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Abstract 
The increase in renewable generation in the grid has brought new challenges for the protection systems currently installed 
in the distribution and transmission network. Among these challenges is the misoperation of the faulted phase selection 
logic currently implemented in commercial protection relays. This article presents a Faulted Phase Selection (FPS) algo-
rithm based on incremental line-to-line voltages. Considering the advantages of IEC61850 standard, the algorithm is 
implemented in a computer-based system using C code. The FPS operation is tested in HiL mode using an RTDS simu-
lator. Different fault conditions are considered during the test, varying fault type, resistance, and location. Furthermore, 
evolving faults are also included in the tests. From the study, it is concluded that the proposed algorithm operates correctly 
in all analyzed scenarios. 
 
Keywords – Centralized relay protection, Faulted phase selector algorithms, Renewable energy sources, IEC61850, Real 
time digital simulator, HiL 
 

1 Introduction 
The need for a more sustainable energy model to reduce 

the dependency on fossil fuels and greenhouse gas emis-
sions has increased the use of Renewable Energy Sources 
(RES) in distribution and transmission networks.  

The fault response of renewable generators based on 
power electronics, such as solar photovoltaics (PV) and 
type-IV wind turbines, differs from that of conventional 
synchronous generators in magnitude and fault state char-
acteristics [1], [2]. This fact can affect the behaviour of pro-
tection algorithms currently implemented because they 
have been designed considering the fault characteristic of 
conventional synchronous generators.  

Several studies show the challenges that conventional 
protection relays face in scenarios of high renewable pene-
tration levels [3]–[5]. These studies usually focus on how 
RES affect distance protection and negative sequence com-
ponents-based protection functions operation, faulted phase 
selection and fault direction identification.  

The present paper is focused on Faulted Phase Selector 
(FPS) operation under a high-RES penetration level. The 
primary function of FPS is to classify and discriminate the 
phases involved during a fault. FPS is essential for correctly 
operating protection functions used in electric power sys-
tems, such as distance protection or fault location schemes.   

Fault voltage ride-through and fast fault current injec-
tion requirements vary between countries. For example, the 
Spanish grid code [6] establishes that positive and negative 
sequence currents must be injected under unbalanced faults. 
By contrast, the Chilean grid code [7] suppresses the nega-
tive sequence injection in these cases.  

Several studies have evaluated the impact of the grid 
code requirements regarding positive and negative se-
quence current injection under asymmetrical faults on the 

performance of conventional FPS algorithms. These algo-
rithms are usually based on the phase angle relationship be-
tween sequence current components. Studies [8], [9] con-
clude that these FPS algorithms fail under some fault con-
ditions, so new ones are needed.   

On the other hand, the IEC 61850 standard brings new 
opportunities in the design of protection, control and auto-
mation systems. Among the main components of this stand-
ard are Sampled Values (SV) protocol and GOOSE mes-
sages. SV protocol transmits the digitalized voltage and cur-
rent instantaneous signals measured in the electric grid to 
the process bus so that any device with IEC61850 protocol 
can subscribe to these measurements. The signal digitaliza-
tion is typically carried out by Stand Alone Merging Units 
(SAMU). GOOSE messages are designed to satisfy the 
stringed requirements of high-speed protection and control 
applications regarding reliability and timing.  

IEC 61850 offers several advantages, such as interoper-
ability between different manufacturers' intelligent elec-
tronic devices (IED), data exchange standardization, and 
possibly designing a computer-assisted protection system 
[10].  

This paper proposes a new FPS algorithm based on line-
to-line incremental voltages to deal with the impact of re-
newable resources in the FPS operation.  A computer-based 
system is used to implement and test the proposed FPS al-
gorithm. The implemented system will subscribe to and 
publish SV and GOOSE messages generated by a real-time 
digital simulator (RTDS).    

 

 

 



2 Related Work 
A. Faulted Phase selection algorithms 

Several FPS algorithms have been proposed in the liter-
ature [11]–[13]. They can be classified into three categories 
depending on the technique used to identify the faulted 
phase [14]: 

 Power frequency components-based algo-
rithms 

 Superimposed components-based algorithms 

 Transient signals-based algorithms  

Traditional protection relays used in electric power sys-
tem are mainly based on power frequency components to 
select the faulted phase. These algorithms evaluate the 
phase angle relationship between sequence components to 
discriminate the faulted phases. As an example, [15] de-
scribes an fault identification logic based on the angle rela-
tionship between negative and zero-sequence currents. 
Studies have shown that these algorithms often present 
misoperation in scenarios with high renewable penetration 
level because they were designed considering fault charac-
teristics of synchronous generators.  

Superimposed components technique is detailed in [16]. 
It evaluates the current and/or voltage variations during a 
disturbance, removing from transient signals its value meas-
ured one or two cycles previous to the disturbance.  Super-
imposed components are fast and reliable methods that con-
sider the information available during the initial transient 
period after fault inception. By contrast, the symmetrical 
components’ method is slower because it uses Fourier trans-
form.  

Finally, transient signals-based techniques such as 
wavelet transform (WT) extracts the transient features from 
the original transient signal to fault detection, location and 
fault classification. This technique usually use a high sam-
pling frequency [16] and are not widely implemented in 
commercial protection relays.   

This study proposes a faulted phase selector based on 
superimposed line-to-line voltages to carried out the faulted 
phase selection in scenarios 100% renewables. 

B. Using generic hardware platforms for the 
implementation of protection 

IEC61850 standard has contributed to developing of 
new protection, automation and control (PAC) solutions to 
be applied in electric power systems. Among these solu-
tions is the Software-defined PAC [17] based on decoupling 
hardware from software. This solution is an emerging tech-
nology that is gaining popularity due to advantages such as 
flexibility in terms of implementation and maintenance, in-
teroperability and cost reduction compared with conven-
tional IEDs[18]. 

This study implements the proposed faulted phase se-
lector in a Desktop PC using C++ programming language. 

 All in all, the contribution of the present paper is two-
fold: 

 The proposal of a new FPS algorithm based on in-
cremental line-to-line voltages. It can be applied in 

scenarios with conventional synchronous genera-
tion, and with a high level of renewable penetration. 

 The development of a tool that allows running a pro-
tection algorithm in a generic hardware platform, 
i.e., a commodity PC. Thus, the code of the algo-
rithm can either run in the commodity desktop or in 
a specific hardware (an IED). This allows an easy 
way to run the preliminary tests of the algorithm, re-
ducing the testing time required before the final im-
plementation. 

Both contributions are tested in a hardware-in-the-loop 
(HiL) setup, which includes an RTDS that generates the re-
quired signals. 

3 Faulted Phase Selection algorithm 
description 

The proposed faulted phase selection algorithm (FPS) is 
based on the superimposed line-to-line instantaneous volt-
ages. The algorithm structure is as follows: 

- Step 1: Calculation of the superimposed line-to-line 
voltages (ΔVab(t), ΔVbc(t), ΔVca(t)) 

- Step 2: Comparison of the values from Step 1 and 
the maximum voltage variation (ΔVab,max(t), 
ΔVbc,max(t), ΔVca,max(t)) 

- Step 3: Calculation of the k-factors from the rela-
tionship between the values from Step 2 

- Step 4: Perform the FPS by comparing the k-factors 
from Step 3 with the predefined parameters. 

Following, a description of these steps is carried out. 

Step 1: The superimposed line-to-line voltages are calcu-
lated using the following relationship: 

Δ𝑉௔௕ሺ𝑡ሻ ൌ ൫𝑉௔ሺ𝑡ሻ െ 𝑉௕ሺ𝑡ሻ൯
െ ൫𝑉௔ሺ𝑡 െ 𝑇ሻ െ 𝑉௕ሺ𝑡 െ 𝑇ሻ൯ (1) 

Δ𝑉௕௖ሺ𝑡ሻ ൌ ൫𝑉௕ሺ𝑡ሻ െ 𝑉௖ሺ𝑡ሻ൯
െ ൫𝑉௕ሺ𝑡 െ 𝑇ሻ െ 𝑉௖ሺ𝑡 െ 𝑇ሻ൯ (2) 

Δ𝑉௖௔ሺ𝑡ሻ ൌ ൫𝑉௖ሺ𝑡ሻ െ 𝑉௔ሺ𝑡ሻ൯
െ ൫𝑉௖ሺ𝑡 െ 𝑇ሻ െ 𝑉௔ሺ𝑡 െ 𝑇ሻ൯ (3) 

where Va(t), Vb(t) and Vc(t) represent the instantaneous volt-
ages values measured in the present time stamp; and Va(t-
T), Vb(t-T) and Vc(t-T)) are their corresponding values meas-
ured in the previous full cycle.  

Step 2: The voltage variations calculated in the present time 
stamp (∆Va(t), ∆Vb(t) and ∆Vc(t)) are compared with their 
corresponding maximum voltage variations, which magni-
tudes have been stored in memory along the time (∆Vab,max, 
∆Vbc,max and ∆Vca,max ). If the new voltage variation exceeds 
the stored values, they are updated.  

In the event of an evolving one, the process is also valid, 
but it must be slightly modified. In these cases, one cycle 
and a half after fault inception, the maximum voltage vari-
ations stored in memory up to this time instant are frozen 
and added to the voltage variations measured every time 
stamp to calculate the new maximum voltage variations. 



Step 3: The data obtained from Step 2 are used to calculate 
the following factors (kij). These factors will be used to car-
ried out the faulted phase selection. 

𝑘஺஻ ൌ
หΔ𝑉௔௕,௠௔௫ห

𝑀𝑎𝑥ሺหΔ𝑉௔௕,௠௔௫ห, หΔ𝑉௕௖,௠௔௫ห, หΔ𝑉௖௔,௠௔௫ห ሻ
 (4) 

𝑘஻஼ ൌ
หΔ𝑉௕௖,௠௔௫ ห

𝑀𝑎𝑥ሺหΔ𝑉௔௕,௠௔௫ห, หΔ𝑉௕௖,௠௔௫ห, หΔ𝑉௖௔,௠௔௫ห ሻ
 (5) 

𝑘஼஺ ൌ
หΔ𝑉௖௔,௠௔௫ ห

𝑀𝑎𝑥ሺหΔ𝑉௔௕,௠௔௫ห, หΔ𝑉௕௖,௠௔௫ห, หΔ𝑉௖௔,௠௔௫ห ሻ
 (6) 

Step 4: To carry out the faulted phase selection, the diagram 
shown in Figure 1 is used: the factors calculated in Step 3 
(kAB, kBC and kCA) are compared with a set of predefined de-
sign parameters (k1,k2,k3 and k4) to select the faulted phase. 
These parameters have been obtained from extensive simu-
lations using the RTDS. In case of double line faults, the 
ratio between zero and positive sequence components (V0 
and V1, respectively) is needed to distinguish between line-
to-line faults and double line to ground faults.   

 

Figure 1. Faulted phase selection criterion. 

4 Grid code description 
RES technologies considered in this study (PV and 

type-IV wind turbine) are connected to the electric grid by 
means of power converters whose control scheme is the 
based on decoupled control strategy [19]. Decoupled con-
trol strategy allows to control independently the active 
power and the reactive power generated by the RES.  

The implemented control in the power converter in-
cludes the fault voltage ride-through and fast fault current 
injection requirements specified in Spanish grid code [6]. 
Figure 2 shows the fast fault injection requirements for the 
power generation modules considered during this study 
(generation modules with a capacity in the 100 kW to 50 
MW range). As it is indicated in the figure, under unbal-
anced faults, the control must supply positive and negative 
sequence current (∆I1 and ∆I2, respectively) proportional to 
the voltage dip depth (∆U1 and ∆U2). The injection strategy 
used in this paper prioritizes the positive and negative se-
quence reactive current injection, as it is described in [20]. 

 

Figure 2. a) Injection/consumption of additional positive 
sequence reactive current (∆I1) depending on positive se-
quence voltage deviation (∆U1); b) Total reactive current 
(I1) injection/consumption limitation; c) Injection/ con-
sumption of additional positive sequence reactive current 
(∆I1) depending on positive sequence voltage deviation 
(∆U1) [6]. 

5 Testing infrastructure 
The distribution grid used to test the FPS algorithm is 

shown in Figure 3. In the model, the external grid is repre-
sented by a 55 kV Thevenin equivalent. This external grid 
is connected to a 12 kV distribution grid by means of a 
55/12 kV power transformer (TR1). The study considers 
grounded and ungrounded grid, and two renewable technol-
ogies: a photovoltaic power plant and a type IV wind tur-
bine. The rated power of each renewable source is 11 MW. 

 

Figure 3. Benchmarking distribution grid. 

To test the proposed algorithm, the following fault types 
are applied: Single line-to-ground faults (AG, BG and CG), 
line-to-line faults (AB, BC and CA), double line-to-ground 
faults (ABG, BCG and CAG) and three-phase faults (ABC). 
Furthermore, evolving faults are also applied (AG ABG, 
BGBCG, CGCAG, ABABG, BCBCG, 
CACAG, AGAB, BGBC and CGCA). Finally, 
two resistive faults (0 Ω and 10 Ω) are also considered. 

6 Laboratory testbench description 
The proposed FPS algorithm is implemented in C-code 

to emulate its behavior in a real protection relay. The C-
code runs in a platform (a desktop PC Intel Core i5-6200U 
CPU, RAM 8Gb) and it was tested through the laboratory 
testbench described in Figure 4.  
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Figure 4. Laboratory testbench. 

The testbench is composed by two hardware loops. The 
first one (Loop1) is connected to a commercial protection 
relay and the second one (Loop 2) is used to exchange 
GOOSE and Sampled Values (SV) frames between the 
RTDS and the Desktop PC.  

By means of Loop 1, the analog current and voltages 
measured by instrument transformers, which are located in 
the line bay that is going to be protected (see Figure 3), are 
used to supply a commercial protection relay. The aim is to 
obtain information about the status of Trip and Fault Detec-
tor (FD) digital signals generated by the relay. These digital 
signals will be used as input in Loop 2.  

In case of Loop 2, the RTDS publishes the superim-
posed line to line voltages (∆Vab, ∆Vbc and ∆Vca) and the 
digital signals provided by Loop 1, according to IEC 61850-
LE [21]. The platform (Desktop PC) subscribes to this in-
formation and uses it to identify the phases involved in the 
fault (AG, BG, CG, AB, BC, ABG, BCG, CAG or ABC).  

For the FPS algorithm operation, only superimposed 
voltage Sampled Values are needed from simulation, but 
Trip Signals and the FD status from the real protection are 
also provided. The FD signal status is used to detect the time 
delays related to GOOSE messages and Sampled Values. 
Furthermore, FD is also used to supervise the FPS algo-
rithm. 

The algorithm distinguishes the phases involved during 
a fault using the previous information. Once the faulted 
phase selection is performed, the platform sends this infor-
mation to the RTDS using GOOSE messages to show 
graphically the faulted phases provided by the algorithm. 

7 Test results 
In this section, the main results of the tests described in 

Section 5 are shown. These results have been selected be-
cause they are considered representative of the tests carried 
out during this study. 

In these tests, the short circuit current is provided by the 
PV generation module. The figures show voltages (VA, VB 
and VC) and currents (IA, IB and IC) measured during the 
simulation under fault conditions. Furthermore, the 
GOOSE messages published by Desktop PC with the 
faulted phase information are represented by the digital sig-
nals GOOSE_AG, GOOSE_BG, etc.  

Figure 5. shows an example of the FPS’s behavior 
when an evolving fault AGAB is applied. As can be seen 
in the figure, when the AG fault is applied, the fault detector 

signal digital (FD) is activated. Once FD is activated, the 
proposed algorithm identifies the fault type as AG fault and 
therefore, “GOOSE_AG” digital signal is activated. After 
260 ms, the fault evolves to AB fault. When the evolving 
fault is detected, “GOOSE_AB” signal is activated. There-
fore, the algorithm not only correctly detects the initial fault 
but also how it evolves during the entire time that the fault 
lasts, solving problems detected in other commercial algo-
rithms.  

 

Figure 5. Faulted phase selector when evolving fault 
AGAB is applied. 

Figure 6 shows the FPS’s behavior when a CA fault is 
applied. In this case, when the fault is detected, “GOOSE_ 
CA” message is activated correctly indicating the type of 
fault simulated. 

 

Figure 6. Faulted phase selector when CA fault is ap-
plied. 

8 Conclusions 
In this paper was demonstrated that the IEC 61850 

standard brings new opportunities in the design of protec-
tion, control and automation systems. SV subscription was 
used to obtain the voltage and current instantaneous signals 
measured in the electric grid and GOOSE messages were 
used to evaluate the behaviour of the developed implemen-
tation satisfying the stringed requirements of high-speed 
protection and control applications regarding reliability and 
timing. 

A new faulted phase selection algorithm based on incre-
mental line-to-line voltages is developed and tested in a 
benchmarking distribution grid.  
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To emulate its behaviour in a commercial protection re-
lay, it was programmed in C++ language and run on a Desk-
top PC.   

From the conducted test, it is concluded that the devel-
oped algorithm identifies the faulted phases for all fault 
types in grounded and ungrounded distribution systems. 
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