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Highlights

What are the main findings?

e A topology-and-corridor-guided bias-suppressed D* method (TCG-BS-D*) is devel-
oped for closed-loop 3D path planning and local replanning of UAV inspection mis-
sions in GIS rooms.

e  The proposed method achieves the best overall balance of inspection efficiency, safety
margin, trajectory regularity, and corridor consistency in static closed-loop inspec-
tion, with a 700.22 m path length, 269.32 s inspection time, an 8.18 m average safety
clearance, 37 large-angle turns, and an 80.73% corridor adherence rate.

What are the implications of the main findings?

e  The study shows that incorporating corridor topology and path regularization can
improve the structural consistency and engineering executability of UAV inspection
paths in confined indoor substation environments.

e  The local replacement-based replanning strategy allows the inspection path to re-
main continuous and safe under maintenance blockage and dynamic disturbances,
supporting more practical autonomous UAV inspection in GIS rooms.

Abstract

To address the problems of closed-loop task organization, strong corridor constraints, and
path failure after local disturbances in unmanned aerial vehicle (UAV) inspection of gas-
insulated switchgear (GIS) rooms, this paper proposes a topology-and-corridor-guided bias-
suppressed D* (TCG-BS-D*) method for closed-loop three-dimensional (3D) path planning
and local replanning. The proposed method constructs a structured guidance model based
on the inspection-corridor topology, generates local 3D path segments according to a
predetermined inspection sequence, and forms a nominal closed-loop inspection path
through bias suppression and path regularization. Meanwhile, for local maintenance
blockage and dynamic disturbance scenarios, an alternative local replanning strategy is
applied to the affected path segments. Simulation results show that, under the static closed-
loop inspection condition, the proposed method achieves a total path length of 700.22 m,
a total inspection time of 269.32 s, an average safety clearance of 8.18 m, 37 large-angle
turns, a corridor adherence rate of 80.73%, and a task completion rate of 100%, showing
superior performance in inspection efficiency, safety margin, trajectory regularity, and
corridor consistency. Under the local blockage condition, the replanned path introduces
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path-length and time increments of 71.29 m and 25.88 s, respectively, while maintaining
the minimum safety clearance at 1.52 m and increasing the corridor adherence rate to
83.91%. Under dynamic disturbance conditions, the minimum dynamic safety clearance
is improved from —2.71 m to 17.84 m, effectively eliminating the local dynamic collision
risk. The results demonstrate that the proposed method can balance closed-loop path-
generation efficiency, corridor-structure consistency, safety margin, and adaptability to
local disturbances, providing an effective solution for UAV inspection path planning in
GIS rooms.

Keywords: GIS room; UAV inspection; closed-loop 3D path planning; local replanning;
corridor topology guidance; dynamic obstacle avoidance

1. Introduction

A gas-insulated switchgear (GIS) room is an important primary-equipment space in
substations and converter stations, and the operating condition of the equipment inside
directly affects the safe and stable operation of the power system. The main purpose of GIS
room inspection is to acquire information on equipment appearance, connection compo-
nents, cabinet conditions, support structures, and local abnormalities, thereby providing
fundamental data for condition perception, defect identification, and intelligent operation
and maintenance. With the increasingly compact arrangement of station equipment, the
growing enclosed nature of indoor spaces, and the continuous increase in inspection fre-
quency, traditional manual close-range inspection faces problems such as high safety risk,
low inspection efficiency, and difficulty in accessing certain regions. Fixed cameras, online
sensors, and local monitoring devices can continuously monitor key positions; however,
their viewpoints and installation locations are relatively fixed and are easily blocked by
cabinets, support structures, busbar connectors, and maintenance facilities. Therefore, it
is difficult for fixed monitoring systems to fully cover the back side, top side, connection
areas, and temporary focus regions of the equipment. Moreover, adding new fixed mon-
itoring points is often constrained by construction space, wiring conditions, and outage
arrangements, making it difficult to fully meet the needs of refined and mobile inspection.
Therefore, without replacing fixed monitoring systems, introducing UAVs as mobile inspec-
tion platforms can provide flexible viewpoints, close-range observation, and sequential
access capability, thereby effectively supplementing fixed monitoring blind spots.

In recent years, UAVs have rapidly developed in power infrastructure inspection
and have shown great potential in transmission-line image detection, visual navigation,
LiDAR perception, and autonomous inspection systems [1-5]. In power inspection applica-
tions, existing studies mainly focus on transmission lines, outdoor substation equipment,
and large-scale energy facilities. Ref. [6] reviewed Al-based UAV inspection systems for
power infrastructure, indicating that the combination of UAVs and intelligent perception
technologies has become an important direction for power inspection. Ref. [7] developed
an autonomous UAV inspection system for high-voltage transmission lines, and Ref. [8]
applied target detection to correct transmission-line inspection, improving the automation
and autonomy of line inspection tasks. However, these studies mainly focus on outdoor
line-type tasks, where inspection objects are distributed along linear spaces, and the flight
environment is relatively open. Their task organization differs significantly from the fixed-
order, corridor-constrained, and closed-loop inspection requirements inside GIS room:s.
Ref. [9] studied automated mission planning for thermal inspection in large power plants,
and Ref. [10] summarized UAV inspection methods, challenges, and applications for power
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lines. These studies provide important foundations for power inspection UAV applica-
tions, but GIS rooms still require further consideration of dense equipment arrangements,
corridor accessibility, task visiting sequence, and local disturbance correction.

In terms of path-planning theory, traditional graph search, sampling-based planning,
and local obstacle-avoidance methods provide important support for UAV 3D path genera-
tion. Ref. [11] reviewed UAV path planning and obstacle-avoidance algorithms, Ref. [12]
compared representative sampling-based motion planning methods, Ref. [13] proposed
the probabilistic roadmap method, and Ref. [14] established the theoretical foundation for
sampling-optimal planners such as RRT*. These methods are highly general and suitable
for ordinary free-space or point-to-point navigation tasks. However, in GIS room inspec-
tion, path planning is not merely to find the shortest connection between a start point and
an end point. Instead, it needs to organize a closed-loop path around a fixed inspection
sequence through the upper and lower equipment corridors and the middle connection
corridor. If general free-space search methods are directly applied, the path may oscillate
in the middle region, local connections may lack engineering interpretability, and corridor
consistency may be insufficient, making the planned path difficult to execute and verify in
indoor inspection.

Studies on local planning and 3D path generation in complex environments have also
provided useful references. Ref. [15] investigated model-based UAV local path planning,
Ref. [16] proposed a sparse-grid-based Lazy Theta* method for 3D planning, Ref. [17]
incorporated a safety-enhancement mechanism into particle-swarm-based path planning,
and Ref. [18] developed an energy-efficient 3D path-planning model for fixed-wing UAVs.
These studies are valuable in terms of planning efficiency, local obstacle avoidance, and
safety constraints. However, most of them still focus on point-to-point connectivity, single-
task arrival, or obstacle avoidance in general 3D environments. They do not sufficiently
model the organizational mode of visiting multiple bay task points and connection-area
task points in a fixed sequence in the GIS room closed-loop inspection, nor do they fully
exploit the stable prior of the internal corridor structure of GIS rooms.

UAV path planning under dynamic environments and complex constraints has also at-
tracted increasing attention. Ref. [19] improved search efficiency in crowded environments
using PF-RRT* and goal-bias strategies, Ref. [20] applied Q-learning to dynamic obstacle
avoidance, Ref. [21] reviewed recent developments of RRT-based methods, Ref. [22] com-
bined fluid-dynamic systems with neural networks for real-time 3D dynamic planning,
Ref. [23] coupled path planning with tracking control, Ref. [24] studied optimal replanning
for UAV collision avoidance, and Ref. [25] improved dynamic obstacle avoidance based
on collision prediction. These studies improve the adaptability of path-planning methods
to dynamic obstacles and local disturbances. However, most of them focus on general
mobile obstacle avoidance or single-target arrival. In GIS room inspection, local blockage or
short-term occupation of a corridor by personnel or mobile equipment usually affects only
a local segment of the closed-loop inspection path. Replanning the entire closed-loop path
after every disturbance would increase computational burden and may destroy the original
inspection sequence and path-structure stability. Therefore, a more suitable strategy for GIS
room inspection is to perform local alternative replanning only for the affected segment
while preserving the global closed-loop task framework.

Studies on constrained corridor flight and high-voltage scenario safety constraints
have shown that safety flight corridors can improve trajectory generation efficiency [26],
A*-based methods can be improved by minimizing the number of turns [27], and safety-
distance constraints can be incorporated into UAV inspection path planning in substation
scenarios [28]. These studies indicate that safety margin, path smoothness, and corridor
constraints are key factors affecting the engineering executability of UAV inspection in
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constrained spaces. Nevertheless, existing studies have not formed a unified planning
framework for GIS room closed-loop inspection tasks. In particular, the following issues
remain insufficiently addressed: first, the closed-loop visiting relationship among fixed
inspection sequence, bay task points, and connection-area task points is not sufficiently
modeled; second, the corridor structure is not fully utilized to balance path efficiency
and corridor consistency; third, the path correction mechanism under local maintenance
blockage and dynamic disturbance is not sufficiently described; and fourth, although some
methods can obtain short paths, their trajectory morphology has no clear correspondence
with the actual passable corridors in GIS rooms, reducing engineering interpretability and
subsequent execution stability.

To address these problems, this paper proposes a topology-and-corridor-guided bias-
suppressed D* (TCG-BS-D*) method for closed-loop 3D path planning and local replanning.
The proposed method is designed for GIS room inspection scenarios characterized by
dense equipment, clear corridor structures, fixed task sequences, and possible local en-
vironmental disturbances. It takes the inspection-corridor topology as a structural prior,
generates local 3D path segments according to the predetermined inspection sequence, and
reduces unnecessary deviations and redundant turns through bias suppression and path
regularization, thereby forming a nominal closed-loop inspection path with high corridor
consistency and engineering executability. When a local maintenance blockage or dynamic
obstacle disturbance occurs, the proposed method performs alternative replanning only
for the affected segment while keeping the remaining path segments and the overall task
sequence unchanged, thereby balancing path continuity, local adaptability, and closed-loop
task stability.

The main contributions of this paper are as follows:

1. A 3D path-planning framework for closed-loop UAV inspection in GIS rooms is
constructed. The framework jointly models bay inspection objects, connection-area
inspection objects, the takeoff/landing point, and the fixed visiting sequence. Com-
bined with the corridorized spatial structure of the GIS room, the inspection task is
extended from general point-to-point path search to structured path planning with a
clear visiting sequence and closed-loop constraints.

2. A TCG-BS-D* closed-loop 3D path-planning method is proposed. The method inte-
grates corridor-topology guidance, closed-loop segment generation, bias suppression,
and path regularization. It avoids path oscillation caused by unconstrained free-space
search and reduces local redundant turns caused by excessive reliance on corridor
graphs, enabling the generated path to balance inspection efficiency, corridor consis-
tency, and flight executability.

3. Alocal alternative replanning mechanism for local maintenance blockage and dynamic
obstacle disturbance is established. Without changing the overall inspection sequence
or the closed-loop task framework, the mechanism locally repairs only the disturbed
segment, improving the adaptability of GIS room inspection paths to temporarily
inaccessible regions and dynamic corridor occupation.

4. A GIS room simulation scenario including static closed-loop inspection, local mainte-
nance blockage, and dynamic obstacle disturbance is constructed. The effectiveness
of the proposed method is verified in terms of total path length, inspection time,
safety clearance, number of large turns, corridor adherence rate, and task completion
rate, providing a reproducible simulation basis for UAV inspection path planning in
GIS rooms.
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2. Problem Description and Mathematical Formulation for UAV
Inspection in GIS Rooms

2.1. Problem Description of Closed-Loop Inspection

This paper investigates the closed-loop path-planning problem for UAV inspection
in GIS rooms. Different from general free-space path planning, this problem has the
following characteristics. First, the inspection targets are fixed in position, and the visiting
order is predefined. Second, the flight environment is constrained by equipment, cabinets,
supporting components, and connection structures, which constitute a typical confined 3D
space. Third, most effective flight segments exhibit evident corridor-like characteristics.
Therefore, the planned path should not only satisfy reachability and obstacle-avoidance
requirements, but also conform, as much as possible, to the structural distribution of indoor
inspection corridors.

Let the 3D workspace of the GIS room be denoted by

QcCR3 (1)

The UAV departs from the takeoff-and-landing point S, sequentially visits the bay
inspection targets and connection-area inspection targets, and finally returns to S, thereby
forming a closed-loop inspection mission. For unified modeling, all inspection targets are
represented by the task set

Q={S,By,By,...,BN,,C1,Ca,...,CN. } 2)

where B; denotes the i-th bay inspection task target; C; denotes the j-th connection-area
inspection task target.

It should be noted that the term bay in this paper does not refer to a single geometric
component, but to an inspection task unit. At the path-planning level, independent tasks
are not assigned to each individual local device. Instead, the major inspection requirements
around the same functional location are merged into one bay inspection target. In this
way, the inspection problem in a GIS room is formulated as a closed-loop path-planning
problem involving the sequential visit of multiple task units in a fixed order. The purpose
of this treatment is to emphasize the characterization of the inspection process and visiting
sequence at the path-planning level, rather than to model each device in detail.

It should be further clarified that bay inspection objects and connection-area inspection
objects are both task points at the path-planning level, but they have different engineering
meanings. Bay inspection objects mainly correspond to GIS bay units and nearby main
equipment and are usually distributed near the upper and lower rows of main equipment.
Connection-area inspection objects correspond to busbar connection sections, transverse
connection structures, or corridor-switching areas. Their role is not only to complete local
equipment-state inspection, but also to connect the upper and lower inspection corridors
and maintain the continuity of the closed-loop inspection path. Therefore, connection-area
task points have both inspection-target and path-transition attributes in the task sequence.

In addition, the closed-loop path-planning problem studied in this paper is based on
the task-reachability assumption. That is, each inspection object has at least one reachable
access region that is not completely blocked, and this access region is connected to the main
inspection corridor topology of the GIS room. If a task object is completely enclosed by
obstacles, maintenance facilities, or other temporary restricted regions, causing its access
region to be completely disconnected from the feasible flight space, then the problem is
no longer a local path-replanning problem. Instead, the task layer should reschedule the
inspection sequence, wait for site recovery, or trigger manual intervention. The subsequent
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algorithm and simulations in this paper are conducted under the condition that task objects
are not completely blocked and that at least one feasible corridor exists.
Let the prescribed inspection sequence be

1= {q0,91,--..q9m} )

where gy = gy = S, and the intermediate elements represent the bay and connection-area task
targets arranged in the predefined order. The objective of this paper is to generate a closed-
loop 3D inspection path that completes the sequence I1 while satisfying obstacle-avoidance,
safety, and flight-executability constraints.

2.2. 3D Obstacle Modeling in GIS Rooms

Objects inside a GIS room are generally regular in shape, making them suitable for
geometric approximation in obstacle modeling. To balance modeling accuracy and collision-
detection efficiency, this paper uses two basic geometric primitives, namely cuboids and
cylinders, to represent the main indoor obstacles.

Let the set of cuboid obstacles be denoted by

Oy = {0%,0%,...,02\[[’} 4)
where an arbitrary cuboid obstacle is defined as
02 = (xiryilzirli/wirhi> (5)

where (x;, y;, z;) denotes the obstacle-center coordinate; [;, w;, and h; denote its dimensions
along the x-, y-, and z-directions, respectively.
Let the set of cylindrical obstacles be denoted by

O = {og,og,...,og\lc} (6)
An arbitrary cylindrical obstacle is defined as
0](: = (x]‘,y]',Z]', L]',i’]‘,d]‘) (7)

where (x;, Yi, z]-) denotes the reference center of the cylinder; L; denotes the axial length; rj
denotes the radius; d]- € {x, y, z} denotes the principal axis direction of the cylinder.
Accordingly, the overall obstacle set in the scene can be written as

O =0,U0, (8)

Considering the UAV body size, modeling errors, and flight safety margin, a unified
safety inflation radius, s, is adopted to inflate the obstacles. The inflated obstacle set is
denoted by O*.

On this basis, the feasible flight region for the UAV inside the GIS room is defined as

F=0\0" 9)

The advantage of this modeling approach is twofold. On the one hand, it preserves
the spatial structural characteristics of equipment layout in the GIS room. On the other
hand, it facilitates the subsequent construction of unified collision-detection and local-
replanning criteria.
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2.3. Task Visiting and Path Representation

Let the closed-loop inspection path of the UAV consist of a set of discrete trajectory
points, denoted by

P:{PO/Plzu-/pN} (10)

where
ka(xk,yk,Zk)EF, k=0,1,...,N. (11)

The start point and end point of the path both correspond to the takeoff-and-landing
point S.

To determine whether the UAV has visited a task target, an access region A; is defined
for each task target g;. Once the path enters A;, the corresponding inspection visit is
regarded as completed. Therefore, the task-visiting constraint can be written as

PNA #2, i=12,...,M—1. (12)

Meanwhile, to ensure the correctness of the task order, the visiting order of the access
regions along the path should be consistent with the inspection sequence I1. That is, if g;
precedes g; in the sequence, then the first time at which the path enters A; should be earlier
than that at which it first enters A;.

For collision avoidance, the line segment between any two adjacent trajectory points
must lie entirely within the feasible region, namely

PPl CF k=0,1,...,N—1. (13)

2.4. Flight Constraint Modeling

To improve the engineering executability of the planned path, in addition to collision-
avoidance and task-visiting constraints, the altitude and turning-angle constraints of UAV
flight in the GIS room should also be considered.

2.4.1. Altitude Constraint

Let the allowable flight-altitude range be [zmin, Zmax]- Then any trajectory point on the
path should satisfy
Zmin < Zk < Zmax, K=0,1,...,N. (14)

2.4.2. Turn-Angle Constraint

To suppress sharp turns in the path, the direction vectors of two adjacent path segments
are defined as

Uk = Pk — Pk—1, Uk+1 = Pk+1 — Pk (15)

Then, the turning angle at the k-th waypoint is given by

T

(7

0, = arccos kKL (16)
okl okl

If 6 is excessively large, and a significant turn exists at that point, which is unfavorable
for stable UAV flight in narrow indoor corridors. Therefore, the occurrence of large turning
angles should be suppressed as much as possible during path planning.

2.5. Simplified UAV Kinematic Model and Waypoint-Following Constraints

The inspection platform considered in this paper is a small multi-rotor UAV. This type
of UAV has hovering capability, low-speed flight capability, and good spatial maneuver-
ability, making it suitable for indoor inspection tasks in GIS rooms, where the space is

https://doi.org/10.3390/drones10070479


https://doi.org/10.3390/drones10070479

Drones 2026, 10, 479

8 of 28

constrained, the corridors are narrow, and close-range observation is required. Since this
paper focuses on task-level 3D path planning and local replanning rather than low-level
flight-controller design, a simplified 3D kinematic model is adopted to describe the flight
process of the UAV along the planned waypoint sequence.

Let the UAV position at time t be

p(t) = [x(8), y(8),2(1)" (17)

p(t) = v(t) (18)

where v(f) is the UAV velocity vector. To ensure the basic flight executability of the planned
path, the UAV flight speed should satisfy

||U(t)) < Umax (19)

The altitude and turn-angle constraints are described in Section 2.4. At the path-
execution level, a waypoint-following assumption is adopted. That is, the UAV flies
sequentially along the planned discrete trajectory points, and adjacent trajectory points
are connected by piecewise linear segments. For any connection segment between two
adjacent waypoints, collision constraints, safety-clearance constraints, altitude constraints,
and turn-angle constraints must be satisfied. If a candidate connection segment violates
any of these constraints, the segment is considered infeasible and must be regenerated or
replaced through local replanning.

It should be noted that this paper does not focus on a specific localization algorithm or
low-level attitude controller. Instead, it assumes that the UAV can obtain its pose, the static
obstacle map, and local dynamic obstacle information through indoor localization and
environmental perception modules. This assumption can correspond to practical systems
based on LiDAR, vision, or UWB/LiDAR fusion localization and mapping. The focus
of this paper is the 3D path organization, corridor-constraint utilization, and local path
correction mechanism for closed-loop UAV inspection in GIS rooms.

2.6. Definition of Optimization Objectives

For the closed-loop inspection task in a GIS room, the optimization objectives include
the total path length Ltotal, total inspection time Ttotal, minimum safety clearance Dmin,
average safety clearance Davg, number of large-angle turns Nturn, corridor adherence rate
Rcorr, and task completion rate CR.

2.6.1. Total Path Length
The total path length of the closed-loop path is defined as

N-1

Ltotal = Z ||Pk+1 - Pk” (20)
k=0

2.6.2. Total Inspection Time

Let the nominal cruising speed of the UAV be v. Then, the total inspection time can be
expressed as

L
Towl = —2% (21)
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2.6.3. Minimum Safety Clearance

The minimum distance between the path and the inflated obstacle set is defined as
Dmin = minpeP d(P/ O+) (22)
where d(-) denotes the minimum Euclidean distance from a point to the obstacle set.

2.6.4. Average Safety Clearance

Based on the original minimum safety clearance Dmin, the average safety clearance
Davg is further introduced to avoid relying only on a single closest point to evaluate path
safety. Davg is used to characterize the overall safety margin of the entire path relative to
the obstacle set. Suppose the path contains N discrete trajectory points, and the minimum
Euclidean distance from path point pk to the inflated obstacle set O+ is d(pk, O+). Then the
average safety clearance is defined as.

Where Dmin reflects the safety margin at the most dangerous position along the path,
while Davg reflects the average distance between the entire path and the obstacles. Using
both metrics provides a more comprehensive evaluation of path safety.

1 N
Dayg = ﬁkzid (23)

2.6.5. Number of Large-Angle Turns

Given a turning-angle threshold 6, the number of large-angle turns is defined as

N-1
Niurn =Y, 1(6x > 6p) (24)
k=1

where I(-) denotes the indicator function.

2.6.6. Corridor Adherence Rate

Let the total number of path points be N_all, where N_in denotes the number of path
points located inside the valid corridor band and N_out denotes the number of path points
outside the corridor band.

Ngji = Nip + Nout (25)

Then, the corridor adherence rate is defined as the proportion of path points located
inside the valid corridor band and is expressed in percentage form as
Reorr = Nin x 100% (26)
Nan
where the valid corridor band is jointly determined by the main inspection corridor center-
lines and the corridor tolerance 5_corr. Compared with a decimal expression, a percentage
expression more intuitively reflects the degree of path adherence to the existing inspection
corridors in the GIS room. The number of in-corridor and out-of-corridor path points is
also used in the replanning analysis to explain the variation of corridor adherence rate.

2.6.7. Task Completion Rate

Let the total number of tasks be M — 1, and the actual number of completed tasks is
M. Then,
M.

CR:M_1

(27)
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In summary, the closed-loop inspection path-planning problem in a GIS room consid-
ered in this paper can be stated as follows: under collision-avoidance, task-order, and flight
constraints, generate a closed-loop 3D inspection path with a shorter total path length,
lower total inspection time, larger safety margin, fewer large-angle turns, and a higher
corridor adherence rate.

3. TCG-BS-D* Method for Closed-Loop 3D Path Planning and Local
Replanning
3.1. Overall Framework of the Method

Considering the characteristics of GIS room inspection, including clear corridor struc-
tures, fixed-task visiting sequence, and possible local path failure caused by environmental
changes, this paper proposes a topology-and-corridor-guided bias-suppressed D* (TCG-
BS-D*) method for closed-loop 3D path planning and local replanning. The method does
not adopt a one-shot global search strategy in completely free space. Instead, it uses the
stable inspection corridors, clear task sequence, and usually limited local disturbance range
in GIS rooms to decompose the closed-loop inspection path generation process into four
stages: topology guidance, closed-loop segment generation, bias suppression and path
regularization, and local alternative replanning.

Under nominal operating conditions, TCG-BS-D* first establishes a topological guid-
ance model according to the inspection corridors and their connectivity, so as to reduce
redundancy in continuous-space search. It then generates local 3D trajectories segment by
segment between adjacent task targets according to the prescribed inspection sequence,
and concatenates them into an initial closed-loop path. On this basis, local deviations
and redundant turns in the path are regularized to make the resulting trajectory better
conform to the structured inspection corridors in the GIS room. When a local area becomes
impassable due to maintenance blockage or dynamic disturbances, the algorithm replans
only the affected flight segment while keeping all unaffected path segments unchanged,
thereby preserving the stability of the overall closed-loop inspection framework.

It should be noted that the “D*” in the proposed method is mainly reflected in the local
cost-update and affected-segment replanning mechanism after local environmental changes.
Unlike recomputing the entire global path, TCG-BS-D* marks only the affected local edge
or path segment near the detected local obstacle or dynamic conflict as blocked or high-cost,
and then searches for an alternative connection in the neighboring topology subgraph
and local continuous space. This idea is consistent with the local incremental correction
philosophy of D*/D* Lite methods in dynamic environments. However, the proposed
method does not directly apply standard D* Lite as a complete global planner. Instead,
it embeds the local correction idea into the topology-corridor framework for GIS room
closed-loop inspection. Therefore, the core of TCG-BS-D* is not to pursue a geometrically
shortest path, but to generate a structured closed-loop inspection path under the joint
influence of task sequence, corridor structure, safety constraints, and local repairability.

3.2. Construction of the Topological Guidance Model

Most effective flight segments inside a GIS room follow existing inspection corridors.
If this structural characteristic is ignored and a global search is directly performed in
continuous 3D space, the result may suffer from excessive search redundancy, pronounced
local oscillations, and limited interpretability. Therefore, TCG-BS-D* first constructs a
topological graph according to the inspection corridors and their connectivity.

G =(V,E) (28)
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where V denotes the node set, and E denotes the edge set.

In this topological graph, nodes represent positions that are structurally meaningful
for path connectivity, while edges describe the admissible passage relationships between
these positions. For any edge ¢; € E, let its geometric length be /;;. If edge weights are
determined solely by length, the graph-search result is mainly driven by geometric distance
and cannot adequately reflect the requirements of corridor adherence and local regularity
in UAV inspection paths for GIS rooms. To address this issue, a corridor-switching cost
and a direction-change cost are further introduced in addition to the basic length term, and
the comprehensive edge-cost function is defined as

Jij = wilij + wasij + wstjj (29)

where sij denotes the additional cost caused by corridor switching; tij denotes the additional
cost caused by direction change; wl, ws, and wt are the corresponding weighting coefficients
for the length term, corridor-switching term, and direction-change term, respectively. Their
specific values are given in the experimental parameter table.

The above edge-cost design enables the topological search result to go beyond merely
pursuing the geometrically shortest connection, and instead preferentially preserves
structured connections that follow the main inspection corridors, involve fewer corri-
dor switches, and exhibit smoother direction changes. Specifically, even if a candidate edge
is relatively short, its overall cost will increase accordingly if it induces additional corri-
dor switching or significant directional deviation. In contrast, candidate connections that
extend along existing inspection corridors are more likely to be retained. In this way, the
topological graph not only describes reachability relationships but also imposes structural
constraints on the overall path morphology at the early stage of path generation.

Another role of the topological guidance model is to provide a unified basis for local
replanning. When a local region is disturbed, it is unnecessary to perform a complete
re-search over the entire global space. Instead, it is sufficient to search for an alternative
connection on the topological subgraph near the disturbed region. This property allows
TCG-BS-D* to maintain good computational efficiency and path continuity under local
environmental changes.

3.3. Closed-Loop Path Segment Generation

After the topological guidance model is established, TCG-BS-D* decomposes the
closed-loop task, according to the prescribed inspection sequence, into a set of local con-
nection problems between adjacent task targets. For any pair of adjacent task targets, a
reference node sequence is first obtained by searching on the topological graph G:

Tiiv1 ={v1,v2,...,0n} (30)

This sequence provides the initial routing of the corresponding local flight segment
in the structured corridor network. Subsequently, this reference connection is refined in
continuous 3D space to generate a local 3D trajectory that satisfies the feasible-region
constraints, task-visiting constraints, and flight constraints.

This “topological guidance—continuous refinement” strategy strikes a balance between
structural prior information and geometric flexibility. At the topological level, a coarse
path framework consistent with the inspection characteristics of GIS rooms can be obtained
efficiently, thereby avoiding large-scale blind search in continuous space. The subsequent
continuous-space refinement retains sufficient geometric freedom, allowing each local flight
segment to adapt to the actual equipment layout and feasible-region boundary constraints,
thus ensuring the geometric executability of the path.
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After all local flight segments are generated, TCG-BS-D* concatenates them head to
tail according to the inspection sequence to obtain an initial closed-loop inspection path.
Since the entire path-generation process always follows the prescribed task-visiting order,
the concatenated result naturally satisfies the organizational requirement of the closed-loop
task. Meanwhile, the segment-wise construction manner also facilitates subsequent local
replanning: when a local region is disturbed, only the corresponding local flight segment
needs to be identified and replaced, rather than reconstructing the entire path.

It should be noted that, although the initial closed-loop path already possesses basic ge-
ometric feasibility and task completeness, a certain degree of local deviation and redundant
turning may still exist near task-access segments, connection-area visiting segments, and
cross-corridor switching segments. Therefore, further path regularization is still required
to improve its structural quality.

3.4. Bias Suppression and Path Regularization

Although the initial closed-loop path completes all task connections, it may still
contain problems such as local oscillations, redundant deviations in access segments,
and unnecessary turns. If it is directly used as the final inspection path, the structural
consistency and flight executability of the path may be compromised. To address this issue,
TCG-BS-D* further performs bias suppression and regularization after the closed-loop path
is generated.

First, to strengthen the path adherence to inspection corridors, the cumulative devia-
tion cost of the path with respect to the inspection corridors is defined as

N
Jaeo = Z d(Pk, R) (31)
k=0

where d(pg, R) denotes the distance from path point p; to the nearest inspection corridor. A
smaller J;, indicates that the path is, as a whole, closer to the existing inspection corridors
and therefore exhibits stronger structural consistency. By uniformly suppressing this
quantity, ineffective deviations in the central region and local access segments can be
effectively reduced, so that the overall path configuration better conforms to the structural
characteristics of GIS-room inspection.

Second, to reduce redundant turns in the path, TCG-BS-D* regularizes nearly collinear
segments and ineffective turning segments. For consecutively nearly collinear trajectory
points, the intermediate redundant points are directly removed. For local flight segments
with excessively frequent direction changes, the turning complexity is reduced by replacing
the connection pattern or adjusting the access direction. The definition of the turning angle
is not repeated here; instead, the large-angle-turn metric established earlier is directly used
to control path turning complexity.

By comprehensively considering the total path length, cumulative deviation cost,
and number of large-angle turns, the following global evaluation function is adopted to
uniformly regularize the closed-loop path:

](P) = “Ltotal(P) + :B]dev(P) + 'YNturn(P) (32)

where «, 3, and vy are weighting coefficients. Since the total inspection time is linearly
consistent with the total path length when the nominal cruising speed is given, the path
generation and regularization stages mainly use L_total as the primary efficiency indicator,
while T_total is evaluated uniformly in the experimental analysis.

It should be emphasized that bias suppression is not equivalent to simply “straighten-
ing” the path, and it does not allow the path to pass through obstacles. For any intermediate-
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point removal or local-segment replacement, the algorithm rechecks feasibility. A regular-
ization operation is accepted only when the candidate segment remains inside the feasible
flight domain, satisfies the safety-clearance constraint with respect to the inflated obstacle
set, respects the altitude limits, and does not introduce an excessive turn angle. If the candi-
date segment collides with obstacles, violates altitude limits, or introduces an excessive
turn angle, the operation is directly rejected, and the original feasible segment is retained.
Therefore, bias suppression reduces unnecessary deviations and redundant turns within
the safety-feasible space rather than pursuing an unconstrained geometric straight line.

3.5. Local Replanning Mechanism

During actual inspection, local regions may become impassable due to maintenance
operations, temporary blockage, or dynamic disturbances. If the entire closed-loop path
were recomputed after each local disturbance, the computational burden would increase,
and the overall structural stability of the existing path would also be compromised. To
address this issue, TCG-BS-D* adopts a local replacement-based replanning strategy, in
which only the affected flight segment is modified.

Let the nominal closed-loop path be denoted by P, and let the locally disturbed region
be denoted by Z. If a local flight segment P, ;, in the path conflicts with the disturbed
region, i.e.,

PopyNZ # 2. (33)

Then local replanning is triggered. The algorithm marks the edge or segment intersect-
ing Z as unavailable or high-cost and searches for an alternative connection in the topology
subgraph near the disturbed region. The updated closed-loop path can be written as

P = Pbefore U Plu,b U Pafter (34)

where P_before and P_after are the unaffected path parts before and after the disturbed
segment, respectively, and P’_{a b} is the regenerated alternative segment. Thus, local re-
planning only modifies the disturbed local segment without changing the overall inspection
sequence or the closed-loop task structure.

For the maintenance blockage scenario, the disturbed region Z can be regarded as a
temporary static obstacle. In this case, the objective of local replanning is to bypass the
blocked region without changing the original inspection sequence, and to reconnect to
the original path within a local neighborhood. To this end, TCG-BS-D* searches for an
alternative connection on the topological subgraph adjacent to the disturbed region, and
then generates a new local 3D trajectory in continuous space. Since the unaffected preceding
and succeeding path segments remain unchanged, the overall closed-loop inspection
framework can still maintain good stability.

For the dynamic disturbance scenario, the disturbed region corresponds to a time-
varying local conflict region. Let the center position of the dynamic obstacle be z_d(t),
the safety radius of the dynamic obstacle be r_d, and the UAV safety radius be r_u. The
occupied region of the dynamic obstacle is expressed as

Oa(t) = {x[llx —z4(t)) <ra+ru) (35)

The dynamic safety clearance between path point p(t) and the dynamic obstacle is
defined as

Ddyn(t) = |p(t) —z4(t)) —ra — ru (36)

When D_dyn(t) is lower than the given safety threshold d_safe, the current segment is
considered to have a dynamic conflict risk, and local replanning is triggered. If D_dyn(t) <0,
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then the UAV safety envelope overlaps with the occupied region of the dynamic obstacle,
indicating a collision risk rather than a negative physical distance. In this case, TCG-BS-D*
temporarily switches the UAV to an adjacent safe corridor through alternative corridor
selection and local connection reconstruction, and then returns to the original inspection
process after bypassing the dynamic obstacle.

To avoid deadlock in local alternative search, a hierarchical handling mechanism
is adopted. First, an alternative connection is searched within the neighborhood of the
disturbed segment. If no feasible segment exists in the local neighborhood, the search
range is expanded to adjacent corridor nodes and upstream/downstream task-connection
segments. If no path satisfying collision, safety-clearance, and turn-angle constraints can be
found after expansion, the current task segment is considered temporarily infeasible, and
hovering, returning to the previous safe waypoint, or task-layer replanning is triggered.
The simulation in this paper is based on the condition that task objects are not completely
blocked and that at least one feasible alternative corridor exists; therefore, local replanning
can obtain feasible alternative segments.

3.6. Method Attributes and Safety Feasibility

In summary, TCG-BS-D* differs significantly from ordinary shortest-path search. Or-
dinary shortest-path search usually takes the minimum distance as the primary objective
and focuses on connectivity between the start point and the end point. In contrast, the
proposed method is designed for closed-loop inspection in GIS rooms and is constrained
by a fixed visiting sequence, corridor topology, obstacle inflation, safety clearance, altitude
range, turn-angle constraints, and local repairability. Its path-generation result is not solely
determined by geometric distance, but is a closed-loop inspection trajectory formed under
structured corridor priors and flight-executability constraints.

Topology guidance determines which inspection corridors the path should primarily
follow. Closed-loop segment generation ensures task sequence and path continuity. Bias
suppression reduces unnecessary deviations and redundant turns within the safety-feasible
space. Local replanning replaces affected path segments when maintenance blockage
or dynamic disturbance occurs. These components jointly improve corridor consistency,
regularity, and local adaptability without damaging the task sequence. Therefore, the inno-
vation of TCG-BS-D* lies not in simply shortening the path, but in integrating the corridor
structure, closed-loop inspection sequence, and local disturbance correction mechanism
specific to GIS rooms into a unified 3D path-planning framework.

4. Experimental Simulation and Results Analysis
4.1. GIS Room Inspection Scenario and Experimental Setup

To verify the applicability of the proposed method in an engineering scenario, the
simulation scenario in this paper is derived from the spatial layout of an actual GIS room
in Jiangsu Province, China. Considering the engineering sensitivity of on-site equipment
information and station layout details, the actual station name and complete equipment
parameters are not disclosed. Instead, the real GIS room is anonymized and geometrically
abstracted while preserving the main spatial scale, equipment arrangement, corridor distri-
bution, and inspection-task organization. Specifically, the scenario preserves key structural
features such as the upper and lower rows of main GIS equipment, control cabinets, sup-
port columns, busbar connection structures, transverse connection sections, and inspection
corridors between equipment. Regular equipment shapes are abstracted as cuboids and
cylinders to meet the needs of path-planning simulation and collision checking.

The simulated GIS room space is 200 m x 100 m x 50 m. The equipment arrangement
forms three main inspection corridors: the lower corridor, the middle corridor, and the
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upper corridor. Their centerlines are y =34 m, y = 50 m, and y = 66 m, respectively. These
three corridors jointly form the main passable framework for closed-loop UAV inspection
in the GIS room. Unlike a completely idealized indoor simulation environment, the task-
point arrangement, corridor connections, and local blockage positions in this scenario refer
to possible equipment occlusion, corridor restrictions, and local maintenance operations
encountered during actual GIS room inspections.

As Figure 1 shows, in the task setting, 17 task points are arranged, including one
takeoff/landing point, 12 bay inspection points, and 4 connection-area inspection points.
The takeoff/landing point S is located in the middle corridor. The lower-row bay inspection
points are denoted as B1-B6, the upper-row bay inspection points are denoted as B7-B12, and
the connection-area inspection points are denoted as C1-C4. The closed-loop inspection task
starts from S, sequentially visits all bay inspection points and connection-area inspection
points, and finally returns to S. To improve the independent readability of the table, Table 1
supplements the visiting sequence based on the original coordinate information, thereby
clarifying the execution process of the closed-loop inspection task.

Z/m

100

200 0 Y/m

Figure 1. GIS-room inspection scenario and distribution of inspection task points.

Table 1. Inspection task points and visiting sequence in the GIS room.

Z/m Y/m X/m Type Task Point
14 50 10 start S
13 30 20 bay Bl
13 30 52 bay B2
13 30 84 bay B3
13 30 116 bay B4
13 30 148 bay B5
13 30 180 bay B6
13 70 180 bay B7
13 70 148 bay B8
13 70 116 bay B9
13 70 84 bay B10
13 70 52 bay B11
13 70 20 bay B12
16 50 44 conn C1
16 50 88 conn C2
16 50 132 conn C3
16 50 166 conn C4
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A 3D GIS room simulation program is developed in MATLAB R2025a. The program
first generates a 3D geometric scenario according to the anonymized real GIS room scale,
equipment arrangement, and corridor structure. Then, a 3D occupancy grid is constructed
with a fixed resolution, and obstacle safety inflation is performed. Finally, different path-
planning methods are executed to obtain the corresponding closed-loop inspection paths
and evaluation metrics. In the simulation, the UAV adopts the simplified kinematic model
of the small multi-rotor UAV described in Section 2.5 and follows the planned waypoint
sequence using piecewise linear tracking. To ensure fair comparison, all methods are
run under the same scenario, task points, obstacle inflation radius, cruise speed, and
evaluation metrics. For comparison methods involving random sampling, fixed random
seeds are used.

The key simulation parameters and TCG-BS-D* method parameters are shown in
Table 2. The scenario size, corridor centerlines, and task-point arrangement are derived from
the geometrically abstracted actual GIS room. The nominal UAV cruise speed and cruise
altitude are set according to the requirements of indoor low-speed inspection and passable
corridor space. The safety inflation radius considers the UAV body envelope, modeling
error, and localization-error margin. The corridor tolerance is used to determine whether a
path point is located within the valid inspection corridor range. The large-turn threshold is
used to evaluate the trajectory executability of the UAV in narrow corridors. The length,
weight, corridor-switching weight, turn-penalty weight, and corridor-deviation weight
of TCG-BS-D* are determined through preliminary experiments and kept unchanged in
the static inspection, local blockage, and dynamic disturbance scenarios to avoid scenario-
specific tuning.

Table 2. Key simulation and TCG-BS-D* parameter settings.

Parameter Category

Parameter Value

Scenario source

Anonymized abstract scenario derived from

GIS room scenario an actual GIS room in Jiangsu Province,

China
Scenario parameter Simulation space size 200 m x 100 m x 50 m
Scenario parameter Grid resolution 1.0m

Scenario parameter

Main inspection corridor centerlines

y =34m, 50 m, 66 m

UAV parameter UAV type Small multi-rotor UAV
UAV parameter Nominal cruise altitude 14 m
UAV parameter Nominal cruise speed 2.6m/s
Safety and constraint parameter Obstacle safety inflation radius 34m
Safety and constraint parameter Corridor tolerance dcorr 3.0m
Safety and constraint parameter Large-turn threshold ®max 35°
TCG-BS-D* parameter Length weight wl 1.0
TCG-BS-D* parameter Corridor-switching weight ws 7.5
TCG-BS-D* parameter Turn-penalty weight wt 4.0
TCG-BS-D* parameter Corridor-deviation weight 3 0.10
Local blockage parameter Blockage region center (100 m, 50 m, 12 m)
Local blockage parameter Blockage region size 16m x 18m x 22m
Dynamic disturbance parameter Equivalent radius of dynamic obstacle 2.8m
Dynamic disturbance parameter Dynamic obstacle speed 1.0m/s
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In the local maintenance blockage scenario, the blockage region is placed near the
key middle corridor of the GIS room to simulate the occupation of a local corridor by
maintenance equipment, temporary fences, or work areas during actual operation and
maintenance. This blockage region is added to the occupancy grid as a temporary static
obstacle and is safety-inflated. When a segment of the nominal closed-loop path conflicts
with the blockage region, TCG-BS-D* triggers local alternative replanning and modifies
only the affected segment.

In the dynamic disturbance scenario, the dynamic obstacle is used to simulate the short-
term occupation of the middle corridor by personnel or mobile equipment. The dynamic
obstacle enters the central inspection region at a speed of 1.0 m/s, and its equivalent radius
is set to 2.8 m. When the nominal UAV path conflicts with the time-varying occupied
region of the dynamic obstacle, or when the dynamic safety clearance falls below the safety
threshold, the local replanning mechanism is triggered to generate a detour segment and
restore the original inspection process after bypassing the obstacle.

4.2. Comparison Algorithms and Evaluation Metrics

To comprehensively evaluate the applicability of the proposed method in closed-
loop GIS room inspection, three representative path-planning methods are selected for
comparison: PRM* patrol, Informed-RRT* patrol, and D* Lite corridor patrol. PRM*
patrol represents roadmap-based search methods and reflects the path-generation effect
based on sampled-node connectivity. Informed-RRT* patrol represents continuous-space
sampling-based planning methods and reflects the path-generation capability of random
sampling mechanisms in constrained 3D spaces. D* Lite corridor patrol represents path
planning based on corridor-graph search and local cost updating, serving as the closest
corridor-guided baseline to the proposed method. The proposed method is denoted as
TCG-BS-D*. Its core feature is to generate structured inspection trajectories under GIS room
corridor-topology constraints by integrating closed-loop task sequence, corridor bias, turn
suppression, and local alternative replanning.

To ensure fair comparison, all algorithms are run under the same GIS room scenario,
task-point sequence, obstacle safety inflation radius, UAV nominal cruise speed, and evalu-
ation metrics. For PRM* patrol and Informed-RRT* patrol, fixed random seeds are used to
reduce the influence of random sampling. This paper does not use the shortest path length
as the only evaluation criterion. Instead, different algorithms are comprehensively evalu-
ated from the perspectives of inspection efficiency, safety margin, trajectory executability,
corridor consistency, and task completeness.

1.  Total path length L,: reflects the overall path length of the inspection task;

2. Total inspection time Tyy,: jointly determined by the total path length and
cruising speed;

3. Minimum safety clearance Dp,i: represents the minimum distance between the
inspection trajectory and static obstacles in the scene;

4. Number of large-angle turns Num: counts the number of turning angles exceeding a
given threshold and is used to characterize trajectory complexity;

5. Corridor adherence rate Reorr: measures the degree to which the trajectory follows the
inspection corridors in the GIS room;

6. Task completion rate CR: indicates whether all closed-loop inspection tasks
are completed.

The main evaluation metrics include total path length Ltotal, total inspection time
Ttotal, minimum safety clearance Dmin, average safety clearance Davg, number of large-
angle turns Nturn, corridor adherence rate Rcorr, and task completion rate CR. Ltotal
reflects the overall length of the closed-loop inspection path. Ttotal is calculated from the
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total path length and the nominal cruise speed and is used to represent the engineering
execution-time cost. Dmin reflects the safety margin at the most dangerous position along
the path. Davg reflects the overall safety level of the entire path relative to obstacles. Nturn
evaluates the turning complexity and flight executability of the trajectory. Rcorr measures
the proportion of path points located within the valid inspection corridor band. CR is
used to determine whether all closed-loop inspection tasks are completed. In GIS room
inspection, Recorr is an important metric that differs from general free-space path planning,
but it must be interpreted together with Dmin, Davg, and Nturn to avoid sacrificing
obstacle-avoidance safety or trajectory executability.

4.3. Static Closed-Loop Inspection Result Analysis

Figures 2 and 3 show the 3D closed-loop inspection trajectories and top-view com-
parison results generated by the four algorithms in the static GIS room scenario. Figure 2
shows the spatial trajectory morphology of different algorithms in the complete 3D ob-
stacle environment, while Figure 3 shows the correspondence between the trajectories
and the lower corridor, middle corridor, upper corridor, and inspection task points. To
improve readability, Figure 3 further marks the takeoff/landing point, bay inspection
points, connection-area inspection points, and main inspection corridor ranges, thereby
more intuitively showing how different algorithms utilize the corridor structure of the
GIS room.

PRM* patrol = = = Informed-RRT* patrol

————— D* Lite corridor patrol TCG-BS-D* (fair-tuned proposed)

Figure 2. Comparison of 3D trajectories of static closed-loop inspection generated by
different algorithms.

As shown in Figures 2 and 3, since this study considers a closed-loop inspection
task with a fixed visiting sequence, all algorithms need to visit the same bay inspection
points and connection-area inspection points in order. Therefore, the overall path trends
in the upper and lower main inspection regions are naturally similar. This similarity does
not mean that the paths are not planned. Instead, it is determined jointly by the fixed
visiting sequence and corridorized spatial structure of the GIS room. The main differences
among different algorithms appear in the task-access segments, corridor-switching seg-
ments, middle connection-area visiting segments, and the local segment near the return to
the takeoff/landing point. PRM* patrol and Informed-RRT* patrol rely more on sampled
connectivity in free space and therefore tend to show lateral oscillations and unneces-
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sary deviations in some local segments. D* Lite corridor patrol can follow the corridor
network well, but it produces more local turns. In contrast, the proposed TCG-BS-D*
introduces corridor-switching penalty, turn suppression, and bias regularization on the
basis of corridor-topology guidance, reducing redundant switching and local turns while
maintaining corridor-structure consistency.

100
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40
30
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o I
10 D & H D O
0 | | |
0 100 120 140 160 180 200
X/m
____ PrRM* _ _ _ Informed-RRT* D* Lite corridor __ TCG-BS-D* (fair-tuned
patrol patrol patrol proposed)

Figure 3. Top-view comparison of static closed-loop inspection trajectories generated by
different algorithms.

Table 3 gives the quantitative comparison of different algorithms under the static
closed-loop inspection condition. For better readability, the corridor adherence rate and task
completion rate are expressed as percentages. It should be noted that the total inspection
time is calculated from the total path length and the nominal cruise speed, and therefore
mainly reflects the engineering execution-time cost rather than an algorithmic performance
metric completely independent of path length. The average safety clearance, Davg, is
calculated from the average distance between path points and the inflated obstacle set.
The trajectory points are resampled at equal intervals along the path length to ensure fair
comparison among different algorithms.

Table 3. Comparison of static closed-loop inspection performance metrics of different algorithms.

Total Total Minimum Average Nu]jl; ll?e;-of Corridor Task
Method Path Inspection Safety Safety An gle Adherence  Completion
Length/m Time/s Clearance/m  Clearance/m Ta rgn s Rate/% Rate/%
PRM* patrol 810.33 311.67 1.52 6.74 38 63.77 100
Informed-RRT* patrol 972.92 374.20 1.52 6.31 42 63.33 100
D* Lite corridor patrol 709.10 272.73 1.52 7.46 46 80.33 100
TCG-BS-D* (proposed) 700.22 269.32 1.52 8.18 37 80.73 100

As shown in Table 3, all four algorithms complete all closed-loop inspection tasks,
and the task completion rate is 100%. In terms of inspection efficiency, TCG-BS-D* has
the shortest total path length of 700.22 m and the lowest total inspection time of 269.32 s.
Compared with PRM* patrol, Informed-RRT* patrol, and D* Lite corridor patrol, the total
path length of the proposed method is reduced by approximately 13.59%, 28.03%, and
1.25%, respectively. Since a unified nominal cruise speed is adopted, inspection time is
linearly related to total path length. Therefore, the time metric is mainly used to reflect
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the engineering execution-time cost of different path schemes rather than to repeatedly
emphasize an independent algorithmic advantage.

In terms of safety, the minimum safety clearance of all four methods is 1.52 m, indicat-
ing that under the current obstacle inflation and collision-checking settings, all algorithms
satisfy static obstacle-avoidance constraints and do not collide with static obstacles or
violate the safety margin. From the perspective of average safety clearance, the Davg of
TCG-BS-D* is 8.18 m, higher than 6.74 m for PRM* patrol, 6.31 m for Informed-RRT* patrol,
and 7.46 m for D* Lite corridor patrol. This indicates that the proposed method not only
maintains the basic safety distance at the most dangerous position but also provides a
larger average safety margin over the whole path.

In terms of trajectory executability and corridor consistency, TCG-BS-D* achieves
37 large-angle turns and an 80.73% corridor adherence rate. The proposed method has the
fewest large turns among the four methods and improves the corridor adherence rate by
approximately 26.60% and 27.48% compared with PRM* patrol and Informed-RRT* patrol,
respectively. Compared with D* Lite corridor patrol, it also achieves a slight improvement
in corridor adherence while reducing redundant local turns. This result shows that the
proposed method shortens the total path length without sacrificing adherence to the GIS
room inspection corridors.

In summary, the static closed-loop inspection results show that TCG-BS-D* is more
suitable for structured closed-loop inspection tasks derived from actual GIS room layouts. It
avoids the free-space oscillations and unnecessary deviations produced by PRM* patrol and
Informed-RRT* patrol in the middle region, and reduces the excessive local turns caused
by over-reliance on the corridor graph in D* Lite corridor patrol. Therefore, while ensuring
task completion and static obstacle-avoidance safety, the proposed method achieves the
shortest total path length, the lowest engineering execution-time cost, the highest average
safety clearance, the fewest large-angle turns, and the highest corridor adherence rate.

4.4. Local Maintenance Blockage Replanning Analysis

To verify the path-correction capability of the proposed method under local distur-
bance in GIS rooms, a local maintenance blockage obstacle is introduced into the static
closed-loop inspection scenario. This obstacle is used to simulate the occupation of a
key middle corridor by maintenance equipment, temporary fences, or work areas. The
blockage region is located near the middle connection corridor of the GIS room, and its
position and size are sufficient to block a local required segment of the nominal closed-loop
path. Therefore, the UAV needs to perform local detouring without changing the overall
inspection sequence.

As shown in Figure 4, after the blockage appears, a local segment of the original
nominal path is blocked. TCG-BS-D* first identifies the local segment that conflicts with the
blockage region, then searches for an alternative connection in adjacent passable corridors
and the local topology subgraph, and generates a new local detour segment. The replanned
path bypasses the middle blockage region and reconnects to the original closed-loop
inspection path within a local range. During this process, the visiting sequence of the
takeoff /landing point, bay inspection points, and connection-area inspection points remains
unchanged, and the unaffected upper and lower main inspection corridor segments remain
stable. This shows that the proposed method can achieve global task-sequence preservation,
local blocked-segment replacement, and safe detour recovery.
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(a) Nominal route before local maintenance blockage
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Figure 4. Comparison of nominal and replanned paths under local maintenance blockage.

As shown in Table 4, before blockage, the total path length and total time of TCG-
BS-D* are 700.22 m and 269.32 s, respectively. Under local maintenance blockage, these
values increase to 771.51 m and 295.20 s. Compared with the pre-blockage condition, the
path-length increment is 71.29 m and the time increment is 25.88 s. This indicates that when
a key middle corridor is locally blocked, local detouring inevitably introduces additional
cost. However, this cost is mainly concentrated near the blocked region and does not cause
large-scale reconstruction of the entire closed-loop inspection path.
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Table 4. Comparison of replanning performance metrics before and after local maintenance blockage.

Minimum Average Number .
- Total Total Safety Safety of Large- In- Out- of- Corridor Path Time In-
Condition Path . Corridor Corridor Adherence Incre-
Time/s Clear- Clear- Angle . . o crement/s
Length/m Points Points Rate/% ment/m
ance/m ance/m Turns
Before 70022 269.32 1.52 8.18 37 109 26 80.73 0.00 0.00
blockage
After 771.51 295.20 1.52 8.36 39 120 23 83.91 71.29 25.88
blockage

In terms of safety, the minimum safety clearance remains 1.52 m before and after
blockage, indicating that local replanning does not sacrifice static obstacle-avoidance safety.
From the perspective of average safety clearance, the average safety clearance increases
from 8.18 m to 8.36 m after blockage, indicating that the replanned segment maintains a
good overall safety margin while bypassing the blockage region.

In terms of trajectory regularity, the numbers of large-angle turns before and after
blockage are 37 and 39, respectively, corresponding to an increase of only two turns.
Combined with Figure 4, it can be seen that the additional turns mainly occur in the
local detour segment near the maintenance obstacle, rather than in large-scale turning
changes throughout the entire inspection path. This indicates that the proposed method
can effectively suppress ineffective turning during local replanning, so that the replanned
result still maintains strong structural characteristics and good executability.

It is worth noting that the corridor adherence rate increases from 80.73% to 83.91%
after blockage. As shown by the in-corridor and out-of-corridor point counts in Table 4,
before blockage, the path contains 135 statistical path points, of which 109 are inside the
valid corridor band, and 26 are outside it. After blockage, the path contains 143 statistical
path points, of which 120 are inside the valid corridor band, and 23 are outside it. Therefore,
the increase in corridor adherence rate is not simply caused by the increase in the total
number of path points. Instead, more path points are located within the valid inspection
corridor range after replanning.

In summary, the local maintenance blockage experiment shows that TCG-BS-D* can
effectively perform local alternative replanning for the blocked segment without changing
the closed-loop inspection sequence or destroying the unaffected path structure. Although
the blockage condition introduces an additional path length of 71.29 m and an additional
time of 25.88 s, the replanned path still maintains a minimum safety clearance of 1.52 m,
an average safety clearance of 8.36 m, a limited increase in large-angle turns, and a high
corridor adherence rate. This indicates that the proposed method has good path stability,
safety, and engineering adaptability in local disturbance scenarios derived from actual GIS
room layouts.

4.5. Obstacle-Avoidance Capability Under Dynamic Disturbance

During actual GIS room inspection, in addition to fixed equipment and local mainte-
nance blockage, dynamic disturbances such as personnel movement or mobile maintenance
equipment temporarily occupying a corridor may also occur. Such disturbances are usu-
ally local and short-term, and their influence is concentrated on a specific segment of the
closed-loop inspection path. Replanning the entire closed-loop path directly would not
only increase computational burden but also potentially destroy the original inspection
sequence and path-structure stability. Therefore, a dynamic obstacle disturbance scenario
is further constructed to verify the local dynamic conflict identification and alternative
detouring capability of TCG-BS-D*.

As shown in Figure 5, without dynamic obstacle interference, the nominal central
inspection segment can pass directly through the middle corridor. When the dynamic
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obstacle enters the central inspection region, the original central segment conflicts with the
occupied region of the dynamic obstacle. TCG-BS-D* then replaces the affected segment
with a detour segment in a nearby safe corridor, enabling the UAV to avoid the occupied
region of the dynamic obstacle and restore the original closed-loop inspection task after
local detouring. This process reflects the dynamic response characteristics of conflict
identification, local detouring, and task recovery.

100

50 Y/m

= = Nominal central segment X/m 140 160 0

Dynamic detour segment === Dynamic obstacle

Figure 5. Local obstacle-avoidance result under dynamic obstacle disturbance.

As shown in Table 5, the path length and inspection time of the original central segment
are 44.00 m and 16.92 s, respectively. After local detouring, the path length and inspection
time increase to 76.00 m and 29.23 s, corresponding to a path increment of 32.00 m and
a time increment of 12.31 s. This indicates that when a local corridor is occupied by a
dynamic obstacle, safe detouring introduces additional execution cost. However, this cost
is limited to the disturbed segment and does not cause large-scale reconstruction of the
entire closed-loop inspection path.

Table 5. Comparison of obstacle-avoidance metrics for the dynamically disturbed segment.

. Path Inspection M1n1.mum Path Time
Condition - Dynamic Safety
Length/m Time/s Increment/m Increment/s
Clearance/m
Original central segment 44.00 16.92 —2.71 0.00 0.00
Dynamic detour segment 76.00 29.23 17.84 32.00 12.31

In terms of dynamic safety, the minimum dynamic safety clearance of the original
central segment is —2.71 m. This negative value does not indicate a negative physical
distance. Instead, it means that the UAV safety envelope overlaps with the occupied region
of the dynamic obstacle. If the UAV continues to fly along the original central segment, a
clear collision risk exists. After local detouring, the minimum dynamic safety clearance
increases to 17.84 m, indicating that the dynamic conflict in the disturbed segment is
effectively eliminated and that sufficient safety margin between the UAV and the dynamic
obstacle is restored.

In summary, the dynamic disturbance experiment shows that TCG-BS-D* can identify
the affected segment and generate a local alternative path when the middle inspection
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corridor is temporarily occupied by personnel or mobile equipment. Although the dynamic
detour introduces an additional path length of 32.00 m and an additional inspection time
of 12.31 s, the minimum dynamic safety clearance increases from —2.71 m to 17.84 m,
significantly reducing the local collision risk. This result shows that the proposed method
is applicable not only to static closed-loop inspection and local maintenance blockage
scenarios but also to dynamic disturbance conditions, maintaining good local obstacle-
avoidance capability and engineering adaptability.

4.6. Parameter Sensitivity and Additional Robustness Analysis

To further address the influence of empirical parameters and the robustness of the
local replanning mechanism, additional experiments were conducted after the main static,
local blockage, and dynamic disturbance tests. In the parameter sensitivity analysis, only
one parameter was changed at a time while all other settings were kept the same as those
in Table 2. The analyzed parameters include the corridor tolerance dcorr, the large-turn
threshold 6max, and the corridor-deviation weight 3. These parameters were selected
because they directly affect corridor adherence evaluation, trajectory regularity, and the
balance between path efficiency and corridor consistency.

Table 6 and Figure 6 present the sensitivity results. When the corridor tolerance
changes from 2.0 m to 4.0 m, the total path length remains within a narrow range of 698.96—
704.85 m, and all cases maintain a task completion rate of 100%. The corridor adherence
rate increases with a wider corridor tolerance, while the average safety clearance remains
above 8.05 m. When the large-turn threshold changes from 30° to 40°, the number of
large-angle turns changes accordingly, but the total path length and corridor adherence rate
remain stable. When the corridor-deviation weight changes from 0.05 to 0.15, the method
still maintains 100% task completion and stable safety performance. Figure 6 further
visualizes the normalized sensitivity trends of the key indicators around the nominal
parameter setting.

Large-turn threshold Omax / ° Corridor-deviation weight 8

14152 1:15
1.104 1.10
O O
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/ g & \ o
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Figure 6. Parameter sensitivity trends of TCG-BS-D*. All metrics are normalized to the nominal
parameter setting.

In addition to parameter sensitivity, additional disturbance cases were also tested to
strengthen the validation depth. For local maintenance blockage, three different blockage
positions were considered along the middle corridor. For dynamic disturbance, three
dynamic obstacle speeds were tested. The results are summarized in Table 7 and visualized
in Figure 7. In all additional cases, the task completion rate remains 100%, and the minimum
post-replanning clearance remains positive. These results indicate that the proposed local
replanning mechanism can maintain feasible and safe inspection paths under different
disturbance settings.
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Table 6. Parameter sensitivity results of TCG-BS-D*.
Total Path Average Safety Number of Corridor Task .
Parameter Value Leneth/m Clearance/m Large-Angle Adherence Completion
& Turns Rate/% Rate/%
Corridor tolerance dcorr/m 2.0 704.85 8.30 37 76.58 100
Corridor tolerance dcorr/m 3.0 700.22 8.18 37 80.73 100
Corridor tolerance dcorr/m 4.0 698.96 8.05 37 83.62 100
Large-turn threshold 30 706.74 821 0 80.10 100
Omax/
Large-turn threshold 35 700.22 8.18 37 80.73 100
Omax/
Large-turn threshold 40 697.95 8.13 31 81.16 100
Omax/
Corridor-deviation weight 3 0.05 693.42 7.72 39 77.81 100
Corridor-deviation weight 3 0.10 700.22 8.18 37 80.73 100
Corridor-deviation weight 3 0.15 707.68 8.29 36 82.15 100
Table 7. Additional robustness validation under local blockage and dynamic disturbance.
Path Time Minimum Task
Disturbance Type Disturbance Setting Post-Replanning Completion
Increment/m Increment/s
Clearance/m Rate/%
Local blockage Blockage near C2, x = 88 m 58.44 22.48 1.52 100
Local blockage Middle blockage, x = 100 m 71.29 25.88 1.52 100
Local blockage Blockage near C3, x =132 m 58.46 22.48 1.52 100
Dynamic obstacle Speed =0.8 m/s 32.00 12.31 15.64 100
Dynamic obstacle Speed =1.0m/s 32.00 12.31 17.84 100
Dynamic obstacle Speed =1.2m/s 32.00 12.31 19.20 100
80 225 ¢
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(a) Local blockage robustness (b) Dynamic disturbance robustness

Figure 7. Visualization of supplementary robustness results under local blockage and
dynamic disturbance.

The above supplementary results in Tables 6 and 7 and Figures 6 and 7 show that the
proposed method is not dependent on a single parameter setting or a single disturbance case.
Nevertheless, it should also be noted that TCG-BS-D* still contains heuristic components,
including empirically selected weighting coefficients and rule-based local repair strategies.
Therefore, the proposed method should be regarded as an engineering-oriented structured
replanning framework rather than a theoretically optimal planner. Future work will
further investigate theoretical performance analysis, real-flight validation, online perception
integration, localization uncertainty, and broader multi-scenario testing.
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5. Conclusions

This paper focuses on the 3D path planning and local replanning problem for closed-
loop UAV inspection in GIS rooms and proposes the TCG-BS-D* method. Static closed-loop
inspection, local maintenance blockage, and dynamic obstacle disturbance scenarios are
constructed to verify the path-generation capability and local adaptability of the proposed
method. The main conclusions are as follows. Additional parameter sensitivity and
robustness validation experiments were further added to evaluate the stability of the
proposed method under different parameter settings, blockage positions, and dynamic
obstacle speeds.

1. A 3D path-planning framework for closed-loop inspection in GIS rooms is constructed
according to the characteristics of dense equipment, clear corridor structures, and
fixed inspection sequences. The framework jointly models bay inspection objects,
connection-area inspection objects, the takeoff /landing point, and the fixed visiting
sequence, and integrates corridor-topology guidance, closed-loop segment genera-
tion, bias suppression, path regularization, and local alternative replanning into a
unified solution process. The generated path can satisfy task completeness, structural
consistency, and engineering executability requirements.

2. Under the static closed-loop inspection condition, TCG-BS-D* shows superior compre-
hensive performance. The proposed method achieves a total path length of 700.22 m,
a total inspection time of 269.32 s, an average safety clearance of 8.18 m, 37 large-
angle turns, a corridor adherence rate of 80.73%, and a task completion rate of 100%.
Compared with PRM* patrol, Informed-RRT* patrol, and D* Lite corridor patrol, the
proposed method achieves a shorter inspection path, a higher average safety margin,
fewer large-angle turns, and better corridor consistency while maintaining static
obstacle-avoidance safety.

3. Under the local maintenance blockage condition, TCG-BS-D* can perform local alter-
native replanning for the blocked segment without changing the overall inspection
sequence. After blockage, the total path length increases by 71.29 m, and the total time
increases by 25.88 s. The minimum safety clearance remains 1.52 m, the average safety
clearance increases to 8.36 m, and the corridor adherence rate increases to 83.91%. This
indicates that the proposed method can limit path correction to the local disturbed
region and preferentially use existing inspection corridors for detouring, thereby
maintaining closed-loop task structure and path safety. Under the dynamic obstacle
disturbance condition, TCG-BS-D* can identify the affected segment and generate a
local detour path. Compared with the original central segment, the dynamic detour
segment increases the path length by 32.00 m and the inspection time by 12.31 s, but
the minimum dynamic safety clearance improves from —2.71 m to 17.84 m. This
effectively eliminates the local collision risk caused by the overlap between the UAV
safety envelope and the dynamic obstacle occupied region.

4.  Additional sensitivity and robustness analyses indicate that the proposed method
maintains stable task completion and feasible local replanning under different corridor
tolerances, turn-angle thresholds, corridor-deviation weights, blockage positions,
and dynamic obstacle speeds. These results provide supplementary support for
the robustness of TCG-BS-D* and help reduce the uncertainty caused by empirical
parameter selection.

In summary, TCG-BS-D* can balance closed-loop path-generation efficiency, corridor
consistency, safety margin, and local replanning capability in structured GIS room inspec-
tion environments. It provides a feasible path-planning solution for small multi-rotor UAV's
performing closed-loop inspection tasks in GIS rooms. Future work will further combine
real-flight experiments, online environmental perception, localization-error modeling, and
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multi-UAV coordination to extend and validate the engineering applicability and online
execution capability of the proposed method.

At the same time, the method still contains empirical weights and rule-based local
repair components. Therefore, the current results should be interpreted as simulation-
based evidence of engineering feasibility rather than a proof of global optimality. Future
work will further combine theoretical performance analysis, real-flight experiments, online
environmental perception, localization-error modeling, and multi-UAV coordination to
extend and validate the engineering applicability and online execution capability of the
proposed method.
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