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Abstract

This paper presents a systematic approach to the development and validation of a monitor-
ing and protection system based on the IEC 61850 standard, evaluated through hardware-in-
the-loop (HIL) testing. The study utilized an already existing model of a modern power grid
consisting of the IEEE 9-bus power system integrated with a large-scale wind power plant
(LSWPP). The SEL-487B Relay was configured to protect the PCC using a low-impedance
busbar differential monitoring and protection system equipped with adaptive setting group
logic that automatically transitions between Group 1 and Group 2 based on system load-
ing conditions. Significant steps were followed for selecting and configuring instrument
transformers and implementing relay logic in compliance with IEEE and IEC standards.
Real-time digital simulation using Real-Time Digital Simulator (RTDS) hardware and its
software, Real-time Simulation Computer-Aided Design (RSCAD), was used to assess the
performance of the overall monitoring and protection system, focusing on the monitoring
and publishing of the selected electrical and mechanical measurements from a selected
wind turbine generator unit (WTGU) on the LSWPP side through the IEC 61850 standard
network, and on the behavior of the monitoring and protection system under initial and
increased load conditions through monitoring of differential and restraint currents. The
overall monitoring and protection system was tested under both initial and increased load
conditions, confirming its capability to reliably publish analog values from WTGU13 for
availability on the IEC 61850 standard network while maintaining secure protection opera-
tion. Quantitatively, the measured differential (operate) and restraint currents were 0.32 PU
and 4.38 PU under initial loading, and 1.96 PU and 6.20 PU under increased loading, while
total fault clearance times were 606.667 ms and 706.667 ms for faults under initial load
and increased load demand conditions, respectively. These results confirm that the devel-
oped framework provides accurate real-time monitoring and reliable operation for faults,
while demonstrating a practical and replicable solution for monitoring and protection at
transmission-level PCCs within renewable-integrated networks.

Keywords: busbar differential protection; IEC 61850 standard; current transformer (CT)
saturation; hardware-in-the-loop (HIL); real-time simulation; modern power grids; wind
power plant integration

1. Introduction

The increasing integration of renewable power plants (RPPs), particularly wind power
plants (WPPs) and photovoltaic power plants (PV systems), is significantly reshaping the

Energies 2025, 18, 5281

https://doi.org/10.3390/en18195281



Energies 2025, 18, 5281

2 0f 47

topology and operational dynamics of modern power systems. In this evolving landscape,
busbar protection, especially at the transmission level, remains a critical function for
ensuring system reliability. Faults at the busbar can result in the disconnection of multiple
transmission lines, leading to extensive outages and operational instability.

While several IEC 61850-based protection studies exist, none have combined real-time
hardware-in-the-loop (HIL) validation with adaptive busbar differential logic on physical
relay hardware at a transmission-level point of common coupling (PCC), which forms the
unique focus of this work.

A key challenge in the protection of such systems lies in maintaining consistent
reliability under various operating conditions. One of the primary challenges is current
transformer (CT) saturation, which can cause maloperation of protection relays, either
through false tripping or failure to detect internal faults accurately [1,2].

Various methods have been proposed to enhance the performance of busbar differen-
tial protection, especially for RPP-integrated power systems. Traditional high-impedance
and low-impedance differential relays have shown limitations in handling CT saturation
during external fault conditions. As a response, the use of digital and numerical relays
based on the IEC 61850 communication standard [3] has increased, due to their fast com-
munication capabilities and precise fault discrimination [4,5].

For instance, the authors in [6] proposed a backup subscription scheme (BSS) using
IEC 61850-9-2 sampled values (SVs) [7] to improve the dependability of the differential
protection system. Their approach, validated through hardware-in-the-loop (HIL) testing,
significantly enhances flexibility in digital substations. However, interoperability between
multivendor IEC 61850 standard devices remains a notable concern. A recent study in [8]
demonstrated that protection maloperations can arise when devices from different vendors
fail to communicate, emphasizing the significance of standardized and vendor-consistent
system configurations.

HIL simulation has become an essential technique for testing protection systems
under realistic and real-time conditions. The authors in [9] used the HIL to assess the
performance of volts-per-hertz protection for generator over-excitation, while the authors
in [10] developed a HIL-based testbed to evaluate low-voltage DC (LVDC) grid stability
through damping impedance techniques.

Regarding RPP integration, a study by the references in [11] benchmarked the fault-
ride-through (FRT) performance of PV system inverters using power hardware-in-the-loop
(PHIL), highlighting the importance of such simulations in ensuring transient stability
in inverter-rich networks. Similarly, the study in [12] investigated the effects of various
smart inverter control modes on overcurrent protection, concluding that dynamic coor-
dination strategies are essential for ensuring protection reliability in modern distributed
energy systems.

In addition to these technical considerations, recent wind energy research has em-
phasized the evolving role of WPPs in providing essential grid services beyond energy
production. As highlighted in [13], wind power plants are now expected to deliver function-
alities such as inertia emulation, frequency support, and reactive power compensation to
stabilize system operation during faults and disturbances. These requirements impose addi-
tional constraints on protection systems, which must now coordinate with advanced control
mechanisms embedded within wind turbines and their associated power electronics.

Several recent studies further support the adoption of advanced protection and testing
methodologies. A technique using composite sequence currents for bus protection in
inverter-based renewable systems was proposed in [14], showing flexibility to CT satura-
tion. The authors of [15] applied HIL simulation for protection device testing, while [16]
developed a frequency-based digital busbar protection approach.
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The ultra-high-speed transient energy busbar protection for inverter-based renew-
ables was introduced in [17], and multiple works in [18,19] explored HIL methods for
protection and control studies. Review studies such as [4,5] emphasized on IEC 61850-
based protection schemes and digital substation architectures, highlighting the significance
of interoperability.

Other works focused on relay and communication modeling [20,21] and the biblio-
metric evaluation of HIL techniques [22]. Interoperability and certification methods for
IEC 61850 protection were critically reviewed in [23] and a combined HIL platform for
microgrid commissioning was presented in [24].

Despite these advances, there remains a clear gap in presenting a complete and in-
tegrated protection framework that simultaneously combines IEC 61850 standard-based
logic, standardized relay coordination schemes, renewable generation integration (includ-
ing inverter-based resources), and real-time validation via HIL simulations. While existing
literature offers isolated solutions targeting individual aspects, such as overcurrent pro-
tection [19], interoperability [25], or HIL validation [18], an all-encompassing approach is
largely absent. This study addresses that gap by designing and validating a real-time HIL
monitoring and protection system for the PCC, using an SEL-487B relay and a wind power
plant (WPP)-integrated IEEE 9-bus power system.

Unlike previous IEC 61850-based protection studies, which have typically addressed
only isolated aspects, this work presents a fully integrated framework that combines
several advanced features into a single system. For example, the study in [6] proposed a
backup subscription scheme using IEC 61850-9-2 sampled values to enhance differential
protection dependability, but did not incorporate adaptive logic or hardware validation.
The study in [8] examined the interoperability challenges among multivendor IEC 61850
devices, yet they did not develop or validate a complete protection scheme. Another
study in [14] explored composite sequence currents for busbar protection in inverter-
based systems, though only via simulation without real-time HIL implementation or
adaptive relay settings. Similarly, in [19], the HIL was used to test overcurrent protection
under corrupted sampled value frames, but their work did not address busbar differential
protection at the transmission level. In contrast, this study integrates a low-impedance IEC
61850 busbar differential protection scheme implemented on a physical SEL-487B relay,
validated through real-time digital simulation on RTDS hardware, with an adaptive logic
mechanism that switches between Group 1 and Group 2 relay settings in response to loading
conditions. Furthermore, the framework operates at a transmission-level PCC within a
large-scale wind power plant (LSWPP)-integrated IEEE 9-bus system. This systematic and
hardware-based approach has not been previously reported and contributes a replicable and
extensible foundation for deploying intelligent, standards-based protection in renewable-
integrated modern power grids.

The contribution of this work is as follows:

1.  Realistic transmission-level PCC-based study: Given the critical nature of busbar pro-
tection at the transmission level, this study uses a modern power grid model whose
parameters are well-suited for protection analysis. This aligns with the requirements
stated in the reference [26], who noted that accurate system studies require compre-
hensive data on synchronous generators, high-voltage transformers, transmission
lines, loads, and busbars. Most previous IEC 61850 standard-related protection studies
have focused on distribution-level or small test networks [19], making this work one
of the few to evaluate the protection behavior at the transmission scale.

2. Initial load flow assessment: Prior to fault simulation and protection testing, load
flow analysis was conducted to verify the stability of the power system network
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under initial operating conditions. This is a fundamental step in power system
network validation.

3. Full documented configuration procedures: All configuration steps involved in im-
plementing the IEC 61850 standard-based monitoring and protection system are
systematically documented to facilitate replication and transparency.

4. Real-time HIL validation with the involvement of physical protection devices SEL-
487B and SEL-751A: The proposed protection scheme was evaluated using Real-Time
Digital Simulator (RTDS) hardware, enabling HIL testing with physical relay devices
interfaced through giga-transceiver analog output (GTAO).

5. Adaptive relay setting logic: An automatic transition between Group 1 and Group 2
settings is implemented, allowing the relay to adjust protection sensitivity dynami-
cally as load conditions increase, a feature not reported in previous IEC 61850-based
protection studies [5,12].

6. Foundation for scalability and interoperability: The framework demonstrates how
IEC 61850 standard-based busbar differential protection can be applied to renewable-
integrated networks in a modular and scalable way, forming a foundation for future
enhancements such as grid-forming inverter integration, cyber-resilience testing, and
multivendor interoperability validation [8].

The remainder of this paper is as follows: Section 2 introduces the modern power
grid system used in the study. Section 3 details the configuration of the monitoring and
protection system. Section 4 describes the hardware-in-the-loop (HIL) simulation test setup.
Section 5 outlines the test scenarios and case studies. Section 6 discusses the results, and
Section 7 outlines research directions and future work.

2. The Modern Power Grid System Used for the Study and Its
Fundamental Simulations

The modern power grid used in this study was adapted from our most recent study
in [27]. It is shown in Figure 1 and is a result of the modeling of an IEEE 9-bus power
system modified and integrated with a large-scale wind power plant (LSWPP).

In the figure, WTGU denotes the wind turbine generator unit, each connected to collec-
tor buses (Collector1Bus, Collector2Bus, and Collector3Bus). The WPPHVTRF represents
the wind power plant high-voltage transformer, with WPPHVTRF1, WPPHVTREF2, and
WPPHVTRE3 stepping up voltages from 24 kV collector buses to 230 kV transmission-level
buses. The Group1SEBus, Group2SEBus, and Group3SEBus indicate the secondary side
buses of the respective high-voltage transformers. The lines connecting these buses are
designated as LineGroupl1, LineGroup2, and LineGroup3, which transfer power toward
the WPPSEBus (wind power plant sending-end bus). The WPPREBus (wind power plant
receiving-end bus) represents the point of common coupling bus. The WPPTransLine stands
for the wind power plant transmission line, while PCCTerm refers to the point of common
coupling terminal where the WPP integrates with the external electrical power grid.

This system comprises essential components of a high-voltage transmission network,
such as synchronous generators, transformers, transmission lines, loads, and busbars,
enabling a realistic simulation of power system dynamics under both normal and fault
conditions. Although a particular wind turbine generator unit (WTGU) is also selected for
monitoring, the point of common coupling (PCC) of the modern power grid still serves as
the main point of focus for the proposed monitoring and protection system. In the modern
power grid of discussion, the PCC is the LSWPP receiving-end busbar (WPPREBus).
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Figure 1. Modern power grid system [27]. The component by the name electrical power grid
represents the IEEE 9-bus power system.

The modern power grid described above operates in two conditions, under initial load
demand and increased load demand. The logic used for the simulation of these conditions

is shown in Figure 2 [27].
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mand [27].



Energies 2025, 18, 5281

6 of 47

Load flow simulations were performed on the described system under initial and
increased load demand conditions. The analysis focused specifically on the branch currents
related to the protected busbar WPPREBus or simply PCC, and busbar voltages. The results
of these simulations, recorded after the system reached a steady state, are presented in
Tables 1-4. Among them, the results in Table 2 are the same as the ones we obtained in our
recent study in reference [27].

Table 1. Branch currents recorded at steady-state under initial loading conditions for the modern
power grid system.

ILinel2 ILine24 IDLoad1 IWPPLine

Primary

currents (kA) 0.1437 0.2147 0.3404 0.0019

Table 2. Busbar voltages recorded on steady-state under initial load demand conditions for the
modern power grid system [27].

Busbars Voltage (PU)
Busl 1.0210
Bus2 0.9928
Bus3 1.0060
Bus4 1.0230
Busb 1.0130
Bus6 1.0280

WPPSEBus 0.9930
WPPREBus 0.9934

Table 3. Branch currents recorded at steady-state under increased loading conditions for the modern
power grid system.

ILinel2 ILine24 IDLoad1 IWPPLine

Primary

currents (kA) 0.1708 0.1958 0.4530 0.1747

Table 4. Busbar voltages recorded at steady-state under increased load demand conditions for the
modern power grid system.

Busbars Voltage (PU)
Busl 0.9981
Bus2 0.9558
Bus3 0.9707
Bus4 0.9975
Bus5 0.9801
Bus6 1.0040

WPPSEBus 0.9548

WPPREBus 0.9561
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3. Monitoring and Protection System Design
3.1. Overview of the Proposed System

The monitoring and protection system used in this study is based on a low-impedance
busbar current differential relaying system. This method was chosen for its advantages
over other busbar current differential relaying systems. Reference [28] can be visited for an
example of a low-impedance busbar current differential relaying system, and reference [29]
for a detailed comparison of various types and their respective benefits and drawbacks.

The working principle of a differential protection system is as follows: if the differential
current Ip;¢s exceeds both the pick-up current Ip; and the product of the percentage slope
(SLP) and the restraining current Ig,, the relay sends a TRIP signal (binary 1) to the circuit
breaker (CB).

In summary, a trip signal is issued if Ip;ss > Ipy and SLP X Ies. Ipy is the pick-up
current threshold. The relay works with secondary currents from current transformers
(CTs), which compare the expected values. CTs on parallel feeders must have identical turn
ratios to ensure accurate computation of secondary currents [30,31].

Nowadays, digital/numerical relays are used in monitoring and protection systems.
One advantage of digital relays is their ability to determine phase angles even under severe
CT saturation accurately. Proper relay function depends on accurately distinguishing
between internal and external faults.

In the event of a through fault, the relay can temporarily block differential protection
operating elements to avoid false trips. However, this method can delay trips during actual
internal faults. To address this, directional detection elements are used. These determine the
direction of fault current flow and enhance the ability of the relay to respond correctly, even
during CT saturation [1,2]. For further information on CT saturation, see references [32].

Overall, Figure 3 presents the development process flowchart for the study. The
flowchart summarizes the systematic stages followed in this study, including: modeling the
modern power grid with an integrated large-scale wind power plant (LSWPP), selecting and
configuring instrument transformers, implementing low-impedance busbar differential
protection on the SEL-487B relay, integrating IEC 61850 GOOSE communication, and
validating the complete system through real-time hardware-in-the-loop (HIL) testing on
RTDS hardware. These stages are detailed in Section 2 (System Modeling), Section 3
(Protection System Design and Relay Configuration), Section 4 (HIL Setup and IEC 61850
Communication Integration), Section 5 (System Testing and Evaluation), and Section 6
(Results and Discussion).
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Model IEEE 9-Bus System integrated with LSWPP on RSCAD. Run
fundamental load flow simulations.

Select current transformers and voltage transformers. Select a low-
impedance busbar differential protection relaying system. Configure SEL-
487B relay in terms of pickup, slopes, directional elements, and relevant

alal Iy :

Configure and model the system on RTDS and RSCAD for monitoring and protection system
testing under steady-state and fault conditions. Configure GTAO modules for interface of
physical monitoring and protective. Interface SEL-487B relay with RTDS hardware devices.

mplement

Configure IEC 61850 standard GOOSE control model using
AcSELerator Architect for monitoring and protection.

Case Study 1: Real-time monitoring of at least one WTGU for voltage,
frequency, rotor speed, and torque via GOOSE. Case Study 2: Internal
fault detection under initial and increased load demand conditions.

Successful monitoring through GOOSE. Dynamic setting
adjustment: Group 1 to Group 2 settings transition. Accurate
fault detection.

Figure 3. Development process flowchart for the proposed IEC 61850-based monitoring and protec-
tion system.
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3.2. Instrument Transformer Selection

Current transformers (CTs) were rated at 150% of the full-load current at the PCC
(Bus2) to ensure reliable measurement and minimize CT saturation. As shown in Table 3,
the branch current in LineDLoad1 (0.4530 kA) was the largest and approximately equal
to the sum of Line24, Linel2, and WPPLine currents, making it the basis for CT sizing.
Accordingly, an 800:5 CT (160:1 turns ratio, 0.41 (2 burden) was selected in line with IEEE
recommendations, and identical ratios were applied across all CTs to maintain differential
protection accuracy. For voltage measurement, standard CVT parameters for 230 kV
systems were adopted from RTDS Technologies, with only minor editing of signal names
for mapping.

3.3. Configuration of SEL-487B Relay

The SEL-487B Relay was configured to implement a low-impedance busbar differential
protection system at the PCC. Current transformer (CT) and voltage transformer (VT)
inputs were mapped per phase to three differential elements (DIFF_R, DIFF_Y, DIFF_B),
each processing four feeder currents (ILinel2, ILine24, IDLoad1, IWPPLine). Differential
operation was defined by the pickup threshold O87P and two percentage restraint slopes:
Slope 1 for internal faults and Slope 2 for external faults. To enhance security under
CT saturation, a directional element with a designated reference feeder and the 50DSP
threshold provided supervision.

Adaptive protection was achieved through automatic switching between Group 1
and Group 2 settings, where Group 1 applied under normal load conditions and Group
2 under increased load. This ensured high sensitivity under stressed conditions while
maintaining stability during external faults. Detailed settings, terminal aliasing, and
QuickSet screenshots are provided in Appendix A.

Integration of the relay into the monitoring and protection framework followed the
IEC 61850 standard, where Logical Nodes (LNs), GOOSE messaging, and communication
mapping were applied to enable interoperability and real-time data exchange within
the system.

Figure 4 [31] illustrates the modified logic of the red-phase differential element, show-
ing four current inputs, the filtered differential path, directional supervision, and fault
detection logic, while Table 5 summarizes the five conditions that must be satisfied for
the instantaneous differential element (87RP) to assert, ensuring secure and dependable
operation of the protection system.

The SEL-487B Relay was configured to implement a low-impedance busbar differ-
ential protection system at the PCC in accordance with the IEC 61850 standard. Current
transformer (CT) and voltage transformer (VT) inputs were mapped per phase to three dif-
ferential elements (DIFF_R, DIFE_Y, DIFF_B), each processing four feeder currents (ILinel2,
ILine24, IDLoad1, IWPPLine). Differential operation was defined by the pickup threshold
O87P and two percentage restraint slopes: Slope 1 for internal faults and Slope 2 for external
faults. To ensure security under CT saturation, a directional element with a designated
reference feeder and the 50DSP threshold provided additional supervision.

Adaptive protection was implemented through automatic switching between Group 1
and Group 2 settings, where Group 1 applied under normal load conditions and Group 2
under increased load. This ensured high sensitivity while maintaining stability during
stressed operating conditions. Detailed configuration parameters, terminal aliasing, and
QuickSet screenshots are provided in Appendix A for reproducibility, while only the
essential configuration principles are summarized here.
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Figure 4. Modified logic for busbar red phase differential element [31].

Table 5. Conditions required for the operation of the instantaneous differential element (87RP),
including differential, restraint, fault detection, directional, and supervision elements.

Relay Wordbit Description

The filtered restrained element picked-up bit must be active
(binary 1). This means that the filtered per-unit differential current
must be greater than the product of the operating slope (in
percentage) and the filtered per-unit restraint current, and the
product must lie on the operating region of the differential
characteristic curve.

FDIFR

The restrained element picked-up bit must be active (binary 1). The
870ORP filtered per-unit differential current must exceed the restrained
differential element threshold setting current.

The FAULTR word bit must be active (binary 1). This can be high
only if the zone z element detects an internal fault.

FAULTR
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Table 5. Cont.

Relay Wordbit Description

DERF must be active (binary 1). This is high only if the directional

DERF . :
overcurrent element supervision has been picked up.

Sensitive differential element supervision must be zero. It can be
87STR zero only if the E87SSUP is set to yes (Y) for the scheme, where the
output of the element is declared zero.

CONR is the relay word bit output from the external fault detection
logic, which asserts only when the external fault is detected. When
all the previous conditions are met, the 87RP word bit becomes true
CONR and activates the adaptive security timer. CONR sets the security
timer, and when it asserts, the relay’s operating time delay is
increased by 8 ms (for a 50 Hz system). The increase in time delay
increases the security of the protection element.

3.4. Group 1 and Group 2 Switchover Logic Configuration

The adaptive protection framework automatically transitions from Group 1 to Group
2 settings when feeder currents increase under higher load demand, particularly when the
wind power plant (WPP) contributes additional generation. This switchover is achieved by
definite-time overcurrent elements configured to monitor key feeders.

If the measured current exceeds the set threshold of 0.55 A for any of the definite-time
elements (50P10P, 50P11P, 50P12P), the corresponding relay wordbits (50P10RP, 50P11YP,
50P12BP) assert and, after the time delay, activate (50P10RT, 50P11YT, 50P12BT). Their
activation triggers the Group 2 (SS2) settings, which remain in force until the relay front-
panel pushbutton (PB5) is manually pressed to revert to Group 1 (551).

The implemented logic is illustrated in Figure 5, showing the switchover configuration
in AcSELerator QuickSet. Detailed parameters, aliasing, and screenshots are provided in
Appendix A for reproducibility.

50P10RT PLTO2

50P11YT )

S
R
50P12BT

S

PLatch
Q

PB5 > SS1

Figure 5. Configuration of Group 1 to Group 2 switchover logic in AcSELerator QuickSet. The logic
monitors feeder currents using definite-time overcurrent elements and initiates the transition to
Group 2 settings when the threshold is exceeded.

4. Hardware-in-the-Loop Simulation Test Setup on Real-Time Simulation
Computer-Aided Design 2.4

The proposed monitoring and protection system was validated in a hardware-in-the-
loop (HIL) environment using the Real-Time Digital Simulator (RTDS) and RSCAD 2.4. The
RTDS was interfaced with the SEL-487B busbar differential relay and SEL-751A feeder relay
through GTAO analog output modules for CT and VT signals and GTFPI I/O channels for
breaker control and status. This allowed device-level testing under realistic operating and
fault scenarios without requiring a physical substation.
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At the CSAEMS laboratory (CPUT), the testbench integrated simulated secondary
signals with physical relays. Analog outputs from the RTDS represented CT and CVT
signals of Bus2, while binary GOOSE messages coordinated protection actions. The setup
enabled end-to-end evaluation of real-time monitoring, adaptive protection logic, and
trip coordination.

Figure 6 shows the complete HIL setup, including the RTDS racks, GTAO/GTFPI
modules, Omicron amplifiers, and SEL relays. This arrangement ensured scalable and
accurate interfacing between simulation and hardware, replicating a transmission-level
substation environment.

Additional CT/CVT parameter configurations, GTAO mappings, and monitoring
signal settings are provided in Appendix B.

Table 6 summarizes the selected electrical and mechanical signals from WTGU13 that
were monitored via IEC 61850 logical nodes (MMXU) and published as GOOSE messages.
The full IEC 61850 dataset mapping and logical node bindings used to publish WTGU13
signals are documented in Appendix C. These included voltages, currents, active/reactive
power, frequencies, and rotor speed, ensuring comprehensive visibility of wind turbine
performance under varying loading conditions.

Table 6. Electrical and mechanical signals from WTGU13 monitored via IEC 61850 logical nodes
(MMXU) and published as GOOSE messages.

Selected Signals Signal Names Units of Measure
Voltage WTG13TransVSecPUV PU
Current WTG13TransISeckA kA

Active power WTG13P MW
Reactive power WTG13Q MVAr
Frequency (R) WTG13TransFreqR Hz
Frequency (Y) WTG13TransFreqY Hz
Frequency (B) WTG13TransFreqB Hz

Rotor speed WTG13RotorSpd9radSsecO rad/s

Rotor speed WTG13RotorSpd9rpm0 rpm
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5. System Testing and Evaluation

This section presents the validation of the IEC 61850-based monitoring and protection
system using the HIL setup described earlier. The aim was twofold: first, to confirm that
the system can monitor important electrical and mechanical signals at WTGU13 in real
time through GOOSE communication, and second, to check the protection performance
under both normal and stressed conditions. Two operating cases were considered: initial
load demand and increased load demand as created by the load scheduler in Figure 2,
discussed earlier in Section 2. For each case, monitoring was carried out at WTGU13, while
the SEL-487B relay performance was verified through its differential protection records.
The Group 1 and Group 2 settings (explained in Section 3.4) were applied, with Group 2
automatically activated once feeder currents exceeded the definite-time thresholds.

The system architecture was intentionally designed in a modular manner using stan-
dardized IEC 61850 standard Logical Nodes (LNs), GOOSE-based messaging, and struc-
tured ICD/SCD configuration files, enabling straightforward future expansion to additional
feeder bays, busbar zones, or multivendor IEDs.

5.1. Case Study 1: Real-Time Monitoring

The monitoring chain involved the RTDS analog measurements, which were processed
by the SEL-487B relay, modeled in the RSCAD FX IEC 61850 IED Configuration Tool
(ICT) 2.2.1 as MMXU data objects, and published as GOOSE messages. At WTGU13, the
monitored set (see Table 6) included per-unit (PU) voltage, phase currents, active and
reactive power, per-phase frequencies, and rotor speed. These values helped to evaluate
how the wind turbine generator unit behaved under different load conditions of the grid.

5.1.1. Real-Time Monitoring Under Initial Load Demand Conditions

At the initial loading level, the PCC bus voltages and feeder currents stayed within
their steady-state values (Tables 1 and 2), which created stable operating conditions for
WTGU13. The monitored outputs from WTGU13 confirmed this: active power and reactive
power remained steady, rotor speed showed only small variations around its set-point,
and the three-phase frequencies were stable and well balanced. No dataset loss or delay
was observed on the GOOSE stream, confirming that the publishing and subscription
configuration was reliable. These results are presented in Figures 7 and 8.

[WTG13TransVSe ] || [WTG13TransiSec ] || [ wiG13P | [ wWiG13C_ | || lWTG13TransFrear] || [WTG13RotorSod_] || [WTG13RotorSed_]
ol 'l 'l 'l SO ' v
N 20 RN 10 N 60 N 60 N 0 N 3000 N, 24000
Q <05 <20 <00 < 300 <10 <1000,
- - > -~ > > -
=00 :_m;,,. :__Q.!J__. = 60\ =00 =00 =00
PU kA MW MVAR Hz rad/sec rem
0.920820 0.009880 0.006895 -1.54564 49,9979 158.179 1510.50

Figure 7. WTGU13 monitored signals under initial load demand, captured on RSCAD FX Runtime:
Meters 1—7 display terminal voltage (PU), line current (kA), active power (MW), reactive power
(MVARSs), red-phase frequency (Hz), and rotor speed (rad/sec and rpm).



Energies 2025, 18, 5281

15 of 47

r
@ Detailed View 113 526 20:24:38,807 Server GOOSE = O X

113 526 20:24:38,807
$00:50:C2:4F:9D:CD >

AppID 3
CB Reference
TAL
DataSet Ref.
GOOSE ID
UtcTime
Statusnumber
Sequencenumber
Test
Config Revis.
Needs Commiss
No. of Elem.

Object: 1
0,990837

Object: 2
0,009894

Object: 3
0,007082

Object: 4
-1,545591

Object: 5
49,997868

Object: 6
49,997875

Object: 7
49,997868

Object: 8
158,179184

Object: 9
1510,500000

d=0,000s Server GOOSE
$01:0C:CD:01:00:00
il
WTGU13_Monitoring_IEDMon_LD/LLNOSGO$monDatasets
8 ms
WTGU13_Monitoring_IEDMon_LD/LLNOSMon
rtds

25.12.2004 23:06:57,000000 - LSU
171169

0

No

1

No

9

Figure 8. WTGU13 monitored signals under initial load demand, captured via GOOSE: Objects 1—9

represent terminal voltage (PU), line current (kA), active power (MW), reactive power (MVARs),
per-phase frequencies (R/Y/B), and rotor speed.

5.1.2. Real-Time Monitoring Under Increased Load Demand Conditions

When the scheduler gradually increased the load (Figure 2), the system currents rose
and PCC voltages dropped slightly, as shown earlier in Tables 3 and 4. Under these stressed
conditions, the definite-time elements triggered the switchover to Group 2 settings in the
relay. Monitoring at WTGU13 showed the expected response: active power increased to
meet the new demand, reactive power rose proportionally to maintain the power factor,
and rotor speed tracked the operating point without instability. The per-phase frequencies
also remained within acceptable limits, showing that the wind turbine was able to maintain
stable operation. Figures 9 and 10 illustrate these monitoring results.
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Figure 9. WTGU13 monitored signals under increased load demand, captured on RSCAD FX Runtime:
Meters 1—7 display terminal voltage (PU), line current (kA), active power (MW), reactive power
(MVARSs), red-phase frequency (Hz), and rotor speed (rad/sec and rpm).
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Figure 10. WTGU13 monitored signals under increased load demand, captured via GOOSE: Objects
1-9 represent terminal voltage (PU), line current (kA), active power (MW), reactive power (MVARs),
per-phase frequencies (R/Y/B), and rotor speed.
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5.2. Case Study 2: Fault Detection and Protection

This part of the study focused on validating the fault detection and protection capabil-
ity of the SEL-487B relay under both initial and increased load demand conditions. While
real-time monitoring was carried out at WTGU13, the protection performance was evalu-
ated at the PCC through the differential element records of the SEL-487B. All three-phase
internal faults were introduced in each case, and the responses of the protection scheme
were captured through waveform traces and binary outputs.

5.2.1. Fault Detection and Protection Under Initial Load Demand Conditions

The protection and monitoring system was initially tested under steady-state condi-
tions at the nominal load demand to evaluate the accuracy of voltage and current signal
measurements and to validate the monitoring and protection capabilities of the SEL-487B
relay. Table 7 shows the operating and restraint currents results under initial load de-
mand conditions.

Table 7. Differential metering under initial load demand conditions.

Zones/Phases Operate Currents (Per Unit)  Restraint Currents (Per Unit)
Zone 1/Red Phase 0.32 4.38
Zone 2/ Yellow Phase 0.32 4.38
Zone 3/Red Phase 0.32 4.38

An all three-phase internal fault was subsequently introduced, which was accurately
detected by the SEL-487B, resulting in the issuing of a TRIP command. The correct op-
eration was validated through waveform captures and binary signal traces, as shown in
Figures 11 and 12. The actual end-to-end fault clearance time recorded was 606.667 ms
under these initial load conditions.
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5.2.2. Fault Detection and Protection Under Increased Load Demand Conditions

A subsequent test was conducted under steady-state conditions with increased load
demand to further assess the reliability of signal measurements and to confirm the monitor-
ing and protection functionality of the SEL-487B relay under elevated loading conditions.
Table 8 shows the operating and restraint currents results under increased load demand
conditions.

Table 8. Differential metering under increased load demand conditions.

Zones/Phases Operate Currents (Per Unit)  Restraint Currents (Per Unit)
Zone 1/Red Phase 1.96 6.20
Zone 2/ Yellow Phase 1.96 6.20
Zone 3/Red Phase 1.96 6.20

Another three-phase internal fault was simulated under the increased load de-
mand condition. The SEL-487B again detected the fault and issued a TRIP signal.
Figures 13 and 14 present the relay logs and waveform recordings, confirming accurate and
secure operation with no indication of maloperation or instability, even under increased
load demand. The actual end-to-end fault clearance time recorded was 706.667 ms under
these increased load conditions.

The actual end-to-end fault clearance times recorded were 606.667 ms under initial
load conditions and 706.667 ms under increased load conditions, which are acknowledged
as the full relay-plus-breaker operation times in the hardware-in-the-loop setup, noting
that field-deployed busbar protection schemes typically clear faults within approximately
100 ms.

The overall results from Figures 7-14 are collectively discussed below to highlight the
real-time monitoring performance and the fault detection speed of the developed system.

Figures 7-10 present the real-time monitoring of selected electrical and mechanical sig-
nals from WTGU13, including three-phase voltages, line currents, active power, frequency,
and rotor speed, transmitted from the RTDS model using IEC 61850 GOOSE messaging.
All monitored values were made available online (IEC 61850 network) and were received
with no packet losses recorded during steady-state or faulted operation, confirming the
reliability and time-coherence of the monitoring framework.

Figures 11-14 show the fault detection performance of the SEL-487B relay under
both initial and increased load demand conditions. In the first case, the relay correctly
and immediately detected an internal fault and issued a trip signal to clear the fault
within 606.667 ms of the fault beginning. The associated GOOSE-based breaker operation
confirmations were received after the trip command, demonstrating fast and deterministic
end-to-end operation.

These results verify that the developed IEC 61850-based system provides accurate,
low-latency real-time monitoring alongside dependable and fast protection performance,
meeting typical requirements for transmission-level PCC applications.
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6. Results and Discussion

This section discusses the results from two hardware-in-the-loop (HIL) case studies:
(1) real-time monitoring of selected signals through the IEC 61850 standard, and (2) protec-
tion system performance under nominal and increased load conditions.

6.1. Case Study 1: Real-Time Monitoring of Selected Signals

The first case study focused on validating the real-time monitoring framework imple-
mented using the IEC 61850 standard. Electrical and mechanical variables from WTGU13,
including voltages, currents, active power, frequency, and rotor speed (as listed in Table 6),
were published as GOOSE messages from the RTDS-simulated model to the physical relays
and visualized through the IED interfaces. The results confirmed that these analog values
were transmitted reliably and time-coherently, with no packet losses observed during
the tests.

This case study demonstrated that the developed system can accurately stream and
display real-time process measurements from a large-scale wind power plant model at
a transmission-level PCC. It should also be noted that these same monitored signals
(along with additional signals as needed) will be used in future research to implement
a coordinated control framework that integrates monitoring, operation, and protection
functions within the same IEC 61850-based platform.

6.2. Case Study 2: Protection Under Nominal and Increased Load Conditions

The second case study evaluated the performance of the protection system under
both nominal and increased load demand conditions. At nominal load, the SEL-487B relay
correctly restrained differential elements during normal operation and issued trips only
when internal faults were applied. The measured operating and restraint currents were
0.32 PU and 4.38 PU, respectively, and the measured end-to-end fault clearance time was
606.667 ms from inception to breaker operation.

While field installations are typically expected to achieve full fault clearance within
about 100 ms, the measured fault clearance times of 606.667 ms (initial load) and 706.667 ms
(increased load) are acknowledged as the actual end-to-end operation times achieved by
the developed system in the HIL environment.

Under increased load, the relay automatically switched from Group 1 to Group 2
settings based on the pre-defined load threshold. Under these conditions, the measured
operating and restraint currents rose to 1.96 PU and 6.20 PU, respectively, while the relay
maintained stability and selectivity. GOOSE-based breaker confirmation signals were
received after the trip command. These results confirm the dependability, speed, and
adaptability of the proposed protection system even under stressed loading conditions.

6.3. Communication Reliability and Real-Time Behavior

Throughout both case studies, the IEC 61850-based communication framework per-
formed reliably. All analog and binary signals between the RTDS-simulated power grid
and the physical SEL-487B and SEL-751A relays were exchanged using GOOSE messag-
ing with no observed packet losses. This confirms the suitability of IEC 61850 standard
peer-to-peer communication for time-critical monitoring and protection applications in
renewable-integrated networks when implemented with proper LN mapping, dataset
configuration, and Virtual Local Area Network (VLAN).

6.4. Comparative Contribution and Novelty

Most previous IEC 61850-based studies have concentrated primarily on protection
functions and have treated monitoring either superficially or as offline data acquisition, of-
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ten without real-time communication or hardware validation. For example, the study in [6]
developed a backup subscription scheme using IEC 61850-9-2 sampled values; however, it
did not implement real-time monitoring or adaptive logic. Another study in [8] focused
on multivendor interoperability analysis, while the one in [14] introduced a composite
sequence current technique evaluated only in offline simulation. Moreover, in [19], the
HIL testing was also performed, but only for overcurrent protection, not for live process
variable monitoring or busbar differential systems.

In addition, several review papers such as [4,5,23] extensively discussed IEC 61850-
based protection schemes, digital substation architectures, and interoperability and certifi-
cation challenges, respectively. However, they only provided conceptual and architectural
overviews and did not include practical implementations, real-time hardware-in-the-loop
validation, or detailed configuration procedures. While these reviews are valuable in high-
lighting gaps and trends, they offer no quantitative performance metrics or reproducible
system designs.

A further limitation observed across nearly all the reviewed studies is the lack of
transparency and reproducibility in their configuration processes. None of them provided
complete step-by-step configuration details of their IEC 61850-based systems, which makes
it difficult for other researchers or practitioners to replicate their setups. In contrast,
the present work includes fully documented configuration procedures, such as detailed
terminal aliasing tables, instrument transformer ratio settings, differential and directional
element logic diagrams, and complete IEC 61850 dataset bindings to ensure transparency
and reproducibility. These configuration procedures are presented in Appendices A—C. This
level of detail has not been previously reported and represents a significant advancement
over prior studies.

Additionally, most of the reviewed works used simplified test systems at the distri-
bution level, whereas the present study was performed on a realistic transmission-level
IEEE 9-bus system integrated with a large-scale wind power plant (LSWPP). This allowed
evaluation of protection and monitoring behavior under conditions that are much closer to
those found in actual high-voltage substations.

To clearly position the present work in relation to prior studies, Table 9 has been ex-
panded to include the additional studies cited in the introduction and literature review, and
compares them across key aspects such as real-time monitoring, real-time HIL validation,
adaptive logic, CT/VT selection based on IEEE/IEC standards, configuration transparency,
type of system used, and reported trip times.

As reflected in Table 9, most of the reviewed IEC 61850-based studies either concen-
trated on specific protection algorithms or on isolated aspects such as interoperability,
communication modeling, or HIL-based testing, but none combined real-time monitoring
of analog electrical and mechanical signals with protection validation on actual hardware,
comprehensive configuration transparency, and a realistic transmission-level system model.
Even the few studies that performed HIL testing, such as [9,10,18,19,24], focused only
on protection behavior and used simplified distribution-level systems without providing
reproducible configuration procedures.

This clearly demonstrates that the present work is the first to integrate a real-time IEC
61850-based monitoring framework, adaptive busbar differential protection, IEEE/IEC
standards-based CT/VT selection, full configuration transparency, and a transmission-level
test system into a single hardware-validated framework within a renewable-integrated
grid, addressing a long-standing gap in the literature.
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6.5. Scalability and Interoperability Considerations

It is acknowledged that the current HIL setup is based on an IEEE 9-bus system
integrated with a single large-scale wind power plant, which represents a simplified
test environment. However, the proposed framework was intentionally designed using
modular IEC 61850 logical node structures, GOOSE-based peer-to-peer communication,
and standardized ICD/SCD configuration files. These features inherently support the
addition of multiple busbar zones, feeder bays, and PCCs without altering the underlying
logic. Moreover, the use of vendor-neutral IEC 61850 data models enables future extension
to multivendor intelligent electronic devices (IEDs), which is essential for realistic utility-
scale substations. These design attributes indicate that the proposed framework can be
scaled to larger and more complex networks in future studies.

7. Conclusions and Future Work

Based on the outcomes of this study, several future research directions are planned
to further enhance and extend the developed IEC 61850-based monitoring and protection
framework for large-scale renewable-integrated power systems.

It is acknowledged that the current fault clearance times (606.667 ms and 706.667 ms)
are longer than typical field values (~100 ms) due to additional processing and communica-
tion delays in the hardware-in-the-loop setup, and future work will aim to reduce these
times through optimization of the test platform and relay logic.

7.1. Adaptive Logic Refinement

Future work will focus on enhancing the adaptive protection logic implemented in
the SEL-487B relay. This will include refining the automatic transition between Group
1 and Group 2 settings based on real-time system loading conditions and introducing
automatic reversion to Group 1 settings once load returns to normal. This refinement
will be tested through staged scenarios involving load variations, feeder switching, and
temporary islanding/reconnection events to confirm its stability and responsiveness under
dynamic network conditions.

7.2. Integration of Grid-Forming Inverters

The proposed framework will be expanded to incorporate grid-forming inverter (GFM)
models within the RTDS-simulated network. This will allow assessment of how GFMs
contribute to fault ride-through capability, system inertia, and frequency support during
disturbances in renewable-integrated systems. Evaluating the protection system’s behavior
in the presence of GFMs will help establish its applicability to future grids with high
inverter-based resource penetration.

7.3. Cybersecurity and Resilience Testing

The current HIL testbed will be extended to evaluate the resilience of IEC 61850-based
systems against cyberattacks, in line with IEC 62351 requirements. This will involve in-
jecting faulty or delayed GOOSE and sampled value (SV) messages, message dropouts,
and denial-of-service conditions into the communication layer to simulate compromised
network scenarios. These experiments will help develop and validate cybersecurity coun-
termeasures and intrusion detection strategies for substation automation systems.

7.4. Development of a Coordinated Monitoring—Operation—Protection (MOP) Control Method

Building on Case Study 1, which demonstrated real-time monitoring of electrical
and mechanical signals through IEC 61850 GOOSE messaging, future work will develop a
coordinated control framework that integrates monitoring, operation, and protection (MOP)
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functions on the same platform. The currently monitored signals (and additional required
measurements) will be used to design automated control logic for supervising system
operating states, issuing control actions, and coordinating protection schemes. This will
transform the present system from a protection-only configuration into a comprehensive
intelligent substation control solution for renewable-integrated power grids.
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Appendix A. Detailed Monitoring and Protection System Design

Table Al. Aliasing of relay elements, current terminals, busbar zone elements, etc.

Element Name Original Description Alias Name Customized Description
101 Terminal 01 Current IR1 Red phase terminal current 1
102 Terminal 02 Current IY1l Yellow phase terminal current 1
103 Terminal 03 Current IB1 Blue phase terminal current 1
104 Terminal 04 Current IR2 Red phase terminal current 2
105 Terminal 05 Current IY2 Yellow phase terminal current 2
106 Terminal 06 Current 1B2 Blue phase terminal current 2
107 Terminal 07 Current IR3 Red phase terminal current 3
108 Terminal 08 Current IY3 Yellow phase terminal current 3
109 Terminal 09 Current IB3 Blue phase terminal current 3
110 Terminal 10 Current IR4 Red phase terminal current 4
111 Terminal 11 Current Iy4 Yellow phase terminal current 4
112 Terminal 12 Current 1B4 Blue phase terminal current 4
BZ1 Bus-Zone 1 DIFF_R Red phase differential element
Bz2 Bus-Zone 2 DIFE_Y Yellow phase differential element
BZ3 Bus-Zone 3 DIFF_B Blue phase differential element
P el g Redpue e it
Pa7R2 diffrntil cloment picked e difoentil cloment picked
87R1 Zone 1 restrair}t differential 87RT Red phase instantangous differential
element picked up element tripped
87R2 Zone 2 restraint differential 87YT Yellow phase instantaneous

element picked up differential element tripped
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Table A1. Cont.

Element Name

Original Description

Alias Name

Customized Description

Zone 3 restraint differential

Blue phase instantaneous differential

87R3 element picked up 87BT element tripped
8771 Zone 1 differential element trip 87RZ Red phase differential element trip
8772 Zone 2 differential element trip 87YZ Yellow phase differential element trip
8773 Zone 3 differential element trip 87BZ Blue phase differential element trip
8701 Zone 1 restraint differential 870ORP Red phase restraint differential
operating current above O87P operating current above O87P
8702 Zone 2 restraint differential 870YP Yellow phase restraint differential
operating current above O87P operating current above O87P
8703 Zone 3 restraint differential 870BP Blue phase restraint differential
operating current above O87P operating current above O87P
Zone 1 filtered restrained Red phase filtered restrained
FDIFL differential element picked up FDIFRP differential element picked up
Zone 2 filtered restrained Yellow phase filtered restrained
FDIF2 differential element picked up FDIFYP differential element picked up
Zone 3 filtered restrained Blue phase filtered restrained
FDIFS differential element picked up FDIFBP differential element picked up
50P10 Terminal 10 definite-time 50P10RP Red phase instantaneous overcurrent
overcurrent element element
50P11 Terminal 11 definite-time 50P11YP Yellow phase instantaneous
overcurrent element overcurrent element
50P12 Terminal 12 definite-time 50P12BP Blue phase instantaneous
overcurrent element overcurrent element
50P10T Terminal 10 deflnltg-tlme 50P10RT Red phase deflrute.-tlme overcurrent
overcurrent element timed out element timed out
50P11T Terminal 11 def1n1t§—t1me 50P11YT Yellow phase deflnlfce—tlme
overcurrent element timed out overcurrent element timed out
50P12T Terminal 12 deflmtfe-tlme 50P12BT Blue phase defmltg-tlme overcurrent
overcurrent element timed out element timed out
5G1 Settings group 1 active GRPISET Group 1 settings active
5G2 Settings group 2 active GRP2SET Group 2 settings active

Table A2. Mapping of specific current terminals to relevant busbar zone elements. DIFF_R, DIFE_Y,
and DIFF_B represent differential elements for Red, Yellow, and Blue phases.

Relay Terminals

Bus Zone Elements

IR1 (red phase

101 Terminal 01 current .
terminal current 1)
104 Terminal 04 current IRZ. (red phase
terminal current 2)
107 Terminal 07 current IR? (red phase
terminal current 3)
110 Terminal 10 current IR4 (red phase

terminal current 4)

BZ1

DIFF_R (red phase

Bus-Zone 1 differential element)
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Table A2. Cont.

Relay Terminals Bus Zone Elements
102 Terminal 02 current Y1 (yellow phase
terminal current 1)
105 Terminal 05 current [Y2 (.yellow phase
terminal current 2) DIFE_Y (yellow phase
BZ2 Bus-Zone 2 - Wyerow P
IY3 (yellow phase differential element)
108 Terminal 08 current Y’ p
terminal current 3)
111 Terminal 11 current IRA.L (red phase
terminal current 4)
103 Terminal 03 current IBl. (blue phase
terminal current 1)
106 Terminal 06 current IBZ. (blue phase
terminal current 2) DIFF_B (blue phase
BZ3 Bus-Zone 3 diff -
) IB3 (blue phase ifferential element)
109 Terminal 09 current .
terminal current 3)
112 Terminal 12 current IR4 (red phase

terminal current 4)

CABIHD |2R|CO | R | e | ol |2E

> -0 Adarns Potential Transformer Ratios
> - O Global
v - O Group1 PTR1 Potential Transformer Ratio -V01
v - O Zone Configuration 1 4043 Range = 1to 10000
- @ CT and PT Ratios
> + O Teminal Bus-Zone Connections PTR2 Potential Transformer Ratio -V02
> +O Bus To Bus Zone Connections 4043 Range = 1 to 10000
@ Zone Supervision e
O Zone Switching Supervision PTR3 Potential Transformer Ratio -V03
© Zone Open CT Detector 4043 Range = 1 to 10000
i+ Check Zone Supervision _—
> ~© Teminal Check Zone Connections .
‘@ Current Nomalization Factors Current Transformer Ratios
Protection 1 CTRO1 Current Transformer Ratio -I101 CTRO2 Current Transformer Ratio -102
Protection Logic 1 160 Range = 1 to 50000 160 Range = 1 to 50000
i@ Graphical Logic 1 _— _
urrent Transformer Ratio - urrent Transformer Ratio -]
>~ O Group2 CTRO3 Ci t Transformer Ratio -103 CTR04 Ci t Transformer Ratio -104
> ~O Group 3 160 Range = 1 to 50000 160 Range = 1 to 50000
> -O Group 4 S — |
; urrent Transformer Ratio - urrent Transformer Ratio -
) 82'0“92 CTROS Current Transformer Ratio -105 CTR06 Current Transformer Ratio -106
- roup . _
> -@ Automation Logic 160 Range = 1 to 50000 160 Range = 1 to 50000
> - O Output
> g F:;:tuPsanel CTRO7 Current Transformer Ratio -107 CTRO8 Current Transformer Ratio -108
> -@ Repott 160 Range = 1 to 50000 160 Range = 1 to 50000
> @ PortF
> -O Port1 CTRO9 Current Transformer Ratio -109 CTR10 Current Transformer Ratio -110
> -0 Port2 160 Range = 1 to 50000 160 Range = 1 to 50000
> -0 Port3
> -0 Pott5 CTR11 Current Transformer Ratio -111 CTR12 Current Transformer Ratio -112
> O DNP Map Settings 160 Range = 1 to 50000 160 Range = 1 to 50000
CTR13 Current Transformer Ratio -I13 CTR14 Current Transformer Ratio -114
Part#: 0487B06101ADDXXX7 Zone Config Group 1: CT and PT Ratios Displaying Alias Values [ Settings.rdb ‘

TXD[] RXD[] Disconnected 192.168.1.219 23 Terminal = Telnet File transfer = YModem ‘

Figure A1. SEL-487B Group 1 instrument transformer ratio settings.
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eaBIHG | 2R

0| = |

w @

gy

v

> -0

2000

Group 1

~©O Zone Configuration 1

CT and PT Ratios
Terminal Bus-Zone Connections
Bus To Bus Zone Connections
Zone Supervision
Zone Switching Supervision
Zone Open CT Detector
Check Zone Supervision
Terminal Check Zone Connections
-@ Current Normalization Factors
Protection 1
Protection Logic 1
Graphical Logic 1
oup 2

> -
>

00000000

- Zone Configuration 2
~© Protection 2

- O Protection Logic 2

‘- © Graphical Logic 2

Group 3

Current Normalization Factors

TAPO1 Normalization Factor -101

1,00

TAPO3 Normalization Factor -103

1,00

TAPOS Normalization Factor -105

1,00

TAPO7 Normalization Factor -107
1,00
TAPO9 Normalization Factor -109

1,00

TAP11 Normalization Factor -111

1,00

TAPO2 Normalization Factor -102

1,00

TAPO4 Normalization Factor -104

1,00

TAP06 Normalization Factor -106

1,00

TAP08 Normalization Factor -108
1,00
TAP10 Normalization Factor -110

1,00

TAP12 Normalization Factor -112

1,00

> -0 Group 4

Part#: 0487B06101ADDXXX7 Zone Config Group 1: Current Normalization Factors Displaying Alias Values [ Settings.rdb

TXD[] RXD[] Disconnected 192.168.1.219 23 Terminal = Telnet File transfer = YModem

Figure A2. SEL-487B Group 1 current normalization factor settings (auto-generated from CT ratio values).

Table A3. Summarized configuration settings for SEL-487B Differential and Directional Elements.

Group 1 Group 2
E87SSUP Sensitive Differential Element Y N
Supervision
Sensitive Differential S87P Sensitive Differential Element 10 10
Elements Pickup (PU)
87STPU 87S Timer Pickup Delay (Cyc) 100 100
2 087P Restrained Diff Element Pickup 0.2 01
g (PU) ' ‘
E) EADVS Advanced Settings Y Y
5|
= SLP1 Restrained Slope 1 Percentage 20 15
g Restrained Differential -
£ Elements SLP2 Restrained Slope 2 Percentage 60 50
& RTDI Incr Restrained Current Threshold
A (PU) 0.2 0.1
]
8 OTDI Incr Restrained Current Threshold 0.2 01
@ CZLP1 CZ Restrained Slope 1 Percentage 20 15
[}
?‘QE CZLP2 CZ Restrained Slope 2 Percentage 60 50
Check Zone Restrained CZRTDI CZ Incr Restrained Current 1
Differential Elements Threshold (PU) 02 0.
CZOPDI CZ Incr Restrained Current 0.2 01
Threshold (PU) ’ ’
Phase Directional 50DSP Dir Element O/C Supervision 01 0.05
Elements Pickup (PU) ’ '
Trip Logic TRO1 Trip 1 87RT OR 87YT OR 87BT
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IOPR A

Operating e
Region

Restraining
Region

O87P >
IRTR

Figure A3. Filtered differential element characteristic curve adapted from [31].

Internal Fault
IR1

IREF

Figure A4. Modified directional element logic. Adapted from [31].

Appendix B. Hardware-in-the-Loop Simulation Test Setup on Real-Time
Simulation Computer-Aided Design 2.4

r e

@ Component Parameters for _rtds_CT (m] X
_rtds_CT O }
|
| Name Description Value Unit Min Max
I MAIN DATA |
NAME CT Unit Name CTDLoad1
TRANSFORMER DATA

SIGA A Phase Primary Current Signal Name | IRDLoad1
BURDEN SIGB B Phase Primary Current Signal Name 1IYDLoad1

B1,H1 .. BIOH10 SIGC C Phase Primary Current Signal Name I1BDLoad1

F Frequency 50 Hz 0
P-LOSS DATA
DE Core characteristics data entry BH A
MONITORING "
csa Cross-sectional Area 6.5e-3 mA2 0.0 100
SIGNAL NAMES PLen Path Length 0.5 m 00 100
PRE-PROCESSOR VARIABLE ( PPV) SELECTION |FLXRS ~ Enable Flux Reset? N b4
ENRMN  Enable The Initial Remanence? No ~
PPV NAMES
FIT BH Curve Fitting Algorithm Least Squre 7
PPV MAXIMUM VALUES
ctriGrp  Assigned Control Group 2 1 54
CONFIGURATION Pri Priority Level 2 i
AUTO-NAMING SETTINGS
Cancel Cancel All

Figure A5. Main data parameter settings for CTDLoad1. IRDLoad1, IYDLoad1, and IBDLoad1 are
CT primary terminal current signals mapped from the line LineDLoad1 supplying the load.
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G Component Parameters for _rtds_CT O X
_rtds_CT @
Name Description Value Unit Min Max
MAIN DATA 7
Rs Secondary Side Resistance 041 Ohms 0.0
[
Ls Secondary Side Inductance | 0 ‘ H 0.0
BURDEN Ratio  Turns ratio 160 ‘ 0
21 U1 RINUIN
( » )

| cancel | | cancelau |

Figure A6. Secondary winding series resistance and the primary winding turns ratio settings for

CTDLoad1.
@ Component Parameters for _rtds_CT (m} X
_rtds CT @
Name Description Value Unit Min Max
MAIN DATA
Bmon Monitor Magnetizing Flux? Flux (Wb) v
TRANSFORMER DATA . -
Hmon Monitor Magnetizing Current? Imag (A) ~
BURDEN Vmon Monitor Burden Voltage? Yes %
B1.H1..B10H10 group3ph  Place all monitored signals in one group?
P-LOSS DATA
MONITORING
(\' » \,/
1 OK ] l Cancel ‘ ‘ Cancel All [
Figure A7. Various current transformer analog signals are set for monitoring.
@ Component Parameters for _rtds_CT o X
_rtds_CT @
Name Description Value Unit | Min Max
MAIN DATA
IburA A Phase Burden Current Signal Name CTDLoad1IRSec
TRANSFORMER DATA I
IburB B Phase Burden Current Signal Name CTDLoad11YSec
BURDEN lburC  CPhase Burden Current Signal Name | CTDLoad1IBSec
B1H1..BI0H10 FluxA A Phase Magnetizing Flux FluxCTDLoad1IR
FluxB B Phase Magnetizing Flux FluxCTDLoad11Y
P-LOSS DATA
FluxC C Phase Magnetizing Flux FluxCTDLoad11B
MONITORING [
HmagA A Phase Magnetizing Current IMagCTDLoad1IR
SIGNAL NAMES HmagB B Phase Magnetizing Current | IMagCTDLoad11Y
PRE-PROCESSOR VARIABLE ( PPV ) SELECTION HmagC  C Phase Magnetizing Current IMagCTDLoad 118
VburdA A Phase Burden Voltage Signal Name VBurdCTDLoad1IR
PPV NAMES
VburdB B Phase Burden Voltage Signal Name VBurdCTDLoad11Y
PPV MAXIMUM VALUES
C Phase Burden Voltage Signal Name | VBurdCTDLoad1IB

( >

- VburdC

OK ’ Cancel HCanceIAII

Figure A8. Signal monitoring settings for CTDLoad1.
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o Component Parameters for _rtds_CT O X
_rtds_CT @
Name | Description Value Unit = Min Max
MAIN DATA ‘
Rbi Burden series resistance 0 Ohms 0.0
TRANSFORMER DATA A ™ |
Lbi Burden series inductance 0 H 0.0
BURDEN
¢ > )
oK I Cancel } { Cancel All

Figure A9. Settings for the burden resistance of the CTDLoad]1.

(0 Component Parameters for _rtds CVT O X ]
_rtds_CVT
Name Description Value Unit Min Max
MAIN DATA

VA A Phase Voltage Signal VRBus2

Sl o i VB B Phase Voltage Signal VYBus2
TRANSFORMER DATA vC C Phase Voltage Signal = VBBus2

»
Cancel Cancel All

Figure A10. Capacitor voltage transformer input signal names. VRBus2, VYBus2, and VBBus2 are
voltage signals mapped from Bus2.

o Component Parameters for _rtds_CVT (] X
_rtds_CVT O
Name Description Value Unit Min Max
MAIN DATA
NVBA A Phase Burden Voltage Signal Name = VRSecBus2

Al el NVBB B Phase Burden Voltage Signal Name VYSecBus2

TRANSFORMER DATA NVBC C Phase Burden Voltage Signal Name = VBSecBus2

BURDEN NBmona A Phase Magnetizing Flux FluxA

NBmonb B Phase Magnetizing Flux
FERRO-RESONANCE FILTER

NBmonc  C Phase Magnetizing Flux FluxC
B1H1..B10H10
NHmona A Phase Magnetizing Current

P-LOSS DATA NHmonb B Phase Magnetizing Current

NHmonc  C Phase Magnetizing Current

Cancel Cancel All

Figure A11. Capacitor voltage transformer output signal names.
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Figure A12. GTAOI configured for sampling CT1, CT2, and CVT signals. The input signals to GTAO1
are taken from the secondary sides of the CTs and CVT. Numbers 1-9 in the figure indicate the GTAO1
output channels activated and mapped to the corresponding CT and CVT signals.
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Figure A13. GTAO2 configured for sampling CTWPP and CTDLoad1 signals. The input signals to
GTAQ?2 are taken from the secondary sides of the CTs. Numbers 1-6 in the figure indicate the GTAO2
output channels activated and mapped to the respective CT signals.
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Appendix C. IEC 61850 Standard Communication and HIL Setup

[} RSCAD FX - IEC 61850 IED Configuration Tool ver 2.2.1
File Project Library Preferences Help

Draft Components DataModel

v /i\ 9_Bus_System_Automation (Project) LN Class Database

v - [CMPNT] GTNET1 i
Library LN Search

v i [ IED ] WTGU13_Monitoring_IlED
= IEC_61850_STD v MMXU (Measurement) v
DataModel

i Subscriptions LN Template Editor

Prefix LnClass Class Schema

Description

> Publishing

(5

PresCond Qty CtiModel
¥V External Publishing IEDs

(Project cont.)

Reset DO Config

Included Schema Support Classes

Figure A14. Data model configuration. MMXU measurement Logical Node selected.
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CtiIModel

Reset DO Config

1ED Model
| Enable LGOS +L
Model TID Prefix Name / LnClass Inst |
¥ [IED] WTGU13_Monitoring_|lED WTGU13_Monitoring_IED RTDS 61850 GOOS
[LNO] LLNO 11 LLNO
[LN] ObjOLPHDO 12 Cbj0  LPHD 0
[LN] MMXU1 13 MMXU 1 Measurement
[LN] MMXU2 13 MMXU 2 Measurement
[LN] MMXU3 13 MMXU 3 Measurement
[LN] MMXU4 13 MMXU 4 Measurement
[LN] MMXU5 13 MMXU 5 Measurement
[LN] MMXU6 13 MMXU 6 Measurement
[LN] MMXU7 13 MMXU 7 Measurement
[LN] MMXUS8 13 MMXU 8 Measurement
[LN] MMXU9 13 MMXU 9 Measurement
<

LN Templates Manager

[11] LLNO* - NamPlt, Beh, Health, LocKey, Loc, Mod, LocSta, Diag, LEDRs, MitLev
[12] ObjOLPHD* - Beh, Mod, PhyNam, PhyHealth, Proxy, Sim
[13] MMXU - Beh, TotW

Figure A15. Measurement Logical Node selected nine times for transport of nine signals to monitor
from WTGU13.

Draft Components DataModel
v & 9 _Bus_System_Automation (Project) Binding Address Configuration
¥ - [CMPNT] GTNET1 DA Name Direction*
v /I, [1ED] WTGU13_Monitoring_IED ¥ Model

. DataModel
/) Subscriptions

» /i, Publishing

¥V External Publishing IEDs

(Project cont.)

v |ED - WTGU13_Monitoring_IED
¥ AccessPoint
¥ LDevice - Mon_LD
LNO - LLNO
LN - ObjOLPHDO
LN - MMXU1
LN - MMXU2
LN - MMXU3
LN - MMXU4
LN - MMXU5
LN - MMXU6
LN - MMXU7
LN - MMXU8
LN - MMXU9

Wi ¥V EVE ¥ AVa 'V

v V) ¥ BVA V¥

Figure A16. Part 1. Binding of nine datasets to the selected signals to monitor from the WTGU13.
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DataModel
Binding Address Configuration
DA Name Direction® 10 Name Bit Mapping
¥ Model
v |ED - WTGU13_Monitoring_IED
¥ AccessPoint

¥ LDevice - Mon_LD

> LNO - LLNO
» LN - ObjOLPHDO
¥ LN - MMXU1
» DO -Beh
¥ DO - TotW
> DA - instMag
¥ DA - mag
DA -i disabled - not applicabl...
DA -f output WTG13TransVSecPUV - not applicabl...
DA - range disabled - not applicabl...
DA-q disabled 0
DA -t disabled - not applicabl...
DA - blkEna disabled 0
» DA - units
DA - db disabled - not applicabl...
DA - zeroDb disabled - not applicabl...
» DA-sVC
» DA - rangeC
DA - smpRate disabled - not applicabl...
DA - dbRef disabled - not applicabl...

W IED Model DOl 10 Summary

Figure A17. Part 2. Binding of nine datasets to the selected signals to monitor from the WTGU13.
WTG13TransVSecPUYV is a signal for per-unit voltage measurement from the WTGU13 step-up
transformer terminals.
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10 Summary
DataModel Query:

output
input
mms
mms
output
input
mms
mms
output
input
mms
mms
output
input
mms
mms
output
input
mms
mms
output
input
mms
mms
output
mms
input
mms
mms
output
input

v

10 Type

IED Model

None v

Query Specific De...
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none

none

Data Binding

DA Path
WTGU13_Monitoring_IEDMon_LD\MMXU1\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXU2\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXU2\Beh.q
WTGU13_Monitoring_IEDMon_LD\MMXU2\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXU2\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXU3\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXU3\Beh.q
WTGU13_Monitoring_IEDMon_LD\MMXU3\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXU3\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXU4\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXU4\Beh.q
WTGU13_Monitoring_IlEDMon_LD\MMXU4\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXU4\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXUS5\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXU5\Beh.q
WTGU13_Monitoring_IEDMon_LD\MMXU5\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXUS\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXUG6\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXUG6\Beh.q
WTGU13_Monitoring_IEDMon_LD\MMXU6\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXUG\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXU7\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXU7\Beh.q
WTGU13_Monitoring_IEDMon_LD\MMXU7\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXU7\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXU7\TotW.q
WTGU13_Monitoring_IEDMon_LD\MMXU8\Beh.stVal
WTGU13_Monitoring_IEDMon_LD\MMXU8\Beh.q
WTGU13_Monitoring_IEDMon_LD\MMXU8\Beh.t
WTGU13_Monitoring_IEDMon_LD\MMXU8\TotW.mag.f
WTGU13_Monitoring_IEDMon_LD\MMXU9\Beh.stVal

Figure A18. Input output summary of all analog signals to measure from the wind WTGU13 bound

onto nine selected MMXU Logical Nodes.

10 Name
WTG13TransVSecPUV
Mod_Beh_stVal_WTGU13_Monitoring_|lEDMon_LD

WTG13Trans|SeckA
Mod_Beh_stVal_WTGU13_Monitoring_|lEDMon_LD

WTG13P
Mod_Beh_stVal_WTGU13_Monitoring_IEDMon_LD

WTG13Q
Mod_Beh_stVal_WTGU13_Monitoring_IlEDMon_LD

WTG13TransFregR
Mod_Beh_stVal_WTGU13_Monitoring_IEDMon_LD

WTG13TransFreqY
Mod_Beh_stVal_WTGU13_Monitoring_IlEDMon_LD

WTG13TransFreqB
Mod_Beh_stVal_WTGU13_Monitoring_|lEDMon_LD

WTG13RotorSpd9radSsecO
Mod_Beh_stVal_WTGU13_Monitoring_|lEDMon_LD
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DataSet Members

LD LN DO DA IX FC Del
Mon_LD  MMXU1 TotW mag f MX Del
Mon_LD  MMXU2 TotW mag.f MX Del
Mon_LD  MMXU3 TotW mag.f MX Del
Mon_LD  MMXU4 TotW mag.f MX Del
Mon_LD  MMXUS TotW mag.f MX Del
Mon_LD  MMXU6 TotW mag.f MX Del
Mon_LD  MMXU7 TotW mag.f MX Del
Mon_LD MMXUS8 TotW mag.f MX Del
Mon_LD  MMXU9 TotW mag.f MX Del

Figure A19. Data attributes already bound or mapped with MMXU Logical Nodes.

Table A4. List of SEL-487B Logical Nodes used.

Data Source Comment
] Logical Node Attribute Comment based on Comment based on Alias
Element Name  Alias Name . .
Original Element Name Name
Zone 1 restraint differential Red phase instantaneou
87R1 87RT D87RPDIFI ~ Op.general =~ ~O"¢ @ restramt citere Sod phase s eous
element picked up differential element tripped
Zone 2 r int differential ~ Yell hase instantan
87R2 87YT D87RPDIE2 Op.general one 2 restrai .tdl erentia ellow phase 1 sta ta. eous
element picked up differential element tripped
Zone 3 restraint differential Blue phase instantaneous
87R3 87BT D87RPDIF3 Op.general . . ph .
element picked up differential element tripped
| >ﬂ Edit Dataset - (m] X ‘
Name
I DIff_Op_Events
Description
’ PCC Relay Operate Events a
v
IED Data ltems Dataset
Drag-n-drop or right-click on a data item Drag-n-drop or rightclick on a data item to reamrange.
to add it to the dataset on the right. Click column headers to sort.
FC (Functional Constraint) GOOSE Capaciy: 18 of 1261bytes
ST (Status Information) v Data Attributes: 3 of 500
E-@ PCC_Relay ST Data ltems FC Item
@ CFG | ST PRO.D87RPDIF1.0p.general
== PRO
G- LLNO ¥yST  PRO.D87RPDIF2.0p.general
- & DS7RPDIF1
- & Mod
(- & Beh
@ & Health
G- & Str
&~ Op
i B, general
‘B q
: t
@3- &, D87RPDIF2

Figure A20. Selection of datasets for SEL-487B.
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l GOOSE Transmit (Edit) -
LD Message Name (name) Address
CFG y Interface to publish on:
Description (desc) |51—|
Instantaneous differential elements trip a
~ Multicast MAC Address
GOOSE ID (appID) 01-0CCD-01-00-03
PCC_Relay APP ID
0x0003
Configuration Revision (confRev) @) VLAN ID
1 0x003
l MinTime MaxTime V4LAN PRIORITY -
l 4 (ms) 1000 (ms)
Dataset (datSet)
| PCC Relay Operate Events

| I CFG.LLNO.DIff_Op_Events

e Coce

Figure A21. Mapping of datasets for publishing from the SEL-487B.

:@ AcSELerator Architect®*

File Edit Help

©-&# New Project GOOSE Transmit
] PCC_Relay [ Y. Dataset  Description D Interf.. SubNet.. MulticastMACAd.. APP.. VLAND |
@ Diff_ Op_EvDIff Op antaneous d i PCC_Rela b 01-0C-CD-01-00-03 0003 00 ‘
New... Edit... Delete hessagesgplions
Properties I GOOSE Receive IGOOSE Transmit ] Reports | Datasetsl Dead Bands
IED Palette O | | Output o
@ seLsst @ seLssia X Information
@ seLssies @ seLssts Deleting dataset 'CFG.LLNO.DSet10"
Deleting dataset 'CFG.LLNO.DSet11"
E e E e Deleting dataset 'CFG.LLNO.DSet12"
@ seL g0 @ seLanL Deleting dataset 'CFG.LLNO.DSet13'
Deleting dataset 'CFG.LLNO.Ser1"
B seL e B seLsst Deleting dataset 'CFG.LLNO.DSet01"
Renaming |ED from 'PCCRelay' to 'PCC_Relay'
E SEL 4878 E LA Creating dataset 'CFG.LLNO.DIff_Op_Events'
Select |ED to add to the project Creating GOOSE message 'Diff_Op_Events'
| Ready SEL_487B 002 487B-0 8 Pushbuttons

Figure A22. Datasets already mapped for publishing from the SEL-487B.
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| AcSELerator Architect

PCC_Relay
Confirm Network Settings S E L

FTP Address 192.168.1.154 v @

FTP Session Mode: Passive @
Credentials @

Username ACC

Password eeeee

Cancel Back Next > Finish

Figure A23. Preparation for sending a Configured IED Description file to the SEL-487B.

| AcSELerator Architect

PCC_Relay
Send CID File to IED Communications Card S E L

The CID file containing the IEC 61850 configuration is ready to send.
Select the Next button to send the CID file.

Cancel < Back Next > Finish

Figure A24. Configured IED Description file ready to be sent to the SEL-487B.

‘E AcSELerator® QuickSet - [Settings Editor - SEL-487B_2025[modified] (SEL-4878 008 v7.5.1.0)] - ] X
'E File Edit View Communications Tools Windows Help Language - | ] X
OGBIHD | BR| 0O | R|er| el zEa
>-© Port1 a
>-© Port2 IEC 61850 Settings
> ~@ Fatd E61850 Enable IEC 61850 Protocol
v-Q Pots
©_ Host Narmes v s
@ |EC 51850 Configuration |
O UCA EGSE Enable IEC 61850 GSE
@ DNP Protocol Settings Select: Y, N
i > -0 DNP Custom Maps v
> ~O DNP Map Settings
Part#: 0487B06101ADDXXX7 Port 5: IEC 61850 Configuration Displaying Alias Values [ Settings.rdb
TXD[] RXD[C] Disconnected 192.168.1.154 23 Terminal = Telnet File transfer = YModem

Figure A25. Configuration and enabling of an IEC 61850 standard communication in an SEL-487B
using AcSELerator QuickSet.
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ﬁ AcSELerator® QuickSet - [Settings Editor - SEL-751A - Backup2[saved] (SEL-751A 011 v7.5.3.10)]

TXD[] RXD[] Disconnected 192.168.1.154 23 Terminal = Telnet File transfer = YModem

O X
ﬁ File Edit View Communications Tools Windows Help Language A
CGEABRBIHD 2R |00 | R |ler| ol E @
> ~© Under/Over Voltage -
----- © Synchronism Check CFD Close Failure Time Delay (seconds)
@ Power Factor 1,0 Range = 0,0 to 400,0, OFF
i@ Power Elements —————
> -© Frequency TR Trip (SELogic)
~{@ Trip and Close Logic| VB0O1 OR VB002 OR VB003
O Recloser Control
""" © Demand Meter REMTRIP Remote Trip (SELogic)
v -Q Logic 1 0
i O SELogic Enables
Part#: 751A11D1D5X71810230 Group 1: Trip and Close Logic [¥ Settings.rdb

Figure A27. Configuration of an SEL-751A for the use of virtual bits as a trip command for RTDS
virtual circuit breaker logic operation.

.TXDD RXD[] Disconnected 192.168.1.154 23 Terminal = Telnet File transfer = YModem

r 3
ﬁ AcSELerator® QuickSet - [Settings Editor - SEL-751A - Backup2[saved] (SEL-751A 011 v7.5.3.10)] (] X
ﬁ File Edit View Communications Tools Windows Help Language K
CEBIHD 2R 00 | R |ler| ol B @

> «© Under/Over Voltage
----- © Synchronism Check OUT301FS OUT301 Fail-Safe
----- ® ke T— A
---- © Power Elements
> -8 i@quezcao - 0OUT301 (SELogic)
----- rip and Close Logic
_____ © Recioser Control VB001 OR VB002 OR VB003
""" © Demand Meter OUT302FS OUT302Fail-Safe
v O Llogic 1 .
..... @ SELogic Encbies Select: Y, N
----- © SElogic Latch Bits )
----- © SELogic Variables and Timers OUT302 (SELogic)
..... © SELogic Counters VB001 OR VB002 OR VB003
----- © Math Variables
..... © Shot A OUT303FS OUT303 Fail-Safe
----- © SlotD
----- © SltE 0OUT303 (SELogic)
---- O Mimored Bits Transmit SELogic Equa VB001 OR VB002 OR VB003
----- © Graphical Logic 1
> -© Group 2 OUT304FS OUT304 Fail-Safe
>4 T
> - @ Front Panel
; 8 s::‘;:“ OUT304 (SELogic)
>-© Port1 VB001 OR VB002 OR VB003
.~ o Nea
Part®: 751A11D1D5X71810230 Logic 1: Slot C [ Settings.rdb

Figure A28. Mapping of virtual bits to the physical outputs of the SEL-751A for physical interface

with RTDS giga-transceiver front panel interface binary input terminals.
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Ay el = 1

OBW Circuit breaker trip signals
' AL delayed by 300 ms
o LEL B o
BRK 1 TriggerSW Ctrl SR
o LB
FLIP

FLOP |= [}
By o) |>° o "
E’/u&d/0 PRK1

Timer

,BRK2BB
A 1 Cirl = 1 v
e
cul 0 LLL
BRK2 IriggerSW
L
0= FLIP

FLOP |= l___i
R N
E p/u & d/o) BRK2

BRF 11PB Timer
A>| Ctrl = 1 0 v
BRKD)
1
E <

BRKDLoAd1TriggerSW Cud SR
[ ]
0 ﬂ FLIP
' =l FLOP |5 [ 2
N D pfu & dfol  BRKDI vad1

EF APPPB N Timer
e Cirl = 1 0 m v
W e B
el BT e
BRK\q.'Pﬁ gersw < £
o L FUP

Diff Trip BRKWPP ol FLOP |z [}
= Q—{ So——3 )
= p/ud&d/ol  gakwep

o

Diff_Irip_BRKDLoad Times
Diff_Trip_BRK2 L R
- = Y0 Panel GTFPI

Diﬁ_Trig_B RK1 — &lj Diff T ri%_ Events %
0
W 16

Card=1
Port =2
—

Figure A29. Circuit breaker control logic for interface with SEL-751A device via giga-transceiver
front panel interface card on RTDS.
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