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AUXILIARY FLIGHT LANDING-ON LINE METHOD FOR A FLYING-WALKING
INSPECTION ROBOT

TECHNICAL FIELD

[0001] The present disclosure belongs to the field of power equipment, and relates to a
landing-on line system and an auxiliary flight landing-on line method for a flying-walking
inspection robot, which are used for assisting an operator to perform flight landing-on line of a

flying-walking inspection robot for an overhead transmission cable.

BACKGROUND

[0002] In an electrical power system, the power line is an important part, and its safe and
reliable operation is directly related to the stable development of economy of a country.
Transmission lines can be divided into overhead transmission lines and cable lines according to
different structures. Compared with cables, the overhead transmission lines are famous for their
simple structure, short construction period, low construction cost, convenient maintenance and
large transmission capacity, and are mostly used for long-distance transmission lines. Due to
long-term exposure to the environment, the overhead power line is made of steel-core aluminum
stranded wire, which needs to bear not only internal pressure such as normal mechanical load
and power load, but also external invasion such as pollution, lightning strike, strong wind,
landslide, subsidence and invasion. If external invasion cannot be found and eliminated in time,
various faults may be caused, affecting stable operation of the power line. Therefore, it is an
effective method to effectively monitor the operating state and surrounding environment of
power lines and find and eliminate potential risks. The existing inspection methods include
manual inspection, helicopter inspection, drone inspection and robot inspection. Compared with
other inspection methods, the robot inspection method can significantly reduce the labor
intensity of inspection personnel and improve the inspection accuracy, which can be divided into
flying robot inspection, walking robot inspection, and flying-walking robot inspection.

[0003] The flying robot independently plans, navigates and inspects power lines and records
relevant information, which has strong obstacle-crossing ability but short battery life. The
walking robot is driven by the motor to walk along the power line by means of the contact
between a walking wheel and the power line, which has strong endurance but poor

obstacle-crossing ability. The flying-walking inspection robot is an organic combination of a
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flying robot and a crawling robot, which has the advantages of the flying robot and walking
robot, and has strong obstacle-crossing ability while ensuring battery life.

[0004] In the flight get-on line inspection process of the flying-walking inspection robot, the
operator needs to remotely control the robot to avoid obstacles encountered during flight and fly
to approach the power line to complete final landing-on line. However, due to the particularity
and professionalism of the inspection task, the operator often needs to go through a certain
period of training and pass the assessment before having the operation qualification. The process
of training and examination needs to consume a lot of manpower and material resources, and the
operator ultimately needs to have the ability of rapid response, flexible control and emergency
response. At present, the flying-walking inspection robot mainly has the following methods from
flying to landing on the line:

[0005] 1. Mechanical device-assisted method: the operation accuracy is reduced by means of a
mechanical guide mechanism. With the help of an airborne camera, the cable to be hung is
embedded in a guide groove with a large opening, and the get-on line operation is completed
using the guide mechanism. However, the guide mechanism provided in this method will greatly
increase the weight of the robot itself, leading to the decrease of endurance.

[0006] 2. Mechanical optoelectronic switch-assisted method: the current position of the robot is
determined using sequential photoelectric signals, then the cable to be hung is embedded into a
sliding chute by means of the optoelectrical signal to complete the get-on line operation.
However, this method has limited determination on the state of the robot.

[0007] 3. Image-assisted method: the inspection robot flies to a position close to the cable to be
hung under the visual observation of the operator, then the inspection robot feeds back the image
of the cable to be hung at a specific visual angle to the operator, and the operator remotely
controls the robot to overlap a screen positioning line with the cable to be hung, thus completing
the get-on line process.

[0008] The image-assisted method has high accuracy and excellent real time capability. But a
positioning camera for the image-assisted method can only be turned on in the get-on line
process to guide the operator, the security, efficiency and energy conservation in the flight get-on
line process are hard to guarantee. The existing image-assisted method has limited auxiliary
function for the operator, and how to assist and guide the operator in the flight and landing-on

line process has not been involved. Therefore, there is an urgent need to solve this problem.

SUMMARY

[0009] The present disclosure solves the problems in the prior art by providing an auxiliary
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landing-on line system and an auxiliary flight landing-on line method for a flying-walking
inspection robot, such that a remote-control operator can get guidance in the landing-on line
process and can quickly, safely and accurately operate the flying-walking inspection robot to
land on a line, thus effectively solving the problems of high learning cost, long learning time,
difficult operation, long time consumption and easy collision in the get-on line process of the
flying-walking inspection robot.

[0010] In order to solve the problem above, an auxiliary flight landing-on line method for a
flying-walking inspection robot includes a flight module, a pressing module, a control module, a
detection module, a communication module, and a remote-control module. The flight module
includes a cabin, a rotor arm, a rotor motor, and a rotor wing. The pressing module includes a
primary compression wheel, and a secondary compression wheel. The control module includes a
graphic processor, and a motion controller. The communication module includes a wireless
receiver, and a wireless transmitter. The detection module includes a binocular camera, a
positioning camera, and positioning sensor, where the positioning sensor includes a GPS (global
positioning system), and an IMU (Inertial Measurement Unit). The remote-control module
includes an auxiliary remote controller, a left rocker, a right rocker, an indicator LED
(light-emitting diode) of the auxiliary remote controller, a screen of the auxiliary remote
controller, and a ground station. The binocular camera is installed on a cable arm, the positioning
camera is installed on a surface of the cabin below the primary compression wheel. A periphery
of an operating rod of the auxiliary remote controller is provided with a circle of LED lamps.
[0011] The present disclosure further provides a remote-control auxiliary landing-on line
method for a flying-walking inspection robot, which uses the auxiliary landing-on line system
above and includes the following steps:

[0012] S1: obtaining a current position of a flying-walking inspection robot according to a
positioning sensor, performing pre-flight for environment modeling, establishing a
three-dimensional map of a landing-on line environment through a ground station using data of a
binocular camera, and determining coordinates of a landing-on line point;

[0013] S2: establishing an energy consumption model E; of the flying-walking inspection robot
through a kinetics model of the flying-walking inspection robot and a driving model of a rotor
motor;

[0014] S3: planning safe waypoints at the ground station by applying a path planning algorithm
using the three-dimensional map established in S1, and obtaining N waypoints from a takeoff
point to the landing-on line point;

[0015] S4: calculating distance [ from the waypoints obtained in S3 to an endpoint, which is
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divided into three types according to the standard: an initial stage, an intermediate stage, and an
endpoint stage;

[0016] SS5: taking an energy function F; obtained in S2 as an energy performance index function,
and adding a time index and a safety index at the same time, performing trajectory generation by
applying different performance index functions in the three types of waypoints obtained in S4 to
generate path point sequences, thus obtaining an optimal control sequence u;,

[0017] S6: obtaining a fluctuation range of a control sequence u; of each of the initial stage, the
intermediate stage and the endpoint stage through u;, and converting a control quantity
fluctuation range #; into a rocker amplitude limit value;

[0018] S7: selecting the next path point with the shortest distance in a current course,
calculating a positional deviation AP, calculating a guiding rocker direction and amplitude
according to the deviation, displaying a recommended direction on an indicator LED of an
auxiliary remote controller to instruct an operator to complete coarse adjustment, and further
converting the recommended direction and amplitude into directed line segments to be displayed
on a screen of an auxiliary remote controller, thus instructing the operator to complete fine
adjustment;

[0019] S8: when the flying-walking inspection robot approaches a safe line-hanging position
and enters the endpoint stage under an auxiliary control, identifying, by the binocular camera, a
cable to be hung to obtain a positional deviation between a gap between a primary compression
wheel and a secondary compression wheel and the cable to be hung, calculating the guiding
rocker direction and amplitude according to the deviation, and displaying, by the auxiliary
remote controller, a recommended rocker direction and amplitude; under an instruction,
embedding, by the operator, the cable to be hung into the gap between the primary compression
wheel and the secondary compression wheel, displaying, by the screen of the auxiliary remote
controller, a picture of the positioning camera, identifying, by a graphic processor, the cable to be
hung, calculating an angular deviation Aa between the cable to be hung and the flying-walking
inspection robot, and calculating the guiding rocker direction and amplitude; instructing, by the
auxiliary remote controller, the operator to make the gap between the primary compression
wheel and the secondary compression wheel parallel to the cable to be hung until the angular
deviation Aa becomes zero, thus completing flying walking switching pre-positioning; and
[0020] S9: performing flying-walking switching, reducing, by the flying-walking inspection
robot, thrust slowly; when a length of the cable to be hung in the positioning camera no longer
changes, completely cutting of flight impetus, rising the secondary compression wheel to merge

with the primary compression wheel to press the cable to be hung, thus completing a landing-on
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line operation, and switching the robot to a walking mode.

[0021] A relationship between a state quantity and a control quantity of the robot and a
rotational speed of the rotor motor is firstly established through a kinetics model of the
flying-walking inspection robot:

[0022] [2] = f(X,w)

[0023] where 2 is the rotational speed of the rotor motor, which is [2; 2, 230,025 0Q¢],
f(X,u) is akinetics equation of the flying-walking inspection robot (19), X is the state quantity
of the flying-walking inspection robot, which is [x, v,z %, ¥,2,9, ¢, 6,9, ¢, 6].

[0024] A relationship between a rotational speed w; and a current i; is established according

to a rotor motor model:

. 1 it i1
[0025] i; = K_T[mL(wi) + Tf(wi) + Drw; + Um) @ Aa; 1]

[0026] where i; denotes the current, w; denotes a rotational speed of a motor, Ky denotes a
torque constant, D denotes a friction torque, J,, denotes rotational inertial of a rotor and a
rotor wing, m; denotes a load torque under the rotational speed w;, and At is the minimum
time span.

[0027] A relationship between the rotational speed w; and a voltage e; is established

according to the rotor motor model:
[0028] e; = Riy(t) + Kpow; + L=
[0029] where R denotes internal resistance of a winding of the rotor motor, Ky denotes a a
back electromotive force constant, L is inductance.
[0030] A motor power consumption model p(w;) is expressed as:
[0031] p(w;)= e
[0032] A final energy consumption model is expressed as Ej:
[0033] E; = p(w;)At.
[0034] The flying-walking inspection robot is firstly simplified as a bounding box; in an
environment with known obstacles, N collision-free waypoint sequences P are preliminarily
planned between a start point and an endpoint using a planning algorithm.
[0035] The waypoints P in the flight online process are divided into three stages by using a
Euclidean distance D from the flying-walking inspection robot (19) to a line hanging point and
by setting a classification standard Dg(s = 1,2), which are an initial stage Pq, an intermediate
stage P,, and an endpoint stage Pz, and distance calculation adopts the following Euclidean
distance formula:
[0036] d; = /(x; — x0)2 + (i — y0)? + (2 — 20)%;
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[0037] where (x; V;, z;) denotes coordinates of waypoints to be classified, (xg, yg, Zg) denotes
coordinates of a start point, when 0 < d; < D, the waypoint [ belongs to the initial stage,
when D < d; < D,, the waypoint i belongs to the intermediate stage, and when D; < d; <
D,, the waypoint i belongs to the endpoint stage.

[0038] The waypoints obtained in S3 are used to perform trajectory generation at different
segments, and an optimal trajectory and an optimal control quantity are calculated using the
comprehensive performance index functions of an initial stage index, an intermediate stage index
and an endpoint stage index respectively in the landing-on line process, and an objective function

and constraint of an optimal problem are as follows:

argmin] = aty + bEi + c=
uel b

s.t.X = f(X,u)
[0039] (¢t =0) = x,(t =0)

x(t = tf) = xy(t = tf)
Imin < g(xr xN) < Imax

[0040] where in the objective function, J is a comprehensive performance index function, tf

is time to reach the endpoint, E(t) is an energy index, D is a distance from a trajectory point to
1 ) ) . ) )
an obstacle, > denotes the safety index; a, b and c are adjustment coefficients; consideration

time is the shortest at the initial stage, and thus a =1, b =0, and ¢ = 0; consideration energy

is the minimum at the intermediate stage, and thus a=0, b=0, and c=1; safety

performance is considered at the endpoint stage, and thus a=0, b=0,and c=1; in a
constraint condition, X denotes the state quantity, u is a control input, x(t = 0) = x,(t = 0) is
a start point state constraint, x(t = tf) = xN(t = tf) is an endpoint state constraint, g, <
g(x, xy) < gmax is an intermediate state constraint, comprising kinetics constraint and obstacle
constraint, and a trajectory [x, ¥,z %, 9,29, $,6,{, ¢, é]i and the optimum control quantity u;
are solved.

[0041] The obtained control quantity u; is mapped as a rocker amplitude limit value through a
primary function,

T
[0042] [pmaxr l/)max» ¢maxr Bmax]j = Aumax +B

[0043] where u = [ft, Ty Ty TZ]T, A is a scaling matrix, B is a bias matrix, and A and B are
obtained by means of actual calibration.

[0044] A positional deviation AP = [Ax,Ay,Az] is obtained by subtracting a waypoint
[x;, ¥i,2i] closest to an endpoint position from a current position [x,y,Z], and corrected values
[pe Yo @ 8.]; of throttle, yaw, roll and pitch are obtained by the following formula:
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[0045] p. = wqi(4z)
[0046] ¥, = p, (cot(j—z))

[0047] ¢, = U3 (AXCOS(l/)) + Aysin(lp))

[0048] 6, = u4(Aycos(1/J) — Axsin(t/;))

[0049] where u; is a scaling coefficient, p 1is obtained through a calibration test, and is
adjusted according to a desired speed.

[0050] When the waypoint i belongs to the stage j, the corrected values [p, Y., ¢p., 0.]; are
compared with the rocker amplitude limit values [Pmaxs Wmax Pmax Omaxl;» and smaller values
are used as indication amplitude [py, Y4, P4, 04]; for output, which are expressed using the

following formula:

[0051] py = min (Pc, Pmax)

[0052] g = min (P, Pmax)

[0053] ¢ = min (¢, Prmax)

[0054] 6, = min (6., 0,,4,)

[0055] p,; and Y, are combined to indicate on the left rocker, ¢, and 6; are combined to
indicate on the right rocker, and an auxiliary guiding direction is displayed on the auxiliary
remote controller and the indicator LED of the auxiliary remote controller; on the screen of the
auxiliary remote controller, a short black arrow shows the current rocker strength and direction,
and a long white arrow shows recommended rocker strength and direction.

[0056] Compared with the prior art, the embodiments of the present disclosure have the
following beneficial effects:

[0057] 1. A visual LED and an auxiliary operation screen are used to provide graphical and
operational guidance for the operator in the get-on line process, thus the learning cost of the
flying-walking inspection robot is reduced, and the training period of the operator is shortened.
[0058] 2. By introducing the energy index, safety index and accuracy index, the optimal control
quantity is calculated, and the optimal control quantity is converted into a rocker amplitude limit,
and different limit levels are applied in different segments, thus guaranteeing the safety,
efficiency and energy conservation of the get-on line process.

[0059] 3. By automatically planning the waypoint as the target point in advance and adjusting a
rocker guidance direction of the remote controller in real time, the operator does not need to
consider the global path direction, and only needs to pay attention to the graphical guidance

displayed on the auxiliary screen, which simplifies the operation difficulty.



BRIEF DESCRIPTION OF THE DRAWINGS

[0060] To describe the technical solutions in the embodiments of the present disclosure or in the
prior art more clearly, the following briefly introduces the accompanying drawings required for
describing the embodiments. Apparently, the accompanying drawings in the following
description show merely some embodiments of the present disclosure, and those of ordinary skill
in the art may still derive other drawings from these accompanying drawings without creative
efforts.

[0061] FIG. 1 is a structural schematic diagram of a flying-walking inspection robot according
to an embodiment of the present disclosure;

[0062] FIG. 2 is a schematic diagram of a flying-walking inspection robot system according to
an embodiment of the present disclosure;

[0063] FIG. 3 is a schematic diagram of an auxiliary remote controller of a flying-walking
inspection robot according to an embodiment of the present disclosure;

[0064] FIG. 4 is a partial enlarged view of a screen of an auxiliary remote controller of a
flying-walking inspection robot according to an embodiment of the present disclosure;

[0065] FIG. 5 is a flow diagram of an auxiliary flight landing-on line method for a
flying-walking inspection robot according to an embodiment of the present disclosure;

[0066] FIG. 6 is a schematic diagram of a flying-walking inspection robot according to an
embodiment of the present disclosure approaching a cable;

[0067] FIG. 7 is a picture shot photographed by a positioning camera at a landing-on line stage
of a flying-walking inspection robot according to an embodiment of the present disclosure;
[0068] FIG. 8 is a schematic diagram of an operating path of a flying-walking inspection robot
according to an embodiment of the present disclosure.

[0069] In the drawings: 1-primary compression wheel; 2-secondary compression wheel;
3-positioning sensor; 4-rotor motor; S5-rotor wing; 6-motion controller; 7-binocular camera;
8-positioning camera;, 9-communication module; 10-graphic processor, 11-screen of auxiliary
remote controller, 12-indicator LED of auxiliary remote controller; 13-right rocker; 14-left
rocker; 15-cable to be hung; 16-gap between primary compression wheel and secondary
compression wheel, 17-ground station; 18-auxiliary remote controller, 19-flying-walking

inspection robot; 20-initial stage; 21-intermediate stage; 22-endpoint stage.

DETAILED DESCRIPTION OF THE EMBODIMENTS
[0070] The following clearly and completely describes the technical solutions in the

embodiments of the present disclosure with reference to the accompanying drawings in the
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embodiments of the present disclosure.

[0071] As shown in FIG. 1, FIG. 2 and FIG. 3, an auxiliary landing-on line method for a
flying-walking inspection robot includes a flight module, a pressing module, a control module, a
detection module, a communication module, and a remote-control module. The flight module
includes a cabin, a rotor arm, a rotor motor 4, and a rotor wing 5. The pressing module includes a
primary compression wheell, and a secondary compression wheel 2. The control module
includes a graphic processor 10, and a motion controller 6. The communication module 9
includes a wireless transceiver. The detection module includes a binocular camera 7, a
positioning camera 8, and a positioning sensor 3. The remote-control module includes an
auxiliary remote controller 18, and a ground station 17. The binocular camera 7 is installed
parallel to a gap 16 between the primary compression wheel and the secondary compression
wheel. The positioning camera 8 is installed on a surface of the cabin below the primary
compression wheel. A periphery of an operating rod of the auxiliary remote controller is
provided with a circle of LED lamps 12. The screen 11 of the auxiliary remote controller 11 is
used to indicate and display a control amplitude quantity.

[0072] As shown in FIG. 5, a remote-control auxiliary landing-on line method for a
flying-walking inspection robot provided by the present disclosure includes the following steps:
[0073] S1. A current position of the flying-walking inspection robot 19 is obtained according to
a positioning sensor 3, pre-flight is conducted for environment modeling, and a
three-dimensional map of a landing-on line environment is established through a ground station
17 using data of a binocular camera 7, thus determining coordinates of a landing-on line point.
[0074] The robot position is determined by means of multi-sensor fusion of GPS3 and RTK
(real-time kinematic), prior information of the overhead transmission cable and the binocular
camera are used to obtain environmental information capable of being used for path planning,
and the robot position information is determined by means of multi-sensor fusion of GPS3 and
RTK. S2. An energy consumption model F£; of the flying-walking inspection robot 19 is
established through a kinetics model of the flying-walking inspection robot 19 and a driving
model of the rotor motor 4.

[0075] Specifically, a relationship between a state quantity and a control quantity of the robot
and a rotational speed of the rotor wing is firstly established through the kinetics model of the
flying-walking inspection robot:

[0076] [2] = f(X,w)

[0077] where f2 is the rotational speed of the rotor motor, which is [2; £2; 230240504 ],

f(X,u) is a kinetics equation of the flying-walking inspection robot, X is the state quantity of
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the flying-walking inspection robot, which is [x, V.2,% 9,2, ¢,0,0, ¢, 9].
[0078] A relationship between a rotational speed w; and a current i; is established according

to a rotor motor 4 model:

. 1 o B et §

[0080] where i; denotes the current, w; denotes a rotational speed of a motor, K denotes a
torque constant, D denotes a friction torque, J,, denotes rotational inertial of a rotor and a
rotor wing, m; denotes a load torque under the rotational speed w;, and A4t is the minimum
time span.

[0081] A relationship between the rotational speed w; and a voltage e; is established

according to the rotor motor (4) model:

[0082] e; = Riy(t) + Kpow; + L=

[0083] where R denotes internal resistance of a winding of the rotor motor, Ky denotes a a
back electromotive force constant, L is inductance.

[0084] A motor power consumption model p(w;) is expressed as:

[0085] p(w)= eii;;

[0086] A final energy consumption model is expressed as Ej:

[0087] E; = p(w)At

[0088] S3. Safe waypoints are planned at the ground station 17 by applying a path planning
algorithm using the three-dimensional map established in S1, thus obtaining N waypoints from a
takeoff point to a landing-on line point.

[0089] the flying-walking inspection robot 19 is firstly simplified as a bounding box. In an
environment with known obstacles, N collision-free waypoint sequences P are preliminarily
planned between a start point and an endpoint using a planning algorithm.

[0090] S4. As shown in FIG. 8, distance / from the waypoints obtained in S3 to an endpoint is
determined, which is divided into three types according to the standard: an initial stage 20, an
intermediate stage 21, and an endpoint stage 22.

[0091] the waypoints P in the flight online process are divided into three stages by using a
Euclidean distance D from the flying-walking inspection robot (19) to a line hanging point and
by setting a classification standard Dg(s = 1,2), which are an initial stage Pq, an intermediate
stage P,, and an endpoint stage Pz, and distance calculation adopts the following Euclidean

distance formula:

[0092] d; = /(x; — x0)? + (¥; — ¥0)? + (z; — 20)?

[0093] where (x;,V; z;) denotes coordinates of waypoints to be classified, (xg, yo, Zg) denotes

10



coordinates of a start point, when 0 < d; < D, the waypoint i belongs to the initial stage,
when D <d; < D,, the waypoint { belongs to the intermediate stage, and when D < d; <
D,, the waypoint { belongs to the endpoint stage.

[0094] S5. The energy function F; obtained in S2 is used as an energy performance index
function, and a time index and a safety index are added at the same time, trajectory generation is
conducted by applying different performance index functions in the three types of waypoints
obtained in S4 to generate path point sequences, thus obtaining an optimal control sequence u;.
[0095] The waypoints obtained in S3 are used to perform trajectory generation at different
segments, and an optimal trajectory and an optimal control quantity are calculated using the
comprehensive performance index functions of an initial stage index, an intermediate stage index
and an endpoint stage index respectively in the line landing process, and an objective function

and constraint of an optimal problem are as follows:

argmin] = aty + bEi + c=
uel D

s.t.X =f(X,u
[0096]  x(t = 0) = x,(t = 0)

x(t = tr) = xn(t = tf)
Imin < g(xr xN) < Imax

[0097] where in the objective function, ] is a comprehensive performance index function, tr

is time to reach the endpoint, E(t) is an energy index, D is a distance from a trajectory point to
1 ) ) . ) )

an obstacle, > denotes the safety index; a, b and c are adjustment coefficients; consideration

time is the shortest at the initial stage, and thus a =1, b =0, and ¢ = 0; consideration energy

is the minimum at the intermediate stage, and thus a=0, b=0, and c =1, safety

performance is considered at the endpoint stage, and thus a=0, b=0,and c=1; in a
constraint condition, X denotes the state quantity, u is a control input, x(t = 0) = x,(t = 0) is
a start point state constraint, x(t = tf) = xN(t = tf) is an endpoint state constraint, g, <
g, xy) < Gmax 18 an intermediate state constraint, comprising kinetics constraint and obstacle
constraint, and a trajectory [x, V. 2,% 9, 2,9, 6, ¢, G]i and the optimum control quantity u;
are solved.

[0098] S6. A fluctuation range of a control sequence u; of each of the initial stage 20, the
intermediate stage 21 and the endpoint stage 22 is determined through u; and the control
quantity fluctuation range u; is converted into a rocker amplitude limit value.

[0099] The optimal control quantity #; is mapped as the rocker amplitude limit value through a

primary function:

11



T
[0100] [pmaxr Yimaxr Pmax Bmax]j = AUy, + B

[0101] where u = [ft, Tyr Ty TZ]T, Ais a scaling matrix, and B is a bias matrix.

[0102] S7. The next path point with the shortest distance in a current course is selected to,
calculate a positional deviation AP. A guiding rocker direction and amplitude are calculated
according to the deviation, a recommended direction is displayed on an indicator LED 12 of the
auxiliary remote controller to instruct an operator to complete coarse adjustment, and the
recommended direction and amplitude are further converted into directed line segments to be
displayed on a screen of an auxiliary remote controller 18, thus instructing the operator to
complete fine adjustment.

[0103] The LED 12 displays the recommended direction, specifically, the left-indicating LED
includes eight LEDs, and right-indicating LED includes 16 LEDs.

[0104] AP = [Ax, Ay, Az] is obtained by subtracting a waypoint [X;V;2Z;] closest to an
endpoint position from a current position [x,y,Zz], and corrected values [p., P, ¢ 0], of

throttle, yaw, roll and pitch are obtained by the following formula:

[0105] p, = wi(42)
[0106] ¥, = p, (cot(j—z))

[0107] ¢, = ,u3(Axcos(1/)) + Aysin(t/)))

[0108] 6. = m(Aycos(t/;) — Axsin(t/;))

[0109] where p; is a scaling coefficient, i 1is obtained through a calibration test, and is
adjusted according to desired speed.

[0110] When the waypoint i belongs to the stage j, the corrected values [p, Y., ., 0.]; are
compared with the rocker amplitude limit values [Pmax Ymax Pmax Omaxl;, and smaller values
are used as indication amplitude [pg, Y4, Pa, 64]; for output, which are expressed using the

following formula:
[0111] pg = min (Pe Prmax)
[0112] l/)d = min (1/)07 l/)max)

[0113] ¢ = min (¢, Pmax)
[0114] 6, = min (8., Opqy)
[0115] As shown in FIG. 4, p; and ¥, are combined to indicate on the left rocker 14, ¢, and
8, are combined to indicate on the right rocker 13, and an auxiliary guiding direction is
displayed on the auxiliary remote controller 18 and the indicator LED 12 of the auxiliary remote

controller. On the screen of the auxiliary remote controller, a black arrow shows the current

12



rocker strength and direction, and a white arrow shows recommended rocker strength and
direction.

[0116] S8. When the flying-walking inspection robot 19 approaches a safe hanging position and
enters the endpoint stage 22 under an auxiliary control, the binocular camera 7 is used to identify
a cable 15 to be hung to obtain a positional deviation between a gap 16 between a primary
compression wheel and a secondary compression wheel and the cable 15 to be hung, the guiding
rocker direction and amplitude are calculated according to the deviation, and a recommended
rocker direction and amplitude are displayed by the auxiliary remote controller 18. Under an
instruction, the cable 15 to be hung is embedded into the gap 16 between the primary
compression wheel and the secondary compression wheel by the operator, and the screen 11 of
the auxiliary remote controller displays a picture of the positioning camera 8. The cable 15 to be
hung is identified by a graphic processor 10, an angular deviation Aa between the cable 15 to
be hung and the flying-walking inspection robot 19 is calculated, and the guiding rocker
direction and amplitude are calculated according to the deviation. The auxiliary remote controller
instructs the operator to make the gap 16 between the primary compression wheel and the
secondary compression wheel parallel to the cable 15 to be hung until the angular deviation Aa
becomes zero, thus completing flying walking switching pre-positioning.

[0117] S9. During flying-walking switching, the flying-walking inspection robot 19 reduces the
thrust slowly. When a length of the cable 15 to be hung in the positioning camera 8 no longer
changes, the flight impetus is completely cut off, the secondary compression wheel 2 rises to
merge with the primary compression wheel1 to press the cable 15 to be hung, thus completing a

landing-on line operation, and switching the robot to a walking mode.

13



WHAT IS CLAIMED IS:

1. A remote-control auxiliary landing-on line method for a flying-walking inspection robot,

comprising the following steps:

S1: obtaining a current position of a flying-walking inspection robot (19) according to a
positioning sensor (3), performing pre-flight for environment modeling, establishing a
three-dimensional map of a landing-on line environment through a ground station (17) using data

of a binocular camera (7), and determining coordinates of a landing-on line point;

S2: establishing an energy consumption model E; of the flying-walking inspection robot
(19) through a kinetics model of the flying-walking inspection robot (19) and a driving model of

a rotor motor (4);

S3: planning safe waypoints at the ground station (17) by applying a path planning
algorithm using the three-dimensional map established in S1, and obtaining N waypoints from a

takeoff point to the landing-on line point;

S4: calculating distances [ from the waypoints obtained in S3 to an endpoint, which are
divided into three types according to the standard: an initial stage (20), an intermediate stage (21),

and an endpoint stage (22);

SS: taking an energy function £; obtained in S2 as an energy performance index function,
and adding a time index and a safety index at the same time, performing trajectory generation by
applying different performance index functions in the three types of waypoints obtained in S4 to

generate path point sequences, thus obtaining an optimal control sequence #;

S6: obtaining a fluctuation range of a control sequence u; of each of the initial stage (20),
the intermediate stage (21) and the endpoint stage (22) through u;, and converting a control

quantity fluctuation range #; into a rocker amplitude limit value;

S7: selecting the next path point with the shortest distance in a current course, calculating a
positional deviation AP, calculating a guiding rocker direction and amplitude according to the
deviation, displaying a recommended direction on an indicator LED (light-emitting diode) (12)
of an auxiliary remote controller to instruct an operator to complete coarse adjustment, and
further converting the recommended direction and amplitude into directed line segments to be
displayed on a screen of an auxiliary remote controller (18), thus instructing the operator to

complete fine adjustment;

S8: when the flying-walking inspection robot (19) approaches a safe line-hanging position

and enters the endpoint stage (22) under an auxiliary control, identifying, by the binocular
14



camera (7), a cable (15) to be hung to obtain a positional deviation between a gap (16) between a
primary compression wheel and a secondary compression wheel and the cable (15) to be hung,
calculating the guiding rocker direction and amplitude according to the deviation, and displaying,
by the auxiliary remote controller (18), a recommended rocker direction and amplitude; under an
instruction, embedding, by the operator, the cable (15) to be hung into the gap (16) between the
primary compression wheel and the secondary compression wheel, displaying, by the screen (11)
of the auxiliary remote controller, a picture of the positioning camera (8); identifying, by a
graphic processor (10), the cable (15) to be hung, calculating an angular deviation Aa between
the cable (15) to be hung and the flying-walking inspection robot (19), and calculating the
guiding rocker direction and amplitude; instructing, by the auxiliary remote controller, the
operator to make the gap (16) between the primary compression wheel and the secondary
compression wheel parallel to the cable (15) to be hung until the angular deviation 4a becomes
zero, thus completing flying walking switching pre-positioning; and

S9: performing flying-walking switching, reducing, by the flying-walking inspection robot
(19), thrust slowly; when a length of the cable (15) to be hung in the positioning camera (8) no
longer changes, completely cutting of flight impetus, rising the secondary compression wheel (2)
to merge with the primary compression wheel (1) to press the cable (15) to be hung, thus
completing a landing-on line operation, and switching the robot to a walking mode.

2. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 1, wherein a periphery of each of a left rocker (14) and a right rocker
(13) of the auxiliary remote controller (18) is provided with a circle of LED lamps (12), and the
screen (11) of the auxiliary remote controller is used to instruct and display a current rocker
amplitude and direction and the guiding rocker amplitude and direction.

3. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 2, wherein a relationship between a state quantity and a control quantity
of the robot and a rotational speed of the rotor motor (4) is firstly established through a kinetics

model of the flying-walking inspection robot (19):
[2] = f(X,w)
wherein 2 is the rotational speed of the rotor motor (4), which is [y 25 232,025 ¢ ],
f(X,u) is akinetics equation of the flying-walking inspection robot (19), X is the state quantity
of the flying-walking inspection robot (19), which is [x, V.2,% 9,20, ¢,0,, ¢, 9];
a relationship between a rotational speed w; and a current i; is established according to a
rotor motor (4) model;

15



. 1 w; — Wij_q
[ = K—T[mL(wi) + Tr(w) + Dpw; + () #]

wherein I; denotes the current, w; denotes a rotational speed of a motor, K; denotes a
torque constant, Dy denotes a friction torque, J, denotes rotational inertial of a rotor and a
rotor wing, m; denotes a load torque under the rotational speed w;, and A4t is the minimum
time span;

a relationship between the rotational speed w; and a voltage e; is established according to

the rotor motor (4) model:

i — i
e; = Ri,(t) + Krw, + L‘A—t‘1

wherein R denotes internal resistance of a winding of the rotor motor (4), Ky denotes a a

back electromotive force constant, L is inductance;

a motor power consumption model p(w;) is expressed as:

p(w)= ei;
a final energy consumption model is expressed as Ej:
E; = p(w))4t
4. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 3, wherein the flying-walking inspection robot (19) is firstly simplified
as a bounding box; in an environment with known obstacles, N collision-free waypoint
sequences P are preliminarily planned between a start point and an endpoint using a planning

algorithm.

5. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 4, wherein the waypoints P in the flight online process are divided into
three stages by using a Euclidean distance D from the flying-walking inspection robot (19) to a
line hanging point and by setting a classification standard D (s = 1,2), which are an initial stage
P, an intermediate stage P,, and an endpoint stage P3, and distance calculation adopts the

following Euclidean distance formula:

d; = 0 — x0)? + (Vi — ¥o)? + (z; — 2)?
wherein (x;, y;, z;) denotes coordinates of waypoints to be classified, (xg, Vg, Zg) denotes
coordinates of a start point, when 0 < d; < D, the waypoint i belongs to the initial stage,
when Dy <d; < D,, the waypoint i belongs to the intermediate stage, and when D <d; <

D,, the waypoint { belongs to the endpoint stage.

6. The remote-control auxiliary landing-on line method for a flying-walking inspection
16



robot according to claim 5, wherein the waypoints obtained in S3 are used to perform trajectory
generation at different segments, and an optimal trajectory and an optimal control quantity are
calculated using the comprehensive performance index functions of an initial stage index, an
intermediate stage index and an endpoint stage index respectively in the landing-on line process,
and an objective function and constraint of an optimal problem are as follows:

1
argmin] = aty + bEi + c—
uel D

s.t.X = f(X,u)
x(t=0) =x3(t =0)

x(t = tr) = 2 (t = tf)
Imin < g(xr xN) < Imax

wherein in the objective function, / is a comprehensive performance index function, tr is
time to reach the endpoint, E(t) is an energy index, D is a distance from a trajectory point to
an obstacle, % denotes the safety index; a, b and c are adjustment coefficients; consideration
time is the shortest at the initial stage, and thus a =1, b =0, and ¢ = 0; consideration energy

2

is the minimum at the intermediate stage, and thus a=0, b=0, and c=1, safety
performance is considered at the endpoint stage, and thus a =0, b=0,and c=1; in a
constraint condition, X denotes the state quantity, u is a control input, x(t = 0) = x,(t = 0) is
a start point state constraint, x(t = tf) = xN(t = tf) is an endpoint state constraint, g, <
g, xy) < Gmax 18 an intermediate state constraint, comprising kinetics constraint and obstacle
constraint, and a trajectory [x, V. 2,59, 2,0, ¢,6,0, ¢, G]i and the optimum control quantity u;
are solved.

7. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 6, wherein the obtained control quantity u; is mapped as a rocker

amplitude limit value through a primary function,;

T
[pmaxr lpmaxr ¢maxr emax]j = Aumax +B

wherein j = 1,2,3 respectively denotes the initial stage, the intermediate stage, and the
endpoint stage; u = [ft, T Ty TZ] , Ais a scaling matrix, and B is a bias matrix.

8. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 7, wherein a positional deviation AP = [4x, Ay, Az] is obtained by
subtracting a waypoint [x;,y; z;] closest to an endpoint position from a current position [x,y,Z],
and corrected values [p., Y., ¢, 0.]; of throttle, yaw, roll and pitch are obtained by the

following formula:
17



Pc= 1 (AZ)

o)

. = us(dxcos(p) + Aysin(yp))

0. = uy(Aycos() — Axsin(h))
wherein u; 1s a scaling coefficient, u is obtained through a calibration test, and is
adjusted according to a desired speed.

9. The remote-control auxiliary landing-on line method for a flying-walking inspection
robot according to claim 8, wherein when the waypoint i belongs to the stage j, the corrected
values  [po ¥o @ 0.l are compared with the rocker amplitude Ilimit values
[Pmaxs Ymax Pmaxs Omax];, and smaller values are used as indication amplitude [pg, Ya, g, 04l

for output, which are expressed using the following formula:
Pa = Min (e, Pmaz)
Ya = min (Ye, Pmax)
¢a = min (¢, Pmax)

ed = min (907 emax)

pa and Y, are combined to indicate on the left rocker, ¢, and 8; are combined to
indicate on the right rocker, and an auxiliary guiding direction is displayed on the auxiliary
remote controller (18) and the indicator LED (12) of the auxiliary remote controller; on the
screen of the auxiliary remote controller, a short black arrow shows the current rocker strength

and direction, and a long white arrow shows recommended rocker strength and direction.
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