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To address the problems of existing power line inspection robots (PLIRs), such as complex structural
design, difficult landing on and off lines, short cruise times, and easy hitting lines, we propose a novel flying—
walking power line inspection robot (FPLIR) with the ability to fly and walk. The structural design of an FPLIR
is carried out, which mainly includes a flying mechanism and a walking mechanism. Compared with climbing
PLIRs and unmanned aerial vehicles (UAVs), the FPLIR can quickly land on and off lines, easily cross obstacles,
and have longer cruise times and steady inspection perspectives. In addition, a directing-push pressing compo-
nent is designed to improve the walking stability along the line. We also investigate the walking stability of the
FPLIR on the line when encountering working conditions with crossing wind. The dynamics model of the FPLIR
on the power line using the Lagrangian equation is derived to analyze walking stability caused by wind loads,
considering pressing force and walking speed. An optimized regression design with three factors (wind angle,
walking speed, and pressing force) and five levels was adopted to reveal the effect of these factors on the walking
stability of the FPLIR. The experimental results show that wind angle and pressing force significantly influence
the walking stability of the FPLIR (P <0.05). The maximum swing displacement of the center of mass (COM)
is 4.7 cm (when wind angle, walking speed, and pressing force are 90°, 7.2mmin~!, and 0, respectively). The
maximum swing displacement of the COM is 2.5 cm when the pressing force increasing to 39.4 N is reduced by
46.2 % (when wind angle and walking speed are 90° and 5.1 mmin~!, respectively), which effectively reduces
the influence of wind loads and improves the stability of the FPLIR. The proposed FPLIR significantly improves
inspection stability, providing a theoretical basis for slipping control, collecting images of intelligence inspection

robots in the future.

Power lines exposed to the natural environment for a long
time might have incurred some failures such as broken
strands, vegetation encroachment, and damper slipping, af-
fecting transmission capability and the safety of the power
system. Therefore, it is essential to conduct regular inspec-
tions and maintenance to prevent power lines from losing
transmitting power and causing security problems.

The original inspection method of power lines is man-
ual inspection (Karjalainen et al., 2016). Manual inspection
mainly relies on inspectors climbing line towers or using
telescopes to inspect power lines. This method has heavy in-
spection intensity and low inspection accuracy (Wang et al.,
2009). Therefore, people strive to develop all kinds of ad-

vanced power line inspection robots (PLIRs) to replace hu-
mans. Inspection robots have been widely used to reduce in-
spection intensity, improve inspection accuracy, and prevent
accidents caused by manual inspection (Yang et al., 2020;
Alhassan et al., 2019; Menendez et al., 2017; Seok and Kim,
2016; Luo and Tian, 2011; Jalal et al., 2013). At present, in-
spection robots can generally be classified into three cate-
gories, i.e., climbing PLIRs, flying PLIRs, and hybrid PLIRs
(Alhassan et al., 2019). Their inspection features and work-
places are illustrated in Fig. 1.

Climbing PLIRs are typically characterized as two or more
mechanical arms that climb and roll along the power line
(Wang et al., 2011a, b). Paulo et al. (2008) developed a
climbing robot that installed a telescopic adjustment mech-
anism to adjust the center of gravity to complete crossing



of obstacles (Debenest and Guarnieri, 2010; Fonseca et al.,
2008). Montambault and Pouliot (2015) designed the climb-
ing inspection robot characterized as a clamping mechanism
to cross obstacles (Pouliot and Montambault, 2012; Montam-
bault and Pouliot, 2015). Wuhan University proposed a two-
armed mobile robot to achieve autonomous motions (e.g.,
walking and crossing obstacles) on power lines (Wang et
al., 2011b). Moreover, other types of climbing PLIRs include
three-armed PLIRs (Yang et al., 2014; Tao and Fang, 2019),
four-armed prototypes (Lima et al., 2018), five-armed struc-
tures (Tao et al., 2016; Shruthi et al., 2019), and snake-shaped
mechanisms (Wei et al., 2013; Liu et al., 2019). Climbing
PLIRs are more stable and reliable for performing inspec-
tion tasks, but their structural design is complicated, and they
have more difficulty in crossing certain obstacles.

Flying PLIRs use unmanned aerial vehicles (UAVs) or
helicopters to inspect power lines. Helicopters are initially
used in the power transmission and distribution industry (Yan
et al., 2008; Whitworth et al., 2001; Jones et al., 2000;
Browne and Adam, 1988; Pelacchi, 1998). Helicopter in-
spection can quickly complete inspection tasks and dramat-
ically reduce the inspection intensity. However, helicopter
inspection is greatly affected by the complex operating en-
vironment and bad weather. For example, pilots need to
be trained, and ground equipment needs to be maintained,
meaning that this inspection method is costly and weather-
dependent. Compared with helicopter inspection, UAV in-
spections have lower cost, excellent flight stability, and sus-
pension capability (Hrabar et al., 2010; Wang et al., 2010;
Zhang et al., 2012; Li et al., 2014; Luque-Vega et al., 2014;
Qiu et al., 2018; Jiang et al., 2018). However, UAV inspec-
tions are highly vulnerable to the influence of wind and short
cruise times. The short cruise time has limited its application
to long-distance inspection tasks (Qin et al., 2018).

Hybrid PLIRs combined climbing and flying functions and
were presented in Katra$nik et al. (2010), Chang et al. (2017),
and Miralles et al. (2018). The flight ability is utilized to
carry the PLIRs to the power line or to cross obstacles; the
climbing mechanism moves the robot along the power line
for the inspection task. Katra$nik et al. (2010) proposed a
new climbing—flying robot and developed a walking mech-
anism installed under the flying mechanism (Buskey et al.,
2001). Yu et al. (2015) designed a flying—sliding inspection
robot with flying and sliding functions along the power line,
achieving self-stabilization of the robot (Abd-Elaal et al.,
2018). Francgois et al. (2018) proposed a multi-rotor inspec-
tion robot, which can carry a payload (5 kg) and land semi-
automatically on the power line (Eisenbeiss, 2009). Chang
et al. (2017) designed a hybrid model inspection robot (Xie
et al.,, 2019). Compared with other PLIRs, hybrid PLIRs
integrate a walking mechanism and a flying mechanism to
quickly land on and off lines and cross obstacles.

In addition, a power line is installed at a height of 50-65 m
from the ground in western China, leading to the power line
having lower structural damping and higher flexibility char-

acteristics. Therefore, the power line is sensitive to the influ-
ence of environmental factors (e.g., wind, ice cover, and tem-
perature difference). In addition, PLIRs on the power line are
greatly affected by wind. Thus, it is crucial to study the im-
pact of wind on the PLIRs. At present, Alhassan et al. (2019)
have analyzed the impact of different wind angles on the
walking vibration (Alhassan et al., 2019). Wang et al. (2009)
analyzed wind load influence on robot structure and opti-
mized the parameters (Wang et al., 2009). Fan et al. (2018)
studied the speed and angle of the wind on the inspection
robot, but the wind loads affecting its walking stability were
not considered (Fan et al., 2018).

Our study proposes a novel flying—walking power line in-
spection robot (FPLIR) to analyze walking stability on the
power line under wind loads. The main contributions of this
paper are as follows. (1) A novel FPLIR with the ability to fly
and walk is proposed to quickly land on and off the line, eas-
ily cross obstacles along the line, and get a steady inspection
perspective of the line. (2) A directing-push pressing compo-
nent is designed to improve the walking stability and inspec-
tion reliability along the line. (3) A dynamics model of the
FPLIR hanging on the power line is derived to analyze the
walking stability under wind loads. A three-factor, five-level
test was designed to reveal the influence of each factor on the
walking stability of the FPLIR.

The rest of the paper is organized as follows. The sec-
ond section introduces the mechanism design and dynamics
model of the walking mechanism. The third section focuses
on the simulation analysis and dynamics model of the FPLIR
on the power line. The experiment of the FPLIR walking
stability is designed in the fourth section. The fifth section
presents the experimental results and analysis. The summary
and conclusion are given in the sixth section.

The mechanical structure of the FPLIR is shown in Fig. 2.
The FPLIR has two mechanisms, i.e., a flying mechanism
and a walking mechanism. The overall size of the FPLIR is
1.250m x 1.250 m x 1.200 mm (length, width, and height).
The flying mechanism is powered by the multi-rotor to land
on and off power lines and cross obstacles. The walking
mechanism is powered by a driving motor to walk along the
power line. The walking mechanism includes a walking com-
ponent and a pressing component. The walking component is
shown in Fig. 3. The pressing component provides pressing
force when the FPLIR walks along the power line.

The schematic diagram of the flying mechanism is shown
in Fig. 4, which mainly consists of a controlling box, a flying
part, batteries, and an undercarriage. The controlling box is
divided into two layers, which consist of three carbon fiber
plates and aluminum columns.
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The undercarriage assembled of carbon fiber tubes is in-
stalled at the bottom of the controlling box to bear the weight
of the FPLIR and provide installing locations for three bat-
teries. The function of the flying mechanism is to land on and
off lines and to cross obstacles (e.g., tower and crossing wire
clamp).
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The walking component mainly includes a walking wheel,
two auxiliary wheels, and a driving motor in Fig. 5.

The pressing component mainly consists of three pressing
wheels (a main pressing wheel and two auxiliary pressing
wheels), a set of connecting rods, a screw, a crossing rod,
and a linear stepper motor (42HD1403) in Fig. 5. The press-
ing wheels are installed on the connecting rod, the crossing
rod with slots is installed on the connecting rod, the screw
is installed at the center of the crossing rod, and all joints
are connected by pins. The screw is powered by the linear
stepper motor to push the crossing rod and connecting rods’
installed pressing wheels to press the power line. The press-
ing component’s function is to improve the FPLIR’s walking
stability and anti-interference ability along the power line.
The specific design parameters and materials of the walking
mechanism are listed in Table 1.

Figure 6 shows the top view of the FPLIR that illustrates
the arrangement of the walking wheel, auxiliary wheels, and
pressing wheels on the power line.

The process of crossing obstacles (e.g., the vibration
damper) is shown in Fig. 7. When the obstacle is detected, the
linear stepper motor pushes the screw to loosen the crossing
rod’s and connecting rod’s installed pressing wheels away
from the power line. When the FPLIR passes through the ob-
stacle, the linear stepper motor pushes the screw to press the
crossing rod and the pressing wheels on the power line. The
crossing vibration damper should satisfy the following con-
straints:

Hi > H
{ Dy > D M

where D is the distance of two auxiliary pressing wheels,
D> is the distance of two auxiliary wheels, H is the distance
between the line and the upper side of the pressing wheels,
and H, is the maximum height of the vibration damper under
the line.
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Figure 5. Schematic diagram of the walking mechanism.

The whole workflow of the FPLIR is shown in Fig. 8. First,
the FPLIR lands online and walks along the power line for
inspection. Then, the FPLIR crosses obstacles and continues
inspection along the power line. Finally, the FPLIR lands of-
fline when the inspection task is completed. Compared with
climbing PLIRs, the FPLIR can quickly land on and off lines
and easily cross obstacles. Compared with flying PLIRs, the
FPLIR has a longer cruise time and a more stable inspection
perspective.

2.2 The dynamics of the walking mechanism

The dynamics models of the walking mechanism are estab-
lished to analyze the torque of the driving motor and the
pressing force. The walking wheel has a middle groove in
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which sits the power line of radius r. as shown in Fig. 9a, b.
The walking wheel is a dual conical portion with an opening
angle A and a minimum radius rmin. The configuration de-
scribes the walking wheel steadily hanging on the power line
and increases the available traction force because the reaction
forces Fy1+ Fy2 = cigx are greater than Fy. A simplified
dynamics model of the walking mechanism on the power line
is illustrated in Fig. 9c. An axis system is built at the O posi-
tion as shown in Fig. 9c.

The torque equation of the driving motor is expressed as
follows:

M- fixr=0, 2

where r is the effective contact radius of the walking wheel,
M is torques of the driving motor, and f; is the driving force.

https://doi.org/10.5194/ms-13-257-2022



Design parameters of the walking mechanism.

Parameter Diameter Length Width  Thickness Quantity =~ Materials Mass

(mm) (mm)  (mm) (mm)  (individual) (kg)
Walking wheel 98 - - 60 1 Polyurethane  0.45
Auxiliary wheel 40 - - 30 2 Polyurethane  0.15
Main pressing wheel 68 - - 30 1 Polyurethane  0.20
Auxiliary pressing wheel 60 - - 20 2 Polyurethane  0.15
short rod - 220 12 6 4 Al-Mgalloy 025
long rod - 380 12 6 4 Al-Mg alloy 0.40
Mechanical arm - 370 60 60 1 Al-Mg alloy 2.00
Cross rod - 470 30 5 1 Al-Mg alloy 0.30

The top view of the FPLIR that illustrates the arrange-
ment of the wheels on the power line.

The balance of forces in the direction of the x axis is ob-
tained as

3
fo=fs =D fsi —minagsing = miz3o,

i=1

3

where f; represents the friction between the walking wheel

and line contact, f;; represents the friction between the press-

ing wheels and line contact, 6 represents the climbing slope

in degrees, xo represents the distance of the FPLIR walk-

ing along the power line, m 33 represents the masses of the

FPLIR, and g terms represent the gravitational accelerations.
The f; is expressed as follows:

“

2
fs—n (ZFN:) =0,

i=1

where Fy; is the reaction force and u is the friction coeffi-
cient.

The reaction force Fy; is calculated as

2
Fy

(Z FN,») =—. (5)

. cos A

i=1
The Fy is expressed as
Fy —mya3cos = 0. (6)
The f;; is obtained as

3 3
Y fi—u) Ni=0, (7)
i=1 i=1

where Ni, Ny, and N3 represent the pressing forces of the
pressing wheels, respectively.

From the parameters of Tables 1 and 2, it can be seen that
mi23 =23.8kg, A =30°, r =0.098 m, and n = 0.3. To ana-
lyze the torque of the driving motor, some assumptions can
be made for climbing slope in degrees and acceleration, as-
suming the climbing slope in degrees is 25° (0 = 25°) and
the linear acceleration is 0 (Xo = 0). The pressing forces are
40N (main pressing force) and 5 N (auxiliary pressing force),
respectively. Finally, the torque of the driving motor can be
calculated by Egs. (2) to (7).

It was calculated that the maximum torque was enough to
effectively perform the climbing slope of the FPLIR. There-
fore, the maximum torque of the driving motor is 3.2Nm
when the pressing force and climbing slope in degrees are 0.
The maximum torque of the driving motor is 3.95 N m when
the climbing slope in degrees is 0 and the pressing force is
50N (the main pressing force is 40 N and the auxiliary press-
ing force is 10 N). The maximum torque of the driving motor
is 7.38 Nm when the climbing slope in degrees is 25° and
the pressing force is 0. The maximum torque of the driving
motor is 8.12 N m when the pressing force is SON and the
climbing slope in degrees is 25°.

The pressing force varies with the displacement of the
screw and the torque of the linear stepper motor. Thus, the
dynamics analysis of the pressing component is more nec-
essary as the main load-bearing rod. A simplified dynamics
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model of the pressing component is shown in Fig. 10a. An
axis system is created at the O position, with its x axis point-
ing in the horizontal direction and its y axis vertical to the x
axis in Fig. 10a. The pressing component is symmetric about
the y axis in Fig. 10a. Thus, it is analyzed to the right half of
the y axis of the pressing component in Fig. 10b to e.

Take the rod 0103 in Fig. 10a as a fixed rod to reduce
the number of unknown forces in the moment equation.
The forces are set in the tangential and normal directions in
Fig. 10b to e.

The Gpg, Go,c, and Gag are the gravities of every rod,
G 4 and G¢ are the gravities of the main pressing wheel and
the auxiliary wheel, and F and y are thrust and displacement
applied to the screw transforming from the torque of the lin-
ear stepper motor. M1 and M, are the torques of rod O1C and
rod AE. The sizes of all unknown forces in Fig. 10b to e are
arbitrary, and the actual values are determined by calculated
results.

Rod AE, rod DE, rod O C, and point E are separately con-
sidered as the research subjects. Assumptions are that the link
points have negligible friction and that the center of mass is
in the middle position of every rod. The dynamics equations
are expressed as follows:

S F =Y Fa =0, ®)
i=1

n
Fy=F+Y  Fy—myj — Gi =0, ©

i=1
n
ZMO = Zij (x01 — x0) — Fjx (Yo1 — Yo)
j=1

—Joitt —my; (x; —x0) — M; =0, (10

where i, n, G;, and m,; are the serial number of the rod, the
number of one research subject, gravity, and mass, respec-
tively. Jo; is the moment of inertia to one link joint. M; and &
are load moment and angular acceleration, respectively. Fj,

is the force of the rod in the horizontal direction (x axis). Fjy
is the force of the rod in the vertical direction (y axis), and
y is the acceleration of the rod mass in the vertical direction.
X0, Yo is the coordinate center of the moment, xg1, yo1 is the
coordinate of one end of the rod not being the center of the
moment, and x;, y; is the coordinate of the rod mass center.
The unknown forces in Fig. 10 can be solved from Egs. (8)
to (10).
The Fjoy is calculated as follows:

%GAIAEcosgo 4+ G Aglgs cos¢
—Fyylgscos@ + Fo,lgssing — M»

IAECOS @

Fioy = an

The Fj is calculated as follows:

F M lagcos6)cosp — GDElolclAEcoszel cos @
1 =

IAE X lo,c % cosf cos¢

1
3G o,clo,clagcos®0; cos g

IAE X lp,c X cosB cosg
[Faylagcos@ + (Foy — Gag) las]lo,
IAE X Lo, c X cosBcosg
[Foxlgssing — Ma]lo E
Iag x lo,c x cosOjcosg’

12)

Equations (11) and (12) are derived from Eqgs. (8) to (10).
The dynamics model of the pressing component is symmet-
ric about the y axis. Thus, the main pressing force (Ny) is
2F10y, and the auxiliary pressing force (N2, N3) is F cos 6.
It was measured that the maximum angles of 6; and ¢ are
43 and 79°, respectively, to effectively perform the pressing
task in Fig. 11a. Finally, the main pressing force and the aux-
iliary pressing force are 40 N and 5 N, conducted in ADAMS
software in Fig. 11b, respectively.

Figure 12a illustrates the wind loads on the FPLIR and power
line model. However, the wind angle « on the FPLIR may not
necessarily be perpendicular to the horizontal of the FPLIR.
Thus, the schematics of the possible wind angle o are shown
in Fig. 12b.

The dynamics of the wind load f\, is expressed as

1
mzimﬁQA, (13)

where Cjq is the drag coefficient, A is the cross-sectional area,
Pa is the air density, and v, is the velocity of the wind.

Cq is a dimensionless quantity used to quantify the resis-
tance of an object in a flow environment (air or liquid) (Qiu
et al., 2018; Zhao et al., 2019).
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Dynamics model of the walking mechanism. (a) The structural design of the FPLIR with the walking wheel. (b) Schematic
diagram of the FPLIR walking along the power line. (¢) Schematic diagram of the FPLIR moving the whole robot along the power line for

the dynamic model.

It was seen that o changes from 0 to 90°. Thus, the general
formulation of f,, is modified as follows (Alhassan et al.,
2019):

1

Sw= Epavg

n 2 n 2
(ZCd_ixAixcosa> +<ZCd_iyA,-ysinot) , (14
i i

where Cq ;, and A;, are the drag coefficient and cross-
sectional area of the ith components of the system on the xg
axis, respectively. Cq_;y and A;y are the drag coefficient and
cross-sectional area of the ith components on the yg axis,
respectively. Here, the number of components 7 is three, in-
cluding the walking component, the pressing component, and
the flying mechanism.

The FPLIR-line coupled model under the influence of wind
loads is shown in Fig. 13a. The dotted line represents the
initial position of the FPLIR (there are no wind loads), and
the solid line represents the position of the FPLIR when it
is affected by wind in Fig. 13a. The FPLIR walking along
the power line can be approximately considered a pendulum
when it is affected by wind, leading to the angular displace-
ments of the center of mass (COM) of the FPLIR on the xq
axis (¢) and on the yg axis (8), respectively. The COM po-
sition of the FPLIR under the influence of wind loads can
be illustrated in Fig. 13b. The horizontal displacement of the
COM of the FPLIR is the § along the yg axis, and the verti-
cal displacement of the COM of the FPLIR is §; along the zg
axis in Fig. 13c.
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The 8¢ can be expressed as
8o = Lsin¢sin 8. (15)
The §; is expressed as
81 =—L+ Lcosg, (16)

where L is the distance between the walking wheel and COM
of the FPLIR.

The FPLIR generating the inertial moment J can be ex-
pressed as follows:

1
J = §m23L2, a7

where m»3 is the total mass of the pressing component and
flying mechanism.
The general Lagrangian formulation is expressed as

dg (dT\ dT dU

a(@)‘@*@:@* %)
"1

T:sziq,?, (19)
y

U=> (migh), (20)
1



Simulation parameters of the FPLIR.

Parameter  Description Value

I Length of the linkage 0.22m

%) Length of the linkage 0.38 m

mio3 Total mass of the robot 23.80kg

my Walking component of the FPLIR 6.40kg

my Pressing component mass of the FPLIR ~ 5.30kg

ms3 Flying mechanism mass of the FPLIR 12.10kg

)i Sinusoidal force along the y axis 0.2

J Moment of inertia 0.1kgm?

A Walking wheel with an opening angle 30°
Coefficient of friction 0.3

Pa Density of air 1.205kg m?

Va Velocity of air 155ms™!

Ay Frontal area of the line on the x axis 0.05m3

Aly Frontal area of the line on the y axis 0.08m3

Cd_1x Drag coefficient of the line on the x axis  0.12

Cd_1y Drag coefficient of the line on the y axis  0.12

Ay Frontal area of the line on the x axis 0.12m3

Ay Frontal area of the line on the y axis 0.14m3

Cd 2x Drag coefficient of the line on the x axis  0.10

Cd 2y Drag coefficient of the line on the y axis  0.10

Az Frontal area of the line on the x axis 0.05 m?

Azy Frontal area of the line on the y axis 0.02m3

Cd 3x Drag coefficient of the line on the x axis  0.08

Ca_3y Drag coefficient of the line on the y axis  0.08

where m; is the mass of the ith coordinates, Q; is the sum-
mation of the ith nonconservative forces, and g¢; is the ith
generalized independent point for » number of coordinates.
T and U are the total kinetic and potential energies of the
dynamics model, respectively. h; is the vertical height from
the center of the ith joint to the reference point, O. The to-
tal energies T and U are expressed in Eqgs. (19) and (20),
respectively.

The position P; of the FPLIR in a 3D plane with reference
to the fixed coordinate system O is given as follows:

(y 4+ Lsingcosf)
P, =1 (Lsingsinp) 21
(—Lcos¢)

Therefore, the total kinetic T is calculated as follows:

1, 1 , . .
T = Emmyz + Sm2s3 (V2 + L2¢? + L*f%sing

+ Ly cospcos —L)hi)sin(t)sin,B). (22)

The potential energy U is calculated as follows:
U = —mo3Lcos¢. (23)

Moreover, y is the distance where the FPLIR walks along
the power line from a fixed reference point, O(xg, yo, and
z0). The external forces Q; of the Lagrangian dynamics of

Eq. (18) include the driving force f;, the wind loads fy,

the sinusoidal force f; that causes the flexible power line
3
to swing along the yo axis, and the pressing forces ) N;.

Thus, the swing angle and swing displacement of the lCOM
of the FPLIR under the influence of wind can be calculated
by Eq. (18) using Egs. (21) to (22).

The acceleration of the FPLIR on the line can be expressed
as

Jr —_{7123L<5008¢COS/3
1 +LBsingsinf
y=——| 4+mo3L¢?singcosp ) (24)
mi23 32
+m23L§ 'smd)cos,B
+mo3LepBcospsinf

The angular acceleration of the FPLIR on the line on the zg
axis can be expressed as

1 1 (L
= ——F— | =PaVl Cyq ixAjxcosa
(m23L2 i J) |:2:0a a (Z d_ixAix )

—mo3Ly cos¢cosf + m23L2,32 cos ¢ sin¢g

—m23gLsin¢>—ZNl- sin¢>]. (25)

The angular acceleration of the FPLIR on the line on the yo
axis can be expressed as

3 | .
= — PaV Cq iyAiysina
(ngLzsin2¢+J) |:2pa a <,Z d_iyAiy )

+my3 Ly singsin — m23L23¢Sin¢cosﬁ +
— > Nisin ,B] (26)

The 8p and §; are modified by Eqs. (23) to (25). Thus, §g and
81 are expressed as follows:

o[ e[ [5)
31=—L+Lcos<//¢'5>. (28)

These parameters, including wind speed (15.5ms™!), wind
angle (0 to 90°), walking speed (0 to 12m min~'), and press-
ing force (0 or 48 N), were used to simulate §p and §; using
ADAMS software. Figure 14 illustrates the simulation model
of the FPLIR, where the kinematic pairs are added to the sim-
ulation model. The screw spiral movement (the screw and
the linear stepper motor) is replaced by the moving pair in
Fig. 14. In the simulation, the wind loads are loaded at the




FPLIR’s COM to test the g and &1. These parameters’ used
simulation is listed in Table 2, and the swing displacements
of the FPLIR’s COM (§p, &1) are shown in Fig. 15.

The walking speed along the power line is set to
12mmin~! to study the 8 and 8; under the influence of
wind angles at 0, 30, 60, and 90° on the yq axis and zo axis
in Fig. 15a, respectively. The maximum value of the &y is
5.9 cm when there is no pressing force and the wind angle is
90°. The maximum value of the ¢ is 3.5 cm when there is a
pressing force (48 N) and the wind angle of 90° is reduced
by 41 %. The §; gradually reduces with the gradual increase
in wind angle in Fig. 15b, and the maximum value of the §;
is measured when the wind angle is 0°.

These factors influencing the walking stability of the
FPLIR are the wind angles of 0 and 90° in Fig. 15a and b.
Thus, the walking speed along the power line is set (0 to
12mmin~") to further analyze the walking stability of the
FPLIR under the influence of the wind angle at 0° and 90°
on the z( axis and yg axis, respectively. The §p remains con-
stant, with the walking speed increasing when there is press-
ing force (48 N) and a wind angle of 90°, showing that the
walking stability under the wind loads is less impacted by
the walking speed in Fig. 15c. The maximum value of the
80 is 3.1 cm in Fig. 15c. The §; gradually increases with the
gradual increase in the walking speed in Fig. 15d. The maxi-
mum value of the §; is measured when the walking speed is
12mmin~".

Moreover, the influence of wind loads on the FPLIR shows
that wind load mainly affects the walking stability along the
Yo axis (wind angle is 90°), and the wind load has less impact
on the FPLIR along the z¢ axis (wind angle is 0°) in the sim-
ulation. The main reasons for the swing displacement of the
COM along the z( axis are analyzed as follows: the FPLIR
is affected by inertia in the process of walking along the line,
leading to the swing displacement of the COM along the zg
axis gradually increasing. However, the simulation analysis
shows that the pressing component can effectively reduce the
influence of wind loads on the walking stability of the inspec-
tion robot.

An experimental setup is used to verify the walking stability
at different wind angles, walking speeds, and pressing forces
in moderate gales (wind speed is 15.5ms™!) in Fig. 16. The
following parameters are used for the experimental setup.
(1) The length of the power line installed on the frame is
6 m. (2) The FPLIR is 0.8 m above the ground when it is sus-
pended from the power line. (3) The wind angle acting on the
COM of the FPLIR is set to change from 0 to 90°. (4) The
mpu6050 gyroscope is installed on the surface of the control
box to measure the swing displacement of the COM of the
FPLIR on the three axes (xg, Yo, and zg). (5) An industrial fan
(SF4-2, 1500 W, 2800 r min~", air volume 11000 m®>h~1) is

Level and code of variables chosen for central composite
design.

Code Wind angle A  Walking speed B Pressing force C

©) (mmin~) N)

2 0 0 0
1 30 4 16
0 45 6 24
—1 60 8 32
-2 90 12 48

Test design scheme and results.
Code ‘ Response value

Groups Wind angle A Walking speed B | Pressing force C 80
©) (mmin~") (N)  (cm)

1 2 2 -2 0.02
2 0 0 0 180
3 -1 0 0 276
4 0 0 0 220
5 0 0 0 185
6 0 0 0 210
7 1 0 0 1.60
8 2 -2 2 1.00
9 0 0 -1 225
10 -2 2 -2 175
11 -2 -2 2 451
12 0 0 0 201
13 -2 2 2 4.00
14 0 0 0 190
15 0 -1 0 224
16 2 2 2 0.03
17 -2 -2 -2 1.20
18 0 0 1 205
19 0 1 0 2.00
20 2 -2 -2 0.60

chosen as the wind source for simulating the moderate gale.
(6) The wind speed is measured by a digital anemometer
(AC826).

The walking stability of the FPLIR may be affected by
many factors, but three factors (wind angle, walking speed,
and pressing force) are selected as the main factors affecting
the test according to the previous simulation.

Thus, the walking speed from 0 to 12mmin~', the press-
ing force from 0 to 48 N, and the wind angles from O to
90° are selected to analyze the effects of these factors on the
walking stability of the FPLIR adopting an optimized regres-
sion design with three factors (wind angle, walking speed,
and pressing force) and five levels.

The level and code of variables in the test are listed in Ta-
ble 3.

A three-factor, five-level test was designed according to
the Box—Behnken test principle, including 20 test points (6
test points were zero estimation errors and the other 14 test
points were analysis factors). The test results are listed in
Table 4.
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Figure 16. The experimental setup. (a) Position of the fan at a 0° wind angle. (b) Position of the fan at a 30° wind angle. (¢) Position of the

fan at a 60° wind angle. (d) Position of the fan at a 90° wind angle.

The Design-Expert software is used to perform regression
analysis to find the optimal parameter combination in the test
results. The regression equations between a test index and the
factors are obtained, and the analysis of variance is shown
in Table 5. The regression equation between the evaluation
index and the three factors is derived as follows:

S xA2—0.01x B>=25x107*
—742x107*x AB—5.95x10"* x AC

—1.25x103 x BC+0.041 x A+0.23 x B
+0.0163 x C —0.097. (29)

80=6.3x10

5 Experimental results and discussion

Regression analysis is used to predict the quadratic equation
and obtain a prediction model for the response variable §g.
The result shows that the P value (< 0.0001) of the § is less
than 0.01 from the analysis of variance (ANOVA) results in
Table 5, showing that the regression model is highly signif-
icant. The absolute coefficient R? is 0.9741, demonstrating
that the model can meet more than 97 % of the test results.
Therefore, the regression model can analyze the parameters
related to the influence of the FPLIR under the wind.

Table 5 shows the monomial coefficient of the §g, and
F values of each factor are F4 > F¢ > Fp; thus, the influ-
ence degree of the factors on the §¢ is wind angle > pressing
force > walking speed. The response surface was generated
by Design-Expert software to analyze the influence of the

https://doi.org/10.5194/ms-13-257-2022

interaction factors (wind angle, walking speed, and pressing
force) in Fig. 17.

Figure 17a shows the response surface of the interaction
between wind angle and walking speed when the pressing
force is 24 N. The 8o gradually increases with increasing
wind angle; the §p gradually increases and then decreases
with the gradually increasing walking speed; the §y changes
more quickly along the direction of the wind angle than along
the direction of the walking speed in Fig. 17a, demonstrating
that the influence of the wind angle on the §¢ is more signifi-
cant than the walking speed at zero levels.

Figure 17b shows the response surface of the interaction
between wind angle and pressing force when the walking
speed is 6mmin~!. The 8y gradually decreases with the
gradual increase in pressing force. The §p is the minimum
(when wind angle and walking speed are 0° and 48 N, re-
spectively), and the ¢ is the maximum (when wind angle and
walking speed are 90° and O N, respectively). The &y changes
more quickly along the direction of the wind angle than along
the direction of the pressing force in Fig. 17b, showing that
the influence of the wind angle on the ¢ is more significant
than the pressing force at zero levels.

Figure 17c shows the response surface of the interaction
between walking speed and pressing force when the wind
angle is 45°. The §o changes more quickly along the direction
of the pressing force than along the direction of the walking
force in Fig. 17c, showing that the influence of the pressing
force on the &g is more significant than the walking speed at
zero levels.

Mech. Sci., 13, 257-273, 2022
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Table 5. Analysis of variance.

X. Qin et al.: A novel flying—walking power line inspection robot

Swing displacements 8¢ (cm)

Variance Sum of Mean Degree of F value P value
sources squares  squares freedom

Model 21.890  2.4300 9 41730 < 0.0001
A 12.630  12.630 1 216.61 < 0.0001
B 0.3044  0.3044 1 5.2200 0.0454
C 4.2300  4.2300 1 72.520 < 0.0001
AB 0.3208  0.3208 1 5.5000 0.0409
AC 3.3000  3.3000 1 56.620 < 0.0001
BC 0.2585  0.2585 1 4.4300 0.0615
A2 0.0006  0.0006 1 0.0103 0.9213
B2 0.0063  0.0063 1 0.1082 0.7489
c? 0.0008  0.0008 1 0.0130 09116
Residual 0.5829  0.0583 10

Lack of fit  0.4641  0.0928 5 3.9100 0.0805
Pure error  0.1188  0.0238 5

Total 22.470 19

S
2 RIS
S
SIS

Figure 17. Effect of interaction factors on the swing displacement dy).

It is necessary to further verify the impact of the three
factors (wind angle, pressing force, and walking speed) on
the walking stability of the FPLIR using Design-Expert to
optimize and analyze the three factors and to get the maxi-
mum and minimum values of the §y when the FPLIR is af-
fected by wind loads. The optimization results of the three
factors are as follows. (1) The maximum value of §q is 4.7 cm
(when wind angle, walking speed, and pressing force are 90°,
7.2mmin"', and 0, respectively). (2) The minimum value of
8o is 0 (when wind angle, walking speed, and pressing force
are 0°, Ommin—!, and 3.4N, respectively). (3) The maxi-
mum value of the §y is 2.5 cm when pressing force increases
to 39.4 N, reduced by 46.2 % (when wind angle and walking
speed are 90° and 5.1 mmin~!, respectively), which effec-
tively reduces the influence of wind loads and improves the
stability of the FPLIR.

Mech. Sci., 13, 257-273, 2022
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6 Conclusions

The conclusions of this paper can be summarized as follows.

1. We propose a novel FPLIR with the ability to fly
and walk, including a flying mechanism and a walk-
ing mechanism. The overall size of the FPLIR is
1250 mm x 1250 mm x 1200 mm, and the total weight
is about 24 kg.

2. The dynamics model of the FPLIR on the power line us-
ing the Lagrangian equation is derived to analyze walk-
ing stability caused by wind, considering pressing force
and walking speed.

3. In the simulation, the influence of wind on the walk-
ing stability of the FPLIR is studied to show that
the wind angle of 90° has the greatest influence on

https://doi.org/10.5194/ms-13-257-2022



the walking stability. The g can be reduced by 41 %
when using the pressing component, demonstrating that
the directing-push pressing component effectively im-
proves the walking instability of the FPLIR under the
wind.

4. A three-factor, five-level test was designed to establish
a response surface model with wind angle (0 to 90°),
walking speed (0 to 12mmin~!), and pressing force
(0 to 48 N). The test results show that wind angle and
pressing force have a significant influence (P < 0.05)
on the walking stability. The maximum value of §y is
4.7 cm (when wind angle, walking speed, and pressing
force are 90°, 7.2mmin~!, and 0, respectively). The
maximum value of §p is 2.5 cm when the pressing force
increasing to 39.4 N is reduced by 46.2 % (when wind
angle and walking speed are 90° and 5.1 m min~!, re-
spectively).

Therefore, it is proved that the FPLIR has been success-
fully designed and can be applied for power line inspection,
providing a theoretical basis for slipping control, collecting
images of intelligence inspection robots in the future.

All the data used to support the findings of this
study are included in the relevant figures and tables in the article.
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