scenarios to demonstrate these issues, being the simulations carried out considering 

conventional generators, DFIG units and FC units controlled according to ECG and AGC. For ABC 

faults, solid faults at points F1…F6 are tested, whereas, for the ABG case, faults with RF = 0 Ω (solid), 

2.5 Ω, 5 Ω and 10 Ω at F3 are studied. The obtained results are shown in Figures 10(a) and (b). Also, 

Figure 10(c) presents the obtained results for ABC faults with RF = 1 Ω at F1, F2, F3 and F4, considering 

a DFIG unit with high slip, and assuming that the crowbar operates. Finally, Figure 10(d) shows phase 

comparators of a positive sequence memory-polarized distance element at Bus R for solid ABC faults 

at points F1…F4. The grid codes considered in each case (EGC or AGC) are indicated on the figures.  
 

 
(a) 

 
(b) 

 
                                                       (c)       (d) 

Figure 10 – Grid codes influence and other uncertainties in distance protection performance:  

(a) ABC fault (Loop AG analysis); (b) ABG fault (Loop AB analysis); (c) ABC fault (Loop AB analysis) with 

crowbar operation; and (d) solid ABC fault considering the Bus R polarized distance element. 

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
-0.5

0

0.5

1

1.5

2

2.5

3

Time (s)

Conventional

FC (EGC)

FC (AGC)

R
el

at
iv

e 
fr

eq
u
en

cy
v
ar

ia
ti

o
n
 (

H
z)WIBR

Distribution voltage level

Subtransmission voltage level

Transmission voltage level

: :

Local
bus

(Bus L)

Communication

Channel

Remote
bus

(Bus R)

F2
(50%)

Grid

Local
relay

Remote
relay

Grid

F1
(10%)

F3
(90%)

F5
(70%)

F4
(30%)

F6
(100%)

100 km 147 km

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
-0.5

0

0.5

1

1.5

2Conventional
Generator

Zone 1

Zone 2

Z (line)

Z-AG (F1)

Z-AG (F2)

Z-AG (F3)

Z-AG (F4)

Z-AG (F5)

Z-AG (F6)

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
-0.5

0

0.5

1

1.5

2

R (ohms)

Zone 1

Zone 2

Z (line)

Z-AG (F1)

Z-AG (F2)

Z-AG (F3)

Z-AG (F4)

Z-AG (F5)

Z-AG (F6)

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
-0.5

0

0.5

1

1.5

2

R (ohms)

Zone 1

Zone 2

Z (line)

Z-AG (F1)

Z-AG (F2)

Z-AG (F3)

Z-AG (F4)

Z-AG (F5)

Z-AG (F6)

X
(o

h
m

s)

X
(o

h
m

s)

X
(o

h
m

s)

FC (AGC)FC (EGC)

R (ohms)

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-1.5

-1

-0.5

0

0.5

1

R (ohms)
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

-1.5

-1

-0.5

0

0.5

1

R (ohms)
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

-1.5

-1

-0.5

0

0.5

1

R (ohms)

Zone 1

Zone 2

Z (line)

R = 0 Ω

R = 2.5 Ω

R = 5 Ω

R = 10 Ω

Zone 1

Zone 2

Z (line)

R = 0 Ω

R = 2.5 Ω

R = 5 Ω

R = 10 Ω

Zone 1

Zone 2

Z (line)

R = 0 Ω

R = 2.5 Ω

R = 5 Ω

R = 10 Ω

X
(o

h
m

s)

X
(o

h
m

s)

X
(o

h
m

s)

Conventional
Generator FC (AGC)FC (EGC)

-5 -4 -3 -2 -1 0 1 2
-1

-0.5

0

0.5

1

1.5

2

2.5

R (ohms)

Zone 1

Zone 2

Z (line)

Z-AB (F1)

Z-AB (F2)

Z-AB (F3)

Z-AB (F4)X
(o

h
m

s)

DFIG

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
-180
-140
-100

-60
-20
20
60

100
140
180

Time (s)

A
n
g
le

 (
)

o

ÐComparator (F1)

ÐComparator (F2)

ÐComparator (F3)

ÐComparator (F4)

Operation Region

FC (AGC)



  8 

 

Figure 10(a) shows that frequency deviations caused by different grid codes may change the estimated 

apparent impedance trajectories over the R-X plane in different ways. Due to local and remote current 

frequency deviations, it results in circular trajectories, jeopardizing distance relay performance in terms 

of protection security or dependability, especially for time delayed backup applications. As shown in 

Figure 10(b), different grid codes also change the way that RF impacts distance protection, leading the 

relay to behave atypically. Figure 8(c) reveals that the crowbar operation can also compromise the relay 

security, depending on the DFIG slip at the fault inception instant. Finally, Figure 10(d) shows that 

frequency deviations affect polarized distance protection, since they lead the memory to become invalid 

as the time goes by. Thus, a comparator angle excursion is observed, resulting in wrong fault direction 

discrimination at Bus R. In the studied case, an external fault at F4 is detected by the remote relay as an 

in-zone forward fault, but such performance could be different if other control strategies were used. 

Hence, there are several uncertainties that protection schemes must deal with, such that, in the authors’ 

opinion, “for each system, a particular study” is recommended. 

3.7 Lesson 7: “Directional elements will not always fail. It depends on the fault location” 

The poor performance of directional elements in transmission lines interconnecting WIBRs has been 

widely verified by protection engineers, especially when the analysis of negative sequence currents is 

required [10],[27]. Although many people often think that only the relay at the WIBR side is prone to 

maloperations, or that such a relay will fail for any fault on the system, the directional elements are 

prone to fail only when the WIBR fault contribution passes through the relay measurement devices, i.e., 

the susceptibility to maloperations depends on the fault location. To demonstrate this behavior, a 69 kV 

sub-transmission system was simulated considering the same topology shown in Figure 9(a). Three 

scenarios with conventional generation, DFIG and FC units connected at the local bus are studied, 

applying AB faults with RF =5 Ω at points F2 and F4 (see Figure 9(a)). The negative sequence directional 

element reported in [28] is assessed. It estimates the negative sequence impedance Z2, such that the fault 

is classified as forward or reverse when Z2 assumes values smaller or greater than the thresholds Z2F 

(usually set as half the positive seq. line impedance) and Z2R (set as Z2F plus a margin), respectively 

[28]. Figure 11 shows Z2 in secondary values (Z2sec) obtained from both local and remote relays. Due 

to space limitations, the test system parameters are not detailed, being enough to inform that, in this 

example, Z2Fsec = 0,4375 Ωsec and Z2Rsec = 0,6375 Ωsec were used, following guidelines reported in [28]. 

 
Figure 11 – Negative sequence directional element performance in the system shown in Figure 9(a) for: (a) Local 

relay for F2 fault; (b) Remote relay for F2 fault; (c) Local relay for F4 fault; (d) Remote relay for F4 fault. 

According to Figures 11(a) and (b), since F2 is an internal short-circuit, it should be seen by both local 

and remote relays as a forward fault. At the remote end, the relay works properly for all evaluated 

generators, because only the fault contribution from the grid (strong system) is measured. However, at 

the local bus, although the directional element properly identifies the fault direction when the 

conventional generation and DFIG units are considered, for the FC case, the relay erroneously indicates 

a reverse fault, which can be explained by the almost complete suppression of negative sequence 

currents and atypical angle relations between negative sequence voltage and current. On the other hand, 

according to Figures 11(c) and (d), since F4 is external to the monitored line at the Bus R side, local and 

remote relays should classify the fault as forward and reverse faults, respectively. Although a correct 

operation is verified for the conventional and DFIG units, in the FC case, both local and remote relays 

fail, because the WIBR fault contribution is processed by both protection devices. Based on that, one 

can conclude that external faults behind the local terminal would not affect local and remote relays, 

because only the grid contribution would be analyzed by the relays, guaranteeing a proper operation. 

This behavior has been considered to develop innovative protection principles near unconventional 

resources, such as the weak-infeed distance element proposed in [10]. In this solution, the traditional 

directional trip enabling scheme for forward faults is replaced by a directional blocking scheme for 

reverse faults, since, in these latter cases, the directional elements are expected to operate correctly. 

https://www.linguee.com.br/ingles-portugues/traducao/unpredictably.html
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4. RECENT SOLUTIONS, POTENTIAL FUTURE TRENDS AND CONCLUSIONS 

Solutions have been proposed over the years to overcome security and dependability issues in the 

protection of lines interconnecting inverter-based resources (IBRs). In [5], the distance relay loop 

impedance calculation is adapted to accommodate atypical IBRs fault responses. [29] recommends relay 

settings to enhance the protection security in the presence of IBRs. In [30], fault-induced transients are 

evaluated to detect faults on IBRs interconnecting circuits. [10] revisits an early distance relay loop 

impedance calculation method to reduce the impact of phasor distortions caused by inverters. In 

[10],[27],[29], protection elements most susceptible to errors in the presence of IBRs are reported, such 

as memory-polarized elements, negative-sequence directional functions, current-based phase selection 

methods, and distance elements. Also, [10],[24]-[27] express concerns regarding difficulties that may 

arise when communication channels are not available. Thus, [10] proposes a weak-infeed distance 

element and an expanded overreaching operation characteristic to avoid backup protection dependability 

issues. In [27], incremental time-domain directional elements and voltage-based phase selection are 

recommended to improve the protection performance in the presence of IBRs. [27] reports that distance 

protection zone 1 expansion is a possible solution for radial lines without other loads connected at the 

IBR side, eliminating blind zones. Finally, other recommendations and solutions can be found in [4]-

[10],[12],[24]-[27],[29],[30], such as the use of redundant communication channels, application of 

limited time window for tripping decisions in non-unit elements, and the use of TW-based overcurrent 

protection assisted by directional elements to protect IBR interconnecting lines, avoiding blind zones. 

All the approaches mentioned above are somewhat associated with the “learned lessons” addressed in 

this paper, and they converge mainly to the need for dependable and secure non-unit protection for both 

primary and backup protection schemes, when communication channels are out-of-service. Since 

differential elements and pilot schemes with weak infeed logic schemes have proven to be dependable, 

the consolidation of existing alternative non-unit protection elements and the development of new ones 

is considered a trend. Also, although TWs are attenuated in transformer-terminated lines, such as in lines 

that interconnect IBRs to the grid, once TWs are detected, these functions can be promising. Thus, 

further studies on TW-based solutions are expected for the next years, being also considered a trend. 

The last (but not least) conclusion regards the uncertainties that arise during protection studies in the 

presence of IBRs. These uncertainties often lead engineers to consider the worst-case as reference, which 

is not necessarily the best approach. Based on the cited references, the following uncertainties are 

highlighted: 1) IBRs computational models are commonly black boxes not accessible by protection 

engineers, so that it is difficult to predict how inverter control schemes are applied within the context of 

grid codes; 2) there are uncertainties about the crowbar operation. This is aggravated by the slip of the 

prime induction machine, which is in turn not monitored for protection purposes. Thus, predicting how 

and when the crowbar will affect protection elements is complex; 3) Several grid codes exist, and they 

result in different protection performances. Also, control schemes and inverter topologies are often not 

known in detail, and, with rare exceptions, simulation platforms are usually devoid of models that 

emulate such particularities. It limits studies about the impact of IBRs on protection systems. Even so, 

the authors recognize that efforts have been made by developers of EMTP and other simulation 

platforms to embed models that allow detailed studies on IBRs under fault conditions; 5) Converters 

and control schemes are still evolving, being difficult to predict what will be used in the following years; 

6) BESS are intended to be used together with IBRs soon, and the system fault response will change 

concerning isolated-IBR applications, posing further uncertainties on protection studies; 7) IBRs are 

expected to be gradually applied at multiple system terminals, adding other uncertainties to protection 

studies, such as impacts due to relative local/remote source strengths, and the combination of IBRs of 

different natures; 8) Grid-forming IBRs are coming, whose operation principles are different from the 

grid-following units studied here. Thus, new uncertainties on the protection performance are expected. 

Finally, the authors highlight the importance of open-source models provided by IBR manufacturers, 

which should be available in simulation platforms as much as possible. As already discussed, each 

system requires specific studies to obtain the best or even the more suitable protection solution, 

otherwise, a poor protection performance can be verified. Hence, considering the uncertainties on 

protection studies and the continuous evolution of IBRs, the authors recognize that, although the 

literature has valuable solutions, they are often focused on particular scenarios. Thereby, there is much 

work to do in the upcoming years, and research incentives in the protection area are essential. 
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