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The Unmanned Aerial Vehicle (UAV) has justified its effectiveness in electric
transmission lines inspection by their great ability to perform precise, fast, and easy
missions’ inspection. Due to the specification of our mission, which is the presence of
electromagnetic interference in the vicinity of the transmission lines, and to avoid any
deviation, crushing, or damage, it is necessary to study the safety of the UAV system and
its attitude estimation. So, this paper presents a proposed basis for the implementation of
UAV in the electric transmission lines inspection to use it for its attitude study problems
near transmission lines. It is necessary to begin our study with the mathematical modeling,
to study the physical efforts, the affecting parameters, and the behavior of the system,
therefore, the mathematical model of a multirotor UAV is presented, which is the adequate
UAV type that was chosen in our previous work, by justifying the choice of the quaternions
mathematical approach and its simulation using the PID controller. We calculate the
magnetic field near electric transmission lines using the image theorem and to ensure
stable, reliable, and safe flight under electromagnetic interferences, we use the Extended
Kalman Filter (EKF) by incorporating the magnetic equations in the form of colored noise.
So, this proposed basis can be used to study the attitude problems of electric transmission
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lines inspection’s UAV.

1. INTRODUCTION

This paper is an extension of work originally presented in
the 1st International Conference on Innovative Research in
Applied Science, Engineering and Technology [1], where
more results have been added, justified the choices, and
expanded discussions.

The development of Unmanned Aerial Vehicles (UAVs)
technologies let their use in different fields increases, they
became the first choice for several applications, like remote
sensing [2], agriculture [3], monitoring air pollution [4], 3D
mapping [5], fire detection [6], thanks to their different
advantages and capabilities [7]. This is the case for the electric
transmission lines inspection, the use of UAVs was adopted
by different operators as they have demonstrated their great
ability to perform precise, fast, and easy inspections of power
lines by comparing with the different inspection methods [6,
8], such as: Patrols, Manned Aerial Vehicle [9-11], and
Rolling on Wire Robots [12, 13].

The use of UAVs makes possible to detect and locate the
various defects in transmission lines by processing aerial
images and videos and to have a real-time reading of the
captured data. They reduce cost, time, manpower, and
logistical means and they improve the reliability and quality of
the operation, and above all, they secure the linemen as they
will not need to approach to the lines [8].

The electric transmission lines inspection is a specific
mission given its requirements and characteristics. This is why
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it is necessary to make a good study to choose the most suitable
type of UAV and to establish a solid mathematical model in
order to ensure the good progress of the mission while
achieving the expected objectives.

By a comparative study of the different types of existing
UAVs: the fixed wings UAV, the vertical take-off and landing,
and the convertible UAV, and from a practical study of UAVs
that was used or tested in electric transmission lines, that have
been already presented by Fahmani et al. [1], the adequate
choice of UAV’s type have been justified. A multirotor with
at least four rotors was considered to be a good solution for
establishing vertical and horizontal inspections with great
maneuverability.

The presence in the vicinity of the electric transmission
lines puts the UAV under several risks. In addition to the
possibility of getting stuck or crashing with any line’s
component, electromagnetic interferences caused by the lines
can interfere with UAV’s radio signals, causing it to deviate
from its path or crash. This can endanger anyone below or
damage the UAV or the power lines [14]. And, when the UAV
flying close to the electric transmission lines, there are risks of
flashover through the UAV or corona discharge on the UAV
because of the electric field disturbance caused by the UAV
[15]. Hence the obligation to leave a safe distance between the
UAYV and electric lines.

There are many research studies that have addressed this
interference problem to ensure the safety and smooth running
of inspection missions. Some work has simply considered a
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safe distance, and there are others that have focused on
electromagnetic simulations or laboratory tests to analyze the
resistance to electromagnetic interference of its electronic
circuits and communication signals [16].

Several works implement the EKF to UAVs to study their
attitude estimation to have more stability and security during
the flight [17-21], and given our mission type’s risks, the
warranty of having a stable, reliable, and secure flight will be
vital. So, this paper is interested by the study of the attitude
estimation of the electric transmission lines inspection’s UAV
using the EKF by incorporating the magnetic equations in the
form of colored noise [22].

So, firstly, the mathematical model of a multirotor UAV
will be presented by justifying the choice of the mathematical
approach of quaternions, with a simulation under
Matlab/Simulink with a PID controller. After that, the
calculation of magnetic field will be elaborated in the vicinity
of electric transmission lines using the image theorem. Finally,
the Extended Kalman Filter will be presented to guarantee a
stable, reliable and secure flight, by the incorporating of the
magnetic equations as colored noise to have a proposed
mathematical basis of the mathematical model and the
Extended Colored Kalman Filter (ECKF) model of a
multirotor UAV of electric transmission lines inspections.

2. MULTIROTORS MATHEMATICAL MODEL

To develop the multirotor mathematical model, it is
necessary to define first of all: the hypotheses to be considered,
frames, forces, torques, which is already done by Fahmani et
al. [1], and the mathematical approach to be used.

So, below the different mathematical approach existed will
be presented to choose the most suitable.

2.1 Mathematical approaches

Generally, there are two methods for determining the
multirotors UAV’s motion equations:

2.1.1 Newton-Euler model

Newton-Euler dynamic equations are based on forces and
moments, whose equations, Newton and Euler’s dynamic
equations, are evaluated numerically and recursively [23]. It
states that the sum of forces and torques acting on each link
cause the variations in linear and angular momentums [24].

It is a fast model in calculation and control and it is better
for the implementation of control schemes.

Newton’s Dynamic Equation:

S = 4 (1)
In the inertial frame:
mé = >'F, @)
Z Frobite = TTWeight + Forces 3)
Z Frareniy = Weight + T. Forces @)

Euler’s Dynamic Equation:
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B d(lw)

) 5
Z M; dt ®)
In the body frame:
— . dU®) d(Ly)
M, = = (6)
Z 0 dt dt
With Zis the kinetic moment.
Lo=0MarmV =& (7)
If the frame is not Galilean:
T = Z My + My (finertia) (®)

So, from the Newton and Euler’s dynamic equations the
equations systems can be deduced.

2.1.2 Euler-Lagrange model

This model allows the system analyze, as a whole, based on
its kinetic and potential energy. It is based on the relation
between the Lagrangian and the generalized external forces
that is presented in the Eq. (15). It is better adopted in the study
of dynamic properties and in the analysis of control schemes.
The Lagrange equations stay invariant related to all the
generalized coordinates used [23].

By the Lagrangian L, motion equations can be determined
in a systematic way and independently of the frame that we
have chosen. It is an explicit function of the generalized
coordinates q;, generalized velocities ¢,, and time t:

L =L(qydyt) ©)
where: g = (¢,1)" and
L = Etrgns + Eror — Ep (10)
with:
1 ps
Etrans = Emf f (11)
1 . T .
Eroe = 5 1"/ 7 (12)
E, =mGz (13)
S0:
S SIS B
L(Qi;ql)=§mf f+§TI]77—mGZ (14)
also:
_déL dL s
T dt8gq dq (13

As the Lagrangian does not contain any crossed terms in the
kinetic energy combination, the Euler-Lagrange equation can
be divided on two equations:



0
mf+<0>:F; (16)
mg
A S 17
]7)+]77—§%(77]7))—T (17)

So, from the two equations above the equations systems can
be deduced.

Returning to transformation matrices if we calculate the
inverse of the matrix W, we find that it is written as follows:

1 0 0
w-l= tog S¢ Co SCy S (18)
to Cop —S¢p SCoCy

Qo + q:1° — q2.° — q5°
2(9192 — 9093)
2(9092 + 0193)

TQ=

2.2 Multirotors dynamic model

It is already presented in detail in [16] the different
expressions of forces and moments undergone by a multirotor

Kftx

i=-

2(9093 + 9192)
%2 + QZZ - Q12 - Q32
2(9293 — q0q1)

where, tg = tan @ and scg = secl = s

It is defined if and only if: 8 # §+ kr, (k € Z), because of

the term tan 6. Hence the generation of a singular point
(Gimbal Lock) this means the loss of a freedom degree.

2.1.3 Quaternions

So, to overcome the problem of a singular point, different
presentations can be considred such as the Quaternions where
the rotation in one frame regarding another frame will be
presented by 4 parameters (qq, q1, gz, q3) , and the
advantages of using an approach based on it consist not only
in the absence of singularities but also in the simplicity of
computation.

The transformation matrix T, from the initial frame

(Xg, Yg, Zg) to the relative frame (xg, Vg, zg) of
coordinates is presented below [1]:

2(q193 — 9092)

2(qoq1 + 9293) (19)

%2 + Q32 - Q12 - Q22

UAYV of the quadcopter type and formulations which are used
to deduce the equations systems below of the adopted
quadcopter:

n
2
i+ —(014s = CIOQZ)Z b w}

i=1

n
K 2
. fty . 2
y Y +—(9091 — 9293) § wj

=1

n
K 1
N ftz . 2
Z:_G_WZZ‘F%(%Z‘*'% - Q12_QZ2)zbwi2

(20)

o My Keax o ) . L=
e By (20
¢ L, L, ¢ L, v L,
Krgy .. . . . .(L—I
y fay rJr x Iz
=2 I% g G yg ( )
L L, L L
ot o (7
V4 zZ zZ
With: M, = bl(w? — w?) (23)
n
, M, = bl(w} — w3) (24)
0, =) D, @ ’
i=1 2.2.2  Hexacopter
. The Figure 2 presents the adopted hexacopter’s diagram,
(Mx M, M,)" is the drag moment where: from which we can deduce the following equations:
M; = dn, (22) 1
M, = bl (w§ — w2+ E(wf + w? — w? - wé)) (25)
And, for M, and M, , we will present below their

expressions according to three different configurations of
multirotor:

2.2.1 Quadcopter
The Figure 1 presents the adopted quadcopter’s diagram,
from which we can deduce the following equations:
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V3

=¥ (26)
2

M,

bl(w? + w3 — w3 — w?2)
2.2.3 Octocopter

The Figure 3 presents the adopted octocopter’s diagram,
from which we can deduce the following equations:



V2
M, = bl wg—w§+7(wf+w§—w§—w%) 27

2
My = bl| 0f —wf +— (0} +wf —wi-wd) | (28)

3. SIMULATION OF THE MATHEMATICAL MODEL
OF THE ADOPTED QUADCOPTER

For our simulation, we chose the quadcopter presented in
Figure 1, with the system’s parameter values those presented
by Khebbache [25], based on M. Abdel-Razzak model [26]
which is a Simulink model of a quadcopter with a PD
controller.

To represent our system, it was adapted with the quaternion
approach by adding the aerodynamic effects and an integral
regulator to improve the steady-state.

Pitch (6)
ks>
D3 Yaw (y) AN
@ ©1 Roll (¢)
Wy

Figure 1. The quadcopter’s diagram adopted

y
Pitch (0)

Figure 2. The hexacopter’s diagram adopted

7 y
Yaw (y) Pitch (0)
w7y w1
6 ©2
S— Roll (¢)
ws
Wy s

Figure 3. The octocopter’s diagram adopted

So, in Figures below 4-11, the results of the first simulation
are presented, where we fixed the desired values of the
system’s variables, and using a random values of the PID
regulator.

Figure 4. The first simulation result of the quaternion
coordinate g,

0.4F -
0.2+

Figure 5. The first simulation result of the quaternion
coordinate q,

Figure 6. The first simulation result of the quaternion
coordinate g,

e
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Figure 7. The first simulation result of the quaternion
coordinate g5
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Figure 11. The first simulation result of the altitude z(m)



The values of the PID regulator influence the stabilization
of the system, therefore since the output values do not follow
the desired values therefore the values of the regulator are
incorrect. So, you have to vary these values until we have the
correct values, that will give us a stable, accurate and fast
system.

In Figures 12-19, the final simulation of the system
parameters is presented with the accurate values of the
parameters P, | and D, where we have a good tracking of the
desired values with small transient deviations.

Figure 12. The final simulation result of the quaternion
coordinate q,
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Figure 13. The final simulation result of the quaternion
coordinate q,
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Figure 14. The final simulation result of the quaternion
coordinate q,

Figure 15. The final simulation result of the quaternion
coordinate g
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Figure 18. The final simulation result of ¥ (rad)
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Figure 19. The final simulation result of the altitude z(m)

4. CALCULATION OF MAGNETIC FIELD NEAR
ELECTRIC TRANSMISSION LINES

The presence of the UAV near high-voltage electric
transmission lines will cause it to be subjected to the
propagation of electromagnetic waves, which has many effects
on materials and communication signals. That is why the
calculation of the magnetic field in the vicinity of the
transmission lines is necessary.

There are several methods adopted to calculate the magnetic
field in the vicinity of transmission lines, such as the Biot-
Savart laws [22, 27], the finite element method [28], and the
image theorem that has been well detailed in Fahmani et al.
[16].

So, from Fahmani et al. [16], we took the expression for the
magnetic field using the image theorem for the case of a 400
kV double-circuit overhead power line supported by an S-
pylon, which is the extreme case of the Moroccan electrical
transmission network.

N — — —
— Uol; (AR, U ,AR',
BM(xxY) = . 2T ( RiZ - R/iz (29)
=1
By (x,7)
Y=Y
N 2
By (ry) = Y Kokt ki
M\ oY L. 21 y+yi+6(1—))
_ o om| i (30)
=< R’i
N
By ( )_ZMoli(x—xi) 1 1
My V)= 2n R* R}
i=1
So,
N 2
Moli (y—yi y+yi+46
L 2m \ R/ R'?
Bux@ )l = | = A , (31)
#olii
\ i=1 2m R
N
toli(x —x;) (1 1
Buy (x,¥)| = 27 - 32
| My(x }’)| £ o Riz R,iz ( )

. 1B (G, ) |2
By . 9)| = [By(x,)| = /+|5 gt (33)
My\*»

And to express it in the body frame we must just multiply it
by the transformation matrix T:



Therefore, it can be represented by a function which
depends on the position and the quaternions coordinates as
indicated in the following equation:

BMB = h(x'y' Z, qO' qlv q2v q3) (35)

5. EXTENDED KALMAN FILTER
5.1 The extended Kalman filter’s introduction

Kalman Filter (KF) is an optimal estimation algorithm that
predicts a parameter of interests such as location, speed, and
direction in the presence of noise and measurements. It is used
when the variables of interest can only be measured indirectly,
and when the measurements are available from various sensors
but might be subject to noise [29]. The KF is defined only for
linear systems. So, for non-linear systems its non-linear
version, that is called the Extended Kalman Filter (EKF), can
be used.

To guarantee a stable, reliable and secure flight, the EKF
was used in several works to UAVs. And among so many
nonlinear filters, EKF is the most widely used and the simplest
filter [18]. But, to apply it to our case, we must take into
consideration our specific conditions due to the permanent
presence near electric transmission lines. This electromagnetic
interference at the vicinity of transmission lines is presented
[22] like a non-Gaussian time-variant noise with nonzero
mean value and they studied this type of noise by the approach
of colored noise.

So, in the following, the presentation of the necessary
adaptations and the final mathematical formulation applied to
Extended Colored Kalman Filter (ECKF) by the incorporating
of the magnetic equations as colored noise in a traditional EKF
along with the flight dynamics of the vehicle based on the
quaternions.

The principle of Kalman Filter is to find the probability of
the hypothesis of predicted state is given by hypothesis of prior
state and then using the data from measurement sensor to
correct the hypothesis to get the best estimation for each time
[30]. So, it combines the measurement and the prediction to
find the optimal estimation in the presence of process and
measurement noise.

The most important part of applying EKF is the model and
there are two models for EKF for the case of a nonlinear
discrete time system with linear measurement [22, 31]:

State Model:

X = (-1, wi) + & (36)

Measurement Model:
Yie = Hyxye + vy (37)

Vi is a nonzero mean with a nonlinear variation, is the
colored noise:

v = g(Wg—1) + &k (38)

5.2 The extended Kalman filter’s algorithm

EKEF is a recursive algorithm used for estimating a dynamic
system which lacks data. It uses prior knowledge to predict the
past, present, as well as future state of the system [30]. Notice
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that to estimate the current state, the algorithm doesn’t need all
the past information. It only needs the estimated state and error
covariance matrix from the previous time step and the current
measurement (Xy_q, Pr—1, Yi) [31-33].

Prediction Phase:
The a priori state estimate:

X = f(fk—1+:uk) (39)
The a priori error covariance matrix:
Py =FP " F +Q,, (40)
Update Phase:
Zy =y —H % — g%, vp-1) — &k (41)
Sk =P 0" + Q¢, (42)
0y = H, + 6_g (43)
Oxlg, -
The Kalman gain:
K = P2, S, (44)
The a posteriori state estimate:
2= R+ KZy (45)
The a posteriori error covariance matrix:
P = - Kl )P~ (46)
F}, is the Jacobian of f:
of
= 47)

So, the EKF is a recursive algorithm, as it is presented in the
Figure 20 below, that breaks down into three main steps:
Initialization, Prediction, and Correction, and that has two
inputs: Command and Observations [34].

Initialization

Rp—qand Py

N

Prediction

Command
%= (Xt o)
P =FyPeoy "R+ Qe

X Py i I/- N

Correction

Wy

Observations r
Ki= P 2,757}

2t = 2T Kz

Pt = (I - K2,)P,~

Yie = Hexpe + v

Figure 20. The EKF’s algorithm



To determine the state vector x;, and y it is necessary to be
interested in having a simple model and more intuitive
measurements. So, for our case, the chosen state vector below
presents the quaternion coordinates and the three gyroscope
biases (the gyroscope is a magnetic, angular rate, and gravity
sensor, and it can be used to measure the angular rate of the
vehicle, and the time integration of angular rate derives the
rotated angle, but the accumulation error would gradually
increase as integral time increase [18]):

X = (CIok’ qlk' CIzk' q3k' bxk' byk' bzk) (48)

And:

Ve = (do G110 G20 93,,) (49)

By noting that the outputs data of the magnetometer and
accelerometer’s UAV can give us the values of the quaternions
using several methods detailed in Jing et al. [18].

6. RESULTS AND CONCLUSION

In our previous work, the adequate type of UAV for
transmission lines inspection have been chosen, which was the
multirotor UAV with at least four rotors, by the two
comparative and practical studies of the different UAV’s
existing types. And, in this paper, a solid basis for the
implementation of UAVs in the inspection of electric
transmission lines was presented to implement it, in future
works, on a real system.

To develop the mathematical model, the different
mathematical approaches that existed were presented and the
quaternion approach choice was proved. After that we present
a general mathematical model, which can be adopt for all
multirotors with four or more rotors, with its simulation under
Matlab/Simulink with a PID controller.

This paper used the EKF, which combines measurement
and prediction to find the optimal estimate in the presence of
process and measurement noise, to ensure stable, reliable and
safe flight wunder electromagnetic interference, by
incorporating the magnetic equations in the form of colored
noise.

So, this paper presented a complete equation model of the
mathematical model and the ECKF model of a multirotor
UAV of electric transmission lines inspections. And using this
base of equations, instead of physical tests, we can plan
automatic missions for electric transmission lines inspection,
overcome the attitude problems of UAVs under
electromagnetic interferences, and have a specific UAV that
will be intended primarily for electric transmission lines
inspection. The results of our work will be the subject of
practical tests in future work in order to test and validate this
model of equations.
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NOMENCLATURE

b the lift coefficient, N.rad.s

d the drag coefficient, N.m.rad1.s*

Eirans the translational energy, J

Erot the rotational energy, J

Ep the potential energy, J

F the generalized external forces, N

F' the generalized external forces that is defined

by: F' = (F, 7)

Fe the translational force, N

f the nonlinear function.

f' the nonlinear function.

G the gravitational constant, m.s?

g the nonlinear function that represents the

interferences with electric transmission lines

H, maps the state variables to the measurements.

I the moment of inertia of the system, kg.m?

I; the intensity of the conductor's current, A

L, I, are respectively the moments of inertia around

and I, the x, y and z axis, kg.m?

] the inertia of the system, kg.m?
Jr the inertia of the rotor, kg.m?

Krq the aerodynamic friction coefficients, N.rad.s*

Kp. the drag coefficients, N.m~.s?

K, the Kalman gain

| the length of the arm between the rotor and the

multirotor’s center of gravity, m

m the system’s mass, kg

N the number of the conductors

Py the covariance of the estimation error

536

voltage substations to treatment its effect on the
protective EQUIPMENTS. Annals of the Faculty of
Engineering Hunedoara, 14(4): 139-146.



X, and
Zt
Yk

are respectively the priori and the posteriori
estimation of Py.

are respectively the distances between the point
M and the conductor i and its image, m

the transformation matrice

the control data

the system’s velovity, m.s*

the coordinates of the conductor i

the system states

are respectively the priori and the posteriori
estimation of &,

the measurement vector

Greek symbols

(9,8,¥)

§

the Euler angles
= (x' y' Z)T
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n = (p,0,¥)"

W the system’s angular speed, rad.s

w; the angular speed of the i*"rotor, rad.s™

T the generalized moments, N.m

o the magnetic permeability of the whole space, it

is taken to be the free space value and it is equal
to4m. 1077H/m

) the earth skin depth and it is equal to
V1/(uortf'o), m

c the conductivity of earth, S.m™

& the white noise with zero mean correlated to g

€k the zero mean process noise with covariance @,

Subscripts

are respectively the priori and the posteriori

—and + o
estimation





