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ABSTRACT The modern bulk power system operation is complex and dynamic, with rapidly increasing
inverter-based resources and active distribution systems. Therefore, high-speed monitoring is required to
operate the power system reliably and efficiently. Transmission network topology processing (TNTP)
is vital in power system control. Today’s TNTP is based on supervisory control and data acquisition
(SCADA) system monitoring of relay signals (SMRS). Due to the slow data communication rate, SMRS
cannot efficiently support the modern bulk power system’s energy management system (EMS) functions.
In this study, a physics-based hierarchical TNTP (H-TNTP) approach based solely on node voltages and
branch currents measurements is proposed utilizing artificial intelligence algorithms. H-TNTP includes
the identification of substation configuration. The reliability of the H-TNTP is guaranteed by the design
with inherent verification. If required, H-TNTP is capable of operating concurrently with the TNTP-SMRS.
A power system with solar photovoltaic (PV) plants is utilized as a test system to illustrate the proposed
H-TNTP approach. Results indicate that H-TNTP is fast with synchrophasor measurements. Furthermore,
to demonstrate the application of the reliable and fast TNTP approach in EMSs, fast automatic generation
control (AGC) during contingencies is studied. Typical results show that fast reconfiguration of AGC modes
and dispatch factors leads to better frequency regulation.

INDEX TERMS Artificial intelligence, reconfigurable automatic generation control, substation configura-
tion identification, transmission network topology processor.

NOMENCLATURE DBDBA Double bus double breaker arrangement.
AGC Automatic generation control. DER Distributed energy resources.
Al Artificial intelligence. DR Demand response.
AS Area separation. ECC Energy control center.
B Input layer bias. EMS Energy management system.
B, Hidden layer bias. EV Electrical vehicle.
BBM Bus-branch mode. FA Functional arrangement.
BCM Branch connectivity matrix. H-TNTP Hierarchical transmission network
BHA Breaker and half arrangement. topology processing.
Cl Configuration identification. H-TNTP-PMU  Synchrophasor based hierarchical trans-
CIM Common information model. mission network topology processing.
DBSBA  Double bus single breaker arrangement. ICCP Inter-control center communications
protocol.
The associate editor coordinating the review of this manuscript and LDM Logical decision-making.
approving it for publication was Cuo Zhang . LSE Linear state estimator.
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Main and transfer bus arrangement.
Node-branch mode.

Node connectivity matrix.

Network-level processing.

Neural network.

i plant outage.

Photovoltaic.

Ring bus arrangement.

Real-Time Digital Simulator.

Remote terminal unit.

Single bus arrangement.

Single-neuron binary classifier neural net-
work.

Supervisory control and data acquisition.
Substation-level processing.

Supervisory control and data acquisition
system monitoring of relay signals.
State-of-the-art.
Transmission
protocol.
Transmission network topology process-
ing.

Supervisory control and data acquisition
system monitoring of relay signal based
transmission network topology processing.
Participation factor for Plant i.

Tie-line power flow difference from the
reference value.

Total power adjustment required.

i power plant power adjustment required.
Control trigger delay for the event by
SCADA compared to PMU (Scenario 1).
Control trigger delay for the event by PMU
compared to SCADA (Scenario 2).

PMU data rate.

SCADA data rate.

Balancing authority’s bias factor.

i branch connectivity status.

Area control error.

i node isolation status.

i and j nodes connectivity status.
Frequency measured at the substation 7.
i branch currents.

i branch current threshold.

Proportional gain.

Power measured at the substation i for tie-
line flow.

Tie-line power flow reference value.
Power flow of Line at tstop.

Power flow of Line at ¢.

Node voltage measurement tolerance.
Time constant.

Latency in communicating the measure-
ments from the PMUs/SCADA to the
remote server.

control  protocol/internet

Temn Latency in communicating the reconfigu-
ration trigger signal from the remote server
to the AGC.

Tcp Computational latency.

Tcp Computational latency for updating the
TNTP using either the TNTP-SMRS or
H-TNTP-PMU approaches.

Tcp2 Computational latency for identifying the
outage and initiating the reconfiguration
trigger signal based on the updated TNTP.

TEPrine  Transient energy of the Line power flow.

tstart Start time of the selected time window.

tstop End time of the selected time window.

v j™ node voltages.
Vithreshjy j™ node voltage threshold.

I. INTRODUCTION

Transmission network topology processing (TNTP) identifies
the transmission network components’ connectivity at the
energy control center (ECC). The TNTP is the basis for
multiple energy management system (EMS) applications,
including operational, security [1], [2], [3], and electricity
market [4], [5]. The state-of-the-art (SOTA) TNTP utilizes
supervisory control and data acquisition (SCADA) based
monitoring of relay signals (SMRS). SMRS is collected
by the remote terminal units (RTUs) in substations [6]
and telemeter through transmission control protocol/internet
protocol (TCP/IP) or inter-control center communications
protocol (ICCP) [7]. SMRS-based SOTA TNTP (TNTP-
SMRS) can only update the network topology at around
2-5s [8]. Initially, in the TNTP-SMRS process, the breaker
statuses are used to build the node-branch model (NBM),
which is translated to the dynamic network bus-branch model
(BBM) after excluding zero or near-zero impedance branches
from the NBM [9]. The EMS operational applications use
network BBM as the fundamental topology of the network.
More details on TNTP and usage in power system operation
can be found in [10].

The modern power system is evolving rapidly. The bulk
power system is integrated with grid-connected inverter-
based resources such as solar photovoltaic (PV) and wind.
The aggregated effect of the active distribution systems,
including the rapid integration of distributed energy resources
(DER), the introduction of demand response (DR) programs,
the rapid growth of commercialized electrical vehicles
(EVs), and the integration of microgrids is reflected at
the substations, which eventually influence the transmission
network operation. The modern power system transmission
network is highly dynamic due to these power system
upgrades [11]. Furthermore, flexible network reconfiguration
is preferred in the modern bulk power system [12]. Thus,
reliable and fast TNTP is essential for modern power system
operation and control. EMS applications based on TNTP,
such as state estimation [13], security-constrained dynamic
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FIGURE 1. The proposed three-level hierarchical TNTP (H-TNTP) approach considering substation m as an example.

optimal power flow [14], and automatic generation control
(AGC), a faster TNTP approach is favorable.
The main contributions of this paper are:

o A literature review on TNTP is presented, identifying
the shortcomings of the current SOTA and alternative
approaches proposed by other researchers.

o An efficient and reliable three-level hierarchical TNTP
(H-TNTP) approach is proposed using artificial intel-
ligence algorithms, as shown in Fig. 1. This integrates
substation configuration identification (CI) of all typical
substation arrangements derived from branch current
and node voltage measurement.

o Fast frequency regulations by AGC reconfiguration
based on the proposed H-TNTP for contingencies is
illustrated. Typical results are presented for the proposed
AGC reconfiguration compared to the SOTA.

The rest of the paper is organized as follows: Section II
presents a literature review on TNTP. Section III briefly
overviews different substation arrangements and the mod-
ified two-area four-machine power system test model.
Section IV elaborates on the methodology of the proposed
H-TNTP approach. Typical results for topology process-
ing and the performance improvement achieved with the
H-TNTP-PMU based fast AGC reconfiguration are demon-
strated in Section V. The conclusion and future directions are
provided in Section V1.

Il. CURRENT AND PROPOSED WORK

A. SOTA TNTP

A review of the SOTA TNTP and the available literature is
presented in [7] and [15], which analyzes the shortcomings
of the available literature and the TNTP-SMRS approach.
The review emphasizes the following main issues: the
inefficiency of the TNTP-SMRS method, the absence of a
complete approach for topology processing in the literature,
a limited number of studies that have considered substation
arrangements in the proposed approaches, and the insuffi-
ciency of robustness. H-TNTP effectively ventures all the
previously mentioned concerns. It presents a comprehensive
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topology processing architecture encompassing all typically
used substation arrangements. Moreover, H-TNTP utilizes
synchrophasor network (H-TNTP-PMU) to establish an
efficient and reliable TNTP.

Verification of TNTP-SMRS based on the state estimation
outcomes is proposed in [16], [18], and [28], which
is a feedback approach that annexes further unfavorable
delays to the inefficient TNTP-SMRS. In H-TNTP, inherent
verification is conducted along with the TNTP procedure.
Topology processing with a fuzzy c-means algorithm using
line flows and power injection quantities is presented in [17].
The proposed approach presented in [17] adopts pattern
recognition training to identify the topology changes, which
can be computationally demanding for a relatively simple
problem. H-TNTP employs straightforward, intelligent mod-
ules at the primary level of the procedure to understand node
and branch connectivity within substations. By utilizing com-
putationally light techniques, H-TNTP significantly reduces
computational time, allowing the establishment of future
H-TNTP-based comprehensive applications under the data
sampling rate. Real-time TNTP based on new circuit breaker
monitoring architecture is proposed in [19]. Upgrading
the substations with new communication infrastructure is
costly and time-consuming, which is not required in the
H-TNTP. H-TNTP utilizes existing node voltage and branch
current measurements through synchrophasor, telemetered
analog measurements from RTUs or synchronized point-
on-wave data. A new algorithm to analyze the topology
utilizing PMU measurements is proposed in [20], which
relies on TNTP-SMRS that introduces the same limita-
tions. Common information model (CIM) based software
application developed for TNTP presented in [21] is based
on the standard SCADA telemetry as the data source and
proposed new cyber model for TNTP. In comparison, the
H-TNTP focused on the power system’s existing teleme-
try infrastructure and cyberinfrastructure to derive robust
TNTP in a similar format to the SOTA, which allows
straightforward integration to the EMS. The use of PMU
measurements to derive topology for implementing a linear
state estimator (LSE) was studied in [22], where the test
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TABLE 1. Topology processing literature review summary.

Reference Modification Data source Approach
Index (Year) Comprehensive
Software | Hardware | SCADA | Synchrophasor | Alternative (Levels in Fig.1) Complexity | Robust | Verification Speed
1 2 3
[16] . ] . ] . High ]
1 (2004) Yes No No No Yes Yes | Yes | Yes (Classical) Yes Medium
[17] Medium
2 (2005) Yes No Yes No No No No | Yes (Al-based) Yes Low
[18] ) ) . ] ] High ]
3 (2006) Yes No No No Yes Yes | Yes | Yes (Classical) Yes -
[19] Medium
4 (2006) Yes Yes No No Yes Yes | Yes | Yes (Classical) - -
[20] . Medium
5 (2010) Yes No Yes Yes No Yes | Yes | Yes (Classical) - - Low
[21] Medium
6 ©011) Yes No Yes No No No No Yes (Classical) - - Low
[22] Low
7 013) Yes Yes No Yes No Yes | Yes | Yes (Classical) Yes -
[23] Medium
8 (2014 Yes No Yes No No Yes | Yes | Yes (Classical) - - Low
[24] High
9 (2014) Yes No No Yes No No No | Yes (Classical) - -
[25] . . . . . Medium
10 (2017) Yes No Yes No No Yes | Yes | Yes (Classical) - - Low
[26] High
11 (2020) Yes No No No Yes Yes | Yes | Yes (Classical) - - Low
[27] High .
12 021 Yes No Yes No No No No Yes (Al-based) Yes Low
[28] High
13 2022) Yes No No No Yes Yes | Yes | Yes (Classical) Yes -
14 TNTP-SMRS No No Yes No No Yes | Yes | Yes LOW - - Low
(Classical)
Low .
15 H-TNTP-PMU Yes No No Yes No Yes | Yes | Yes (Al-based) Yes Yes High

"Yes" indicates that literature is satisfying the considering property, "No" indicates it is not satisfying, and "-" indicates indeterminate with the information

available.

system uses the breaker status as a digital input to the
PMU. Digital inputs in the PMUs will require additional
communication network upgrades from RTUs to PMUs in
the substation. An efficient topology processing for state
estimation proposed in [23] is based on SMRS. The use
of SMRS still limits the speed of TNTP and neglects the
possibility of equipment malfunctions in the substations. H-
TNTP is a physics-based approach that is unsusceptible to
equipment malfunctions. A topology estimation approach
utilizing log-spline copulas established with Monte Carlo
simulations with PMU measurements is presented in [24].
This study did not consider substation arrangements, sim-
plifying the topology estimation problem to branch outage
detection. H-TNTP considers all typically used substation
arrangements, allowing topology processing under different
substations’ dynamic configurations. The paper [25] studies
network topology processing at the substation level (SLP)
using SMRS. Subsequently, the SLP is integrated into
network-level processing (NLP). In comparison, the H-TNTP
procedure adopts an extended, comprehensive three-level
structure and intentionally avoids using SMRS to overcome
its associated shortcomings. An optimal network topology
processing considering power flow constraints is presented
in [26]. In this approach, the computation process is rigorous,
which will delay the topology processing. Furthermore,
the paper presents complete results for a breaker and half
arranged substation as an example. It is crucial to present

VOLUME 11, 2023

the results for all typically used substation arrangements.
Knowledge graph and graph neural network-based power
system network topology identification presented in [27]
has overlooked the substation arrangements, leading to a
simplified topology processing problem focused solely on
branch status identification. Nevertheless, this assumption
of assuming a substation as a single node in modern power
system operation is not acceptable. Substation configuration
plays a crucial role in utility operations for controlling power
flow, network reconfiguration, and enabling network splitting
and islanding.

A summarized qualitative literature comparison with
SOTA and the H-TNTP-PMU is organized chronologically in
Table 1. All literature proposed approaches are investigated
for the required “Modification” in the power system under
the “Software” and ‘“‘Hardware” categories. The ‘“‘Data
source”’ implies the method used to provide the required
input data/measurement for the approach. The source of
data can be from fundamental telemetry sources such as
“SCADA,” “Synchrophasor,” or “Alternative’” data sources
such as virtual sources (state estimation output) or dedicated
network communications. The approaches are investigated
further under comprehensiveness and complexity. “Compre-
hensive” denotes the approach proposed as a complete TNTP
tool or a sublevel of the TNTP according to the three levels
of the H-TNTP as shown in Fig. 1. “Complexity” describes
the algorithm complexity level of the proposed approach and
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FIGURE 2. Efficiency comparison of control actions based on H-TNTP-PMU and TNTP-SMRST approaches considering the uncertainty of the event

occurrence instant on the timeline.

distinguishes between “Al-based” or “Classical” (non-Al)
approach. Furthermore, “Robust” indicates whether the
approach is performed as intended under breaker/manual
switch/relay malfunctions, cyber/physical attacks, or false
manual switch operations caused by human errors. All
proposed approaches were examined regarding incorporating
a validation procedure under the title ““Verification.” The
“speed” in Table 1 refers to the overall estimated time
taken by the different approaches based on the type of
communication method used and the computational overhead
of the algorithm deployed.

B. PROPOSED TNTP

The proposed H-TNTP addresses the limitations discussed in
the existing literature by introducing a hierarchical structure
for enhanced scalability. This innovative framework can
integrate with telemeter technologies, including synchropha-
sor, analog measurements through SCADA or synchronized
point-on-wave data that provides branch current and node
voltage measurements. The reliability of the H-TNTP is
ensured via in-built verification, which avoids erroneous
results. Since the proposed approach is based on the physics
of electrical circuits, manual switch (isolators) operations
in the substations are included in TNTP by default. More-
over, unlike TNTP-SMRS, a malfunctioning breaker/manual
switch/relay will not lead to incorrect topology in H-TNTP.
Thus, the reliability of TNTP is improved. Artificial intel-
ligence (AI) algorithms are utilized for decision-making.
H-TNTP adapts all typically used substation arrangements,
ensuring its practical applicability.

H-TNTP updates network BBM in every measurement
frame. PMUs measure voltage and current phasors at a higher
frequency (typically at 30Hz) than SCADA (typically every
2s-5s), which supports the establishment of a fast TNTP. Due
to the uncertainty of when the network topology may change,
two possible scenarios in the topology identification-based
flow can be defined, as shown in Fig. 2. The occurrence of
Scenario 1 is more common since the PMU measurement
rate is at least 60 times higher than the SCADA rate. The
maximum delay of the PMU-based command trigger for
Scenario 2 compared to the SCADA-based command trigger
(ATEyent_s2) 1s the PMU measurement rate (33.33ms at
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30Hz). The maximum delay of the SCADA-based command
trigger for Scenario 1 compared to the PMU-based command
trigger (ATEyen:_s1) s high as the SCADA measurement rate
(around 2s), which further justifies the use of synchrophasor
measurements for fast H-TNTP.

Ill. POWER SYSTEM WITH SUBSTATION
ARRANGEMENTS
Transmission network topology processing is solely based
on the substation arrangement. The modified two-area
four-machine power system model with all typically used
substation arrangements is shown in Fig. 3. Substation
configurations are summarized in Table 2. The model
consists of four conventional power generation plants and
two PV plants. Plant 1, with three 300MVA generators,
is connected to Substation 5. Plant 2, with 5S00MVA and
400MVA generators, is connected to Substation 6. Plant 3,
with three 300M VA generators, is connected to Substation 11,
and Plant 4, with two 450MVA generators, is connected
to Substation 10. Each solar PV plant is rated at 600MW.
PMUs are installed in each substation to measure the
node voltages and branch currents. Thus, current phasor
measurements of each branch connecting to any substation
and node voltages are available at the substation control
room and the ECC. Substations in the transmission network
are configured for different arrangements. All conventional
generators are configured with turbine governors, automatic
voltage regulators, and power system stabilizers. Both Area 1
and Area 2 in the model are configured with reconfigurable
AGCs. The simulation is carried out using the RSCAD
software on the Real-Time Digital Simulator (RTDS) [30].
RSCAD software PMUs are utilized for this study.
Substations are used to control the connectivity of the
power system components. Substation CI depends on the
substation’s designed arrangement. Single bus arrangement
(SBA) is the fundamental arrangement type. The reliability of
SBA is low due to a lack of redundancy under breaker, isolator
failure, or bus fault. All the branches are directly connected
to a single bus through a circuit breaker and an isolator. Main
and transfer bus arrangement (MTBA) is designed to connect
all branches between the main and transfer buses. At any point
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FIGURE 3. Modified two-area four-machine power system model with substation arrangements [29] and reconfigurable automatic generation controls
(AGCs).

TABLE 2. Modified two-area four-machine power system model substation configuration summary.

Substation ID | Substation type | Branches | Breakers | Isolators PMU measurements
Voltage Current

5G SBA 2 2 2 1 2
5 RBA 4 4 8 4 4
5L SBA 2 2 2 1 2
6G SBA 2 2 2 1 2
6 SBA 6 6 6 1 6
6L SBA 2 2 2 1 2
7 BHA 7 11 22 9 7
12 SBA 3 3 3 1 3
7L SBA 2 2 2 1 2
8 DBDBA 4 8 16 6 4

9 SBA 7 7 7 1 7
13 SBA 3 3 3 1 3
9L SBA 2 2 2 1 2
10G SBA 2 2 2 1 2
10 SBA 7 7 7 1 7
10-1L SBA 2 2 2 1 2
10-2L SBA 2 2 2 1 2
11G SBA 2 2 2 1 2
11 DBSBA 4 5 10 6 4
11L MTBA 2 3 8 4 2

of active operation, branches connecting to the main bus can through circuit breakers and two isolators segment. Any
be transferred to the transfer bus, and the substation can be segment malfunction does not affect the substation operation,
operated without interruption. Ring bus arrangement (RBA) which makes RBA a moderately reliable arrangement.
is built by bus sections (branch nodes), which are connected A combination of multiple circuit breaker operations is
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utilized to reconfigure the component connectivity. Double
bus single breaker arrangement (DBSBA) is a moderately
reliable substation arrangement, where isolator failures will
not result in system interruptions, although breaker failures
will interrupt the power system operation. All branches are
connected to both bus nodes through a single breaker and two
isolators segment. Double bus double breaker arrangement
(DBDBA) is a highly reliable arrangement. Each branch is
connected through two segments of two isolators and a single
breaker to the two bus nodes. Thus, any segment failure will
not interrupt the power system operation. Breaker and half
arrangement (BHA) is a highly reliable arrangement, where
every two branches in the substation are connected through
three segments of two isolators and a single breaker to the
two bus nodes. Thus, failure of any segment will not affect
the power system operation.

IV. Al BASED TRANSMISSION NETWORK TOPOLOGY
PROCESSING APPROACH
The H-TNTP approach shown in Fig. 1 consists of three levels
as described below.

1) Level 1:

a) Determination of branch connectivity and forma-
tion of branch connectivity matrices (BCMs) for
the substations.

b) Determination of node connectivity and isolation
statuses and formation of node connectivity
matrices (NCMs) for the substations.

2) Level 2: Integration of BCM and NCM and formation
of BBM for the substations.

3) Level 3: Integration of all substation BBMs to establish
the network BBM.

A. LEVEL 1: BRANCH CONNECTIVITY IDENTIFICATION
The objective of Level 1 of the H-TNTP is to derive
substations BCM and NCM. The BCM is the connectivity
status of all branches to the substation that is identified
by the classifier using branch current measurements. Two
Al algorithms are used as classifiers for Level 1. Logical
procedures for decision-making can be established with
expert knowledge, which is the foundation of the logical
decision-making (LDM) algorithm, and an artificial neural
network (NN) classifier can be established based on a generic
training data set.

According to the physics of electric circuits, a branch
disconnection from the circuit will result in zero current.
Although, a small current can be available due to resid-
ual charges or magnetic flux. Considering both physics
knowledge and practical perspective, the branch current
measurements are pre-processed by comparing to the thresh-
old (Znresn.i) defined by the expert into the binary format.
If the branch’s current measurement is less than or equal to
the defined threshold value, binary variable A is set to 0;
otherwise, A is set to 1. Expert-defined thresholds to infer
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FIGURE 4. Branch connectivity matrix (BCM) derivation flow diagram for
all substation arrangements.

decisions are used in the process of BCM derivation using
LDM, as shown in Fig. 4, which is integrated to form
the BCM based on (1). Neural networks can be used for
learning accurate decision rule sets. Since the derivation
of BCM is a simple classification problem, a single-
neuron binary classifier neural network (SBN) is utilized
as algorithm. The binary neuron will accept a similar input
as the LDM approach and classify the branch connectivity.
In the NN classifier training process, weights are adjusted to
maximize the accuracy of matching the actual target to the
estimated target. Further explanation of feed-forward NN for
classification can be found in [31]. The physics-based binary
variable formation mentioned above is used to derive the SBN
training dataset. There can be 2" possible branch connectivity
status combinations despite the stability concerns, where
n is the number of branches. Any combination of branch
outages, including double circuit lines, can be identified
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in the proposed BCM procedure. The BCM procedure is
independent of the substation arrangement.

ey

_ 1, if branch i is connected
! 0, if branch i is disconnected

Identification

B. LEVEL 1: NODE CONNECTIVITY IDENTIFICATION
Substation NCM depends on the substation arrangement type.
Substation NCM derivation for commonly used substation
arrangement types [29] is explained below.

1) SINGLE BUS ARRANGEMENT

Al Algorithm Selection
If NN is selected —— ALGO=1

If LDM is selected — ALGO =0,
v

I =Isolated
INI = Not isolated

Training Dataset
Input A 110

/ Single bus voltage measurement / Target Main Bus 1o

> Isolation Status

Yes
Is ALGO equal 1 ?

Pre-Processing
Convert to Logical Values
(Bus voltage)

Pre-Processing
Convert to Logical Values
(Bus voltage)

(V7 = Vinresh, 1) (V7 = Vinresh, 1)
A=0 A=0
else else
A=1 A=1
end end
71 s B N ,
: Y N SBN:
€s
Is A equal to 1? >
A
Main Bus = NI Main Bus =1
5| MainBus Isolation | | b Main Bus .
Status ] Isolation Status. i

Node Connectivity Matrix
Node 1

1 b([J) 1 b(],l)
[ |

FIGURE 5. Node connectivity matrix (NCM) derivation flow diagram for
substation arrangement SBA.

Node Connectivity Matrix
Node 1

SBA substation only has one main bus. The sole purpose
of the NCM of the SBA substation is to identify the main bus
isolation status from the network. In practice, an isolated bus
or branch node is grounded for safety and protection, which
results in zero voltage. In this case, the user can consider
Vinresn,1 = 0. In the pre-processing, suppose the main bus
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node voltage is less than or equal to the expert-defined
threshold (Vipresn, 1), set A = 0; otherwise, set A = 1. NCM is
updated based on the main bus node isolation status from (2).
The detailed procedure is shown in Fig. 5.

1,
b,iy = [ 0

2) MAIN AND TRANSFER BUS ARRANGEMENT

MTBA substation can be used in non-critical nodes of
the transmission network to connect through and control
two or more branches. The MTBA substation functional
arrangement (FA) based on substation CI has been described
in [32], which is developed further in this study to derive
NCM. The voltage measurements are converted to binary
format based on the expert-defined threshold (Vipesn.i)-
Main and transfer bus interconnectivity is derived from the
procedure shown in Fig. 6. By and B, are the NN input
and hidden layer biases. n is the number of nodes in the
MTBA substation. ¢/ is the tolerance of the node voltage
measurement, which allows the countering of the instrument
error margins. If the selected node voltage is less than or
equal to the expert-defined threshold (Vipyesn.i), set A = 0;
otherwise, set A = 1. If the voltages of node i is in between
(Vj—1t), and (V; +1l), set B = 1; otherwise, set B = 0. NCM
is updated based on the node i and j connectivity from (3)
and node i isolation status from (2). i and j nodes can be
either bus or branch nodes, as shown in Substation 11L in
Fig. 3.

if i node is not isolated
)

if i node is isolated

1, if i andjnodes are connected
b j = [ 3

0, ifiandjnodes are not connected

3) RING BUS ARRANGEMENT

The NCM of the RBA is based on the voltage measurements
of the bus sections (branch nodes). NCM of the RBA can
be formed based on the knowledge of each bus section’s
connectivity with the other bus sections. NCM can be formed
using the flow diagram shown in Fig. 6. n is the number of bus
sections in the RBA substation. If the considered branch node
voltage is less than or equal to the expert-defined threshold
(Vinresh,i), set A = 0; otherwise, set A = 1. If the voltages
of bus section i is in between (V; — ), and (V; + tl), set
B = 1; otherwise, set B = 0. With the LDM or NN algorithm
output, NCM is updated based on the node i and j connectivity
from (3) and node i isolation status from (2). i and j are branch
nodes, as shown in Substation 5 in Fig. 3.

4) DOUBLE BUS SINGLE BREAKER ARRANGEMENT

NCM of the DBSBA can be formed based on the knowledge
of each bus and branch node connectivity and isolation status.
This can be derived using the flow diagram shown in Fig. 6.
n is the number of nodes in the DBSBA substation. NCM is
updated for each measurement frame based on the node i and
J connectivity from (3) and node i isolation status from (2).
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FIGURE 6. Node connectivity matrix (NCM) derivation flow diagram for substation arrangements MTBA, RBA, DBDBA,

DBSBA, and BHA.

5) DOUBLE BUS DOUBLE BREAKER ARRANGEMENT

The procedure shown in Fig. 6 can be used to form
NCM for DBDBA. Equivalent to DBSBA, the NCM of the
DBDBA explains the connectivity and isolation status of
all nodes in the substation. Understanding the connectivity
between A and B bus nodes in Substation 8§ is critical
since Substation 8 is responsible for the interconnectivity

127964

of Areas 1 and 2. Substation 8 can be utilized for area
separation. DBDBA is a flexible substation arrangement
that allows ECC to manipulate the branch connectivity
in several different configurations. This characteristic is
helpful in emergency operations and to accommodate
future grid requirements such as flexibility in transmission
networks [33].
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FIGURE 7. Integration of branch connectivity matrix (BCM) and node connectivity matrix (NCM) from Level 1 of the H-TNTP approach to form
substation bus branch model (BBM) of Level 2. In the case of all bus nodes in multi-bus node substation arrangements being interconnected, the Level
2 procedure follows Path 1 and Path 2 and is processed as an SBA arrangement.

6) BREAKER AND HALF ARRANGEMENT

Similar to DBDBA, the NCM of the BHA substation can
be formed using the procedure shown in Fig. 6, which
explains the connectivity of the bus, branch nodes in the
substation, and isolation status of all nodes. LDM or NN
algorithm can be utilized to derive the elements for the NCM
based on (3) and (2). BHA is a commonly used substation
arrangement in transmission substations due to its flexibility
and reliability.

C. LEVEL 2: SUBSTATION BBM DERIVATION
BCM and the NCM from Level 1 of each substation are
integrated by following the procedure shown in Fig. 7
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to form the substation BBM in Level 2 of the H-TNTP.
Substation CI can be interpreted using the substation BBM.
It is important to note that the inherent verification is
conducted while forming substation BBMs utilizing the
redundancy in NCM and BCM, as shown in Fig. 7. BCM
has a column with information about the branch node in
the substation where each branch is connected. The inherent
verification is based on the ground truth that a branch node
should not be isolated if the respective branch is connected
to the substation. The isolation of a branch node can be
identified from the NCM diagonal element corresponding to
the node ID row and column. Thus, a cross-verification can be
established.
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FIGURE 8. Results for the single branch outage of TL1111L, as shown in Fig. 3. (a) TL1111L branch current and 11-1 / 11-2 bus node voltage waveforms
from the Substation 11 PMU measurements, (b) TL1111L branch current and 11L-1 / 11L-2 bus node voltage waveforms from the Substation 11L PMU
measurements, (c) Derived BCM at Level 1 for Substation 11, (d) Derived NCM at Level 1 for Substation 11, (e) Formed BBM for Substation 11 at Level 2,
(f) Resultant FA [32] for Substation 11, (g) Derived BCM at Level 1 for Substation 11L, (h) Derived NCM at Level 1 for Substation 11L, (i) Formed BBM for
Substation 11L at level 2, (j) Resultant FA [32] for Substation 11L.

D. LEVEL 3: NETWORK BBM ESTABLISHMENT all interconnected bus-node IDs (bus sections) are updated
Level 3 of the H-TNTP aims to integrate all substation under the respective From or To column. If a branch is not
BBMs to establish the network BBM, which is achieved by connected, the From and To columns under the respective
updating each branch row in the network BBM. Substation ~ branch are updated as —. Update for the TL78-1 row of
BBM s of the respective branch’s two ends are investigated ~ the network BBM during two bus nodes of Substation 7
to understand the branch connectivity with the substation are separated while two bus nodes of Substation 8 are
nodes. If the substation bus nodes are interconnected, the interconnected conducted as follows: branch TL78-1 is

substation ID is updated as the network BBM’s respective configured to transmit power from Substation 7 to Substation
From or To column. The respective bus node ID is updated 8. Since two bus nodes in Substation 7 are separated, and
if the substation bus nodes are separated. In the RBA ~ TL78-1 is connected to 7_1 bus node, the From column
substation, where more than two bus nodes are available, under the TL78-1 is updated as 7_1. Since two buses in
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Substation 8 are interconnected, the 7o column under the
TL78-1 is updated as 8.

Update for the TL56-1 and TL55L rows of the network
BBM during the TLS5L branch is disconnected while
all other system components are operating nominally is
conducted as follows: branch TL56-1 is configured to
transmit power from Substation 5 to Substation 6, and the
TL55L is configured to transmit power from Substation 5 to
Substation 5L. Since TLS55L is disconnected, row TL55L
of the network BBM is updated with Os for both From
and 7o columns. The TL56-1 row is updated with all the
bus sections interconnected in the RBA as 5_1/5_3/5_4.
The substation BBM integration to form network BBM
in Level 3 of the H-TNTP procedure is programmed
to follow the above-explained routine. Thus, changes in
substation BBM are automatically reflected in the network
BBM.

V. RESULTS AND DISCUSSION

The H-TNTP proposed in Section IV is illustrated on the
power system shown in Fig. 3. The power system is simulated
on the RTDS. The computational modules for the overall
procedure are developed in MATLAB.

A. AI-BASED TRANSMISSION NETWORK TOPOLOGY
PROCESSING

The following results are presented for single branch outage,
plant outage and area separation of the bulk power system.
Furthermore, the case studies are established to include all
six substation arrangements.

1) CASE STUDY 1—SINGLE BRANCH OUTAGE

The TL1111L transmission line between Substations 11 and
11L (Fig. 3) is disconnected from the network, with the sys-
tem remaining stable. At each measurement frame, the BCM
and the NCM are formed for all substations. The pre-outage
matrix values are shown in orange, and the post-outage
values are shown in black in Figs. 8 and 9. It is shown in
Fig. 8 (a) and (b) how the PMU and SMRS measurements
of Substations 11 and 11L support the formation of BCM
and NCM. The formed BCM and the NCM for Substation
11 from the H-TNTP Level 1 procedure are shown in
Figs. 8c and d, respectively. The post-outage BCM shows
that the TL1111L is disconnected from Substation 11. The
post-outage NCM shows that the substation is connected to
the network. BBM for Substation 11 is formed from the
H-TNTP Level 2 procedure using derived BCM, and NCM
is shown in Fig. 8 (e).

Post-outage Substation 11 FA is shown in Fig. 8 (f). The
formed BCM and the NCM for Substation 11L are shown in
Figs. 8 (g) and (h), respectively. The post-outage BCM shows
that the TL1111L is disconnected from Substation 11L. The
post-outage NCM shows that Substation 11L is disconnected
from the network. BBM for Substation 11L is formed from
the H-TNTP Level 2 procedure using derived BCM, and
NCM is shown in Fig. 8 (i). Substation 11L post-outage FA
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FIGURE 9. Level 1, 2 and 3 results of the H-TNTP procedure for Plant 1
outage. (a) Derived BCM at Level 1 for Substation 5, (b) Derived NCM at
Level 1 for Substation 5, (c) Formed BBM for Substation 5 at Level 2,
(d) Updated network BBM at Level 3 for the branch outage.

is shown in Fig. 8 (j). Furthermore, from Figs. 8 (a) and (b),
it can be observed that the PMU measurements detect the
outage much earlier than the SMRS.

2) CASE STUDY 2—PLANT OUTAGE

The TL5GS line connecting Plant 1 to Substation 5 in Fig. 3
is disconnected, resulting in the outage of Plant 1. The system
remains stable with this plant outage. The pre-outage and
post-outage BCM and NCM for Substation 5 are formed,
as shown in Figs. 9 (a) and (b), respectively.

The post-outage BCM shows that the TL5GS line is
disconnected from Substation 5. The post-outage NCM
shows that Substation 5, node 1 (branch node for TL5GS),
is disconnected from the substation. Post-outage Substa-
tion 5 BBM shown in Fig. 9 (c) is formed following
the procedure explained in Section IV-C. The post-outage
network BBM is shown in Fig. 9 (d).

3) CASE STUDY 3—AREA SEPARATION
Tie-line transmission lines, TL78-1, TL78-2, TL&9-1, and
TL89-2, between Substations 7, 8, and 9 in Fig. 3 are
disconnected from the network with the system remaining
stable. This separates the two areas of the power system.
Consequently, isolating Substation 8 from the rest of the
system. Post-outage substation BBMs for Substations 7, 8,
and 9 were formed, as shown in Fig. 10 (a), (b), and (c),
respectively. Furthermore, the post-outage substation BBMs
are integrated to update the network BBM for the area
separation, as shown in Fig. 10 (d).

A comparison of TNTP-SMRS and H-TNTP-PMU (Lev-
els 1, 2, and 3) with both LDM and NN algorithms is shown
in Table 3. A comprehensive time analysis for H-TNTP-PMU
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FIGURE 10. Level 2 and 3 results of the H-TNTP procedure for the area
separation. (a) Formed BBM for Substation 7 at Level 2, (b) Formed BBM
for Substation 8 at Level 2, (c) Formed BBM for Substation 9 at Level 2,
(d) Updated network BBM at Level 3 for the area separation.

TABLE 3. Comparison of TNTP with TNTP-SMRS and H-TNTP-PMU
approaches.

H-TNTP-PMU
Factor TNTP-SMRS DM [ NN
Data sampling rate 2s 33.33ms
. . 1.0478 11.3749 27.5432
a
Computational Time ()" | 1 4949 | +0.6562 | +£0.2600
Inherent verification No Yes
Substatlon' isolator No Yes
operations
Time synchronization No Yes
. Yes
Parallel processing No (Level 1 and Level 2)

2 The computational time for TNTP-SMRS and H-TNTP-PMU (Levels
1,2, and 3) was calculated on a system with Intel Xeon(R) Gold 3.3GHz
with 63.7GB RAM.

TABLE 4. Parameters of AGCs in Area 1 and Area 2 (Fig. 3) [34].

Parameter AGC1 AGC2
AR 20 20
T 0.5 0.5
k -0.007 -0.007
a1 [0,0.5,1] -
a9 [0,0.5,1] -
as - [0,0.5,1]
ay - [0,0.5,1]

based fast AGC reconfiguration is presented in Section V-B,
demonstrating the overall efficiency improvement.

B. FAST AGC RECONFIGURATION DURING CONTINGENCY
H-TNTP can be utilized in power system operation appli-
cations, including AGC reconfiguration. Any transmission
network topology change can be detected at Level 3 network
BBM. The laboratory setup for studying the speed of AGC
reconfiguration is shown in Fig. 11. The test system has
reconfigurable AGCs for Areas 1 and 2 (Fig. 12). AGC
parameters are shown in Table 4. PMU measurements are
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collected at 30Hz, and SMRS are collected every 2s. The
reconfiguration trigger signal to the respective AGCs is
sent from the ECC based on topology update by either the
H-TNTP-PMU or TNTP-SMRS and an outage detection
module.

The plant outages and area separation case studies, which
require AGC reconfiguration, are considered to compare the
performance of the AGC with the TNTP-SMRS and the
H-TNTP-PMU.

1) PLANT OUTAGES

Two conventional power plant outages in each area are
separately investigated. In each plant outage, AGC is
reconfigured to dispatch the imbalanced power from the
other plants based on the reconfiguration signal from either
H-TNTP-PMU based outage detection or TNTP-SMRS
based outage detection. The AGC reconfiguration is con-
ducted only on the power plants of the affected area,
as shown in Fig. 12. Under the Plant 1 outage (P10),
AGC 1 is reconfigured to increase Plant 2 dispatch using
the coordinated switches by adjusting the participation
factors. Coordinated switches need to change to position
2 (Plant 1 outage) from 1 (Normal operation). Area 2 AGC is
not affected. Similarly, for the Plant 3 outage (P30), AGC 2 is
reconfigured accordingly. The resultant power and frequency
variations for H-TNTP-PMU and TNTP-SMRS approaches
under Plant 1 outage are shown in Fig. 13 and under Plant
3 outage are shown in Fig. 14.

2) AREA SEPARATION

Tie-line bias control is integrated into the Area 1 AGC.
Therefore, Area 1 AGC is reconfigured to reflect the tie-
line outage, as shown in Fig. 12. Area 1 and 2 AGCs are
reconfigured for area frequency regulation in the post-outage.
Area 2 AGC is not affected due to the tie-line outage.
The resultant power and frequency variation for H-TNTP-
PMU and TNTP-SMRS approaches under area separation are
shown in Fig. 15.

Fifty trials were conducted for each of the case studies
mentioned above to evaluate the speed of AGC reconfigura-
tion. From these trials, it is observed that the H-TNTP-PMU
is faster, as shown in Fig. 16 based on the Total time (given
in (4)) for H-TNTP-PMU and TNTP-SMRS. Furthermore,
LDM is more efficient than the NN algorithm, although both
approaches are acceptable for fast operational applications
based on minimal computational time.

Total time = Tcey1 + Tep1 + Tep2 + Tem2 4

Total time accounts for the time taken to trigger the AGC
reconfiguration from the occurrence of the event, Ty is
the latency in communicating the measurements from the
PMUs/SCADA to the remote server in Fig. 11, Ty is the
latency in communicating the reconfiguration trigger signal
from the remote server to the AGC, T¢p; is the computational
latency for updating the TNTP using either the TNTP-SMRS
or H-TNTP-PMU approaches and, Tcp; is the computational
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FIGURE 11. Experimental setup for carrying out AGC reconfiguration studies.
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FIGURE 12. The reconfigurable AGCs block diagrams for the test system (Fig. 3). (a) Area 1 AGC and (b) Area 2 AGC.

latency for detecting and identifying the outage and initiating
the reconfiguration trigger signal based on the updated TNTP.
Scenario 1 (in Fig. 2) occurred in all 50 trials. However,
there is a limited possibility of Scenario 2’s occurrence.
Therefore, a hybrid TNTP approach based on TNTP-SMRS
and H-TNTP-PMUs is ideal.

The impact of AGC reconfiguration is evaluated based on
the transient energy in the power flow (TEP) [35]. TEP is
calculated over one minute (time difference between tstart
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& and tstop) using (5) where Prj,. is the measured power
flow on a transmission line (tie-lines (TL78-1 and TL78-2)
or line from a power plant bus). TEP for the two case studies
with TNTP-SMRS (M1) and H-TNTP-PMU (M2) is shown
in Table 5. The use of LDM or NN algorithm for the H-TNTP-
PMU approach does not change the TEP calculations since
their computational latency (T¢cpy) is insignificant compared
to the Total time. For the two types of case studies investigated
for AGC reconfiguration, the TEP is estimated under three
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FIGURE 13. Results for power Plant 1 outage (P10) in the test system (Fig. 3). (a) Power variations of Plant 2
(at Substation 6G) under Low operating condition, (b) Frequency variations at Substation 6G under Low
operating condition, (c) Power variations of tie-line flow (at Substation 7) under High operating condition,
(d) Frequency variations at Substation 7 under High operating condition.
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FIGURE 14. Results for power Plant 3 outage (P30) in the test system (Fig. 3). (a) Power variations of Plant 4
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operating condition, (c) Power variations of tie-line flow (at Substation 7) under High operating condition,
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Substation 6G under High operating condition.
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TABLE 5. Transient energy of power flow evaluation of Plant 1 outage, Plant 3 outage, and area separation.

Case study | Operating condition | Transient energy measurement of Line Tr;l/lnlswnt Enﬁgy 1 thgff?zrzgio&(gl 1\\2]2};)
Low TL6GO6 (Plant 2) 55.64 55.33 0.31
TL78-1+TL78-2 53.59 53.41 0.18
. TL6G6 (Plant 2) 70.27 70.16 0.11
P10 Medium TL78-1+TL752 5765 | 5752 0.13
High TL6GO6 (Plant 2) 69.62 69.47 0.15
TL78-1+TL78-2 57.55 57.40 0.15
Low TL10G10 (Plant 4) 74.89 74.21 0.68
TL78-1+TL78-2 74.83 74.16 0.67
. TL10G10 (Plant 4) 88.30 87.56 0.74
P30 Medium TL78-T+TL782 78.14 | 77.69 045
High TL10G10 (Plant 4) 108.54 106.71 1.83
TL78-1+TL78-2 84.32 84.56 0.26
Low TL5G5 (Plantl) 6.00 5.97 0.03
TL6GO6 (Plant 2) 9.37 8.97 0.40
. TL5GS5 (Plantl) 9.06 7.72 1.34
AS Medium TL6G6 (Plant 2) 793 | 646 147
High TL5G5 (Plantl) 9.01 7.67 1.34
TL6GO6 (Plant 2) 791 6.46 1.45
TABLE 6. Test system (Fig. 3) operating conditions for AGC reconfiguration experiments.
Operating Low Medium High
Condition P Q P Q P Q
(MW) | (MVAR) | (MW) | (MVAR) | (MW) | (MVAR)
Area 1 1 35 10 120 10 120 10
Plant 2 255 90 320 90 320 90
Generation 5 160 40 160 40 160 40
Area 2 3 15 5 105 10 220 5
Plant 4 220 70 280 70 365 60
6 165 40 165 40 165 40
Tie-Line flow 100 - 100 - 100 -
L5 200 20 250 25 250 25
Area 1 L6 100 10 150 15 150 15
L7 50 5 100 10 100 10
Load L9 100 10 150 15 200 20
Area 2 L10-1 100 10 150 15 200 20
L10-2 100 10 150 15 200 20
LI1I 200 20 200 20 250 25
— 40007 ‘ 3 ‘ - on the H-TNTP-PMU improves the frequency regulation.
£ 2000 = 1 E | This is due to the much smaller time taken by the H-TNTP-
£ El — b0 Plamt 3 O PMU approach to generate the AGC reconfiguration trigger
‘2 2000 - - - + AS: Area Separation sienal
e gnal.
100;’""“— 4 tstop
_ - « MI: TNTP-SMRS TEPpine = / (PLine(tstop) — Prine(t))dt 5)
sl %I @ = |’ M2: H-TNTP-PMU tstart

PIO-M1 P1O-M2 P30-M1 P30-M2 AS-Ml  AS-M2

FIGURE 16. Total time to reconfigure AGCs from event initiation by
H-TNTP-PMU with LDM and TNTP-SMRS.

operating conditions as shown in Table 6. It can be seen from
Table 5 and Figs. 13 - 15 that AGC reconfiguration based
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VI. CONCLUSION

Modern power system transmission network topology pro-
cessing needs to be efficient and reliable in order to handle
the added complexity of grid modernization. A literature
review on TNTP, identifying shortcomings of the SOTA and
new approaches proposed by researchers, has been presented
in this paper. A physics-based hierarchical transmission
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network topology processing approach, including substation
configuration identification, has been presented based on
node voltage and branch current measurements. The relia-
bility and surety of the TNTP are ensured by design due to:
1) inherent verification integrated in the H-TNTP approach,
2) the ability to identify false manual switch operations due
to human errors, and 3) being fault tolerant to any breaker,
manual switch, or relay malfunction. The H-TNTP approach
can be concurrently implemented with existing TNTP-SMRS
at energy control centers, providing redundancy to energy
management systems. The H-TNTP has been demonstrated
on a power system with different substation arrangements
and photovoltaic plants implemented on a real-time power
system simulator. Furthermore, the H-TNTP using syn-
chrophasor measurements has been implemented for fast
AGC reconfiguration, and typical results have been presented
illustrating better frequency regulation. Future work includes
investigating the H-TNTP approach with optimal placement
of PMUs and integration with advanced state estimation
methods.
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