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Abstract. Formation reconfiguration is one of the m st important tactics used in the field of
cooperative Unmanned Air Vehicles. In this paper, formation reconfiguration for a team of
vertical takeoff and landing quadrotors is managed by a classical approach of proportional-
integral-derivative (PID) controller. PID controller is designed to regulate the attitude and the
altitude for every quadrotor of a cooperative team respecting the separating span and velocity
constraints. PID controller results are compared with a backstepping controller developed for
the same system. The mathematical model of the propositioned system is derived initially, and
then a PID controller using simplex and genetic algorithms is designed qualifying the
cooperative quadrotors to track the desired trajectories. Simulation results present the
assessment of PID control strategy along with backstepping control strategy in different
scenarios including proposal flight mission in obstacle-free surroundings, and obstacle-laden
surroundings. Noise attenuation and disturbance rejection are examined for both controllers to
check the robustness of the system.

Keywords: Q  otor, Unmanned Air Vehicles, PID, Backstepping.

1. Introdub@@¥n

In the latest decennary, cooperative Unmanned Air Vehicles (UAVs) draws increasable interest with
their prosperity in several tasks through the implementation of various remarkable applications in both
civil and military domains [1-6]. UAVs are characterized by performing the desired missions without
human interference [7, 8]. The vertical takeoff and landing (VTOL) quadrotor UAV opens the gate to
accomplish unparalleled tasks due to its special characteristics. Small size, lightweight, high agility,
maneuverability, its ability of hovering, and vertical takeoff and landing are some of its amazing
criteria [9-12]. Quadrotor UAVs characteristics guarantee a safety work capability with zero risks to
the pilot in D-cube atmosphere (dirty, dull, and dangerous atmosphere) [13]. Therefore, quadrotor is
utilized in many potential exercises such as surveillance, monitoring, patrolling, surveying and
mapping, inspection and assistance duties, exploration, carriage and transportation, delivery,
archeological, investigation and police assessment, loading military instruments, research, and
education [11, 12, 14-17].

The promising performance of a single UAV in several applications encourages the utilization of
multiple UAVs cooperating along to meet the specified tasks [18]. Cooperative UAVs ensure the
success of the desired missions with better performance compared with single UAV [19]. Multiple
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cooperative quadrotor UAVs required certain strategies to cooperate together to achieve the required
goal [20]. These strategies are defined as the manner the cooperative UAVs act together and are
known with UAVs tactics. One of these tactics is formation reconfiguration. Formation
reconfiguration is defined by the capability of numerous cooperative UAVs to preserve a desired
geometric structure and reconfigure to another formation based on the enclosing circumstances
guaranteeing the success of the required application [21]. Every cooperative UAV in the team should
follow Reynold’s rules of flocking through the whole tour of the flight [22]. Every UAV member has
to identify its velocity and separating span with its neighbors and avoid colliding with its neighbors or
obstacles [23-25].

In this paper, the issue of formation reconfiguration for a team of unmanned cooperative quadrotors is
solved using a designed PID controller. The designed controller is developed to control every
unmanned quadrotor in the team in a decentralized style saving the reserving of the desired geometric
structure. The proposed controller should carry out output behavior similar to those of the real system
[26, 27]. Unlike the conventional VTOL air vehicles; the quadrotors are distinguished by a simple
structure and paradigm form [16]. However, the intricacy of regulating the quadrotors during
autonomous flight has become a major challenge for engineering and researchers. This is due to its
anonymous nonlinearities and coupled variables [15]. The proposed designed regulator has the
capacity to manage the under-actuated attributes and the nonlinearities of the quadrotors. PID
controller is utilized to handle the nonlinearities and multivariable coupling saving the stabilization of
the entire control system.

The major contribution in this paper lies in resolving the formation problem for a team of unmanned
cooperative quadrotors in a decentralized style with various control techniques. Every quadrotor has
the capacity to retain the desired position robustly during the entire flight stages even in maneuver
keeping the desired formation of the whole cooperative team. The designed decentralized controller
guarantees the success of the required mission of the team even in case of members' failure.
Eventually, various simulations will be represented to validate the success of the designed controller in
different approaches. The results of each approach are discussed. The simulation results declare the
stability of the system and guarantee the reserving of the desired geometric formation.

This paper is sectioned as upcoming:

Section 2 explains the mathematical model of the quadrotors. PID and backstepping controllers are
clarified in section 3. Section 4 displays the synthesis and simulation results of trajectory tracking
using both PID and backstepping controllers for a team of cooperative quadrotors. Finally, the
conclusion is briefed in section 5.

2. Quadrotor UAV Mathematical Model

The quadrotor is a multifaceted UAV as it is resilient to accomplish various missions and complicated
orders to complete its classified roles successfully [14]. The quadrotor is a small agile air vehicle
controlled by the independent speed variation of every rotor the quadruple rotors [9, 11]. Every rotor is
bitched mounted identically from the centric pivot. The whole rotors are set to generate the demanded
forces to every type of quadrotor motions. The underlying controller is designed for the OS4 quadrotor
UAV model [28, 29].

For a team of similar cooperative quadrotors, assume every quadrotor of the team is a single solid
frame with a 6-degree-of-freedom (6-DOF) as shown in Figure 1.
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Figure 1. Quadrotor schematic platform.

I

2.1. Mathematical Model
Letz, and v, are the thrust and the torque respectively from the n" rotor and i" quadrotor, the

affected inputs can be summarized as follow [30]:

The whole thrust: U;; =7;; +7,; +75 +7 (1)
The roll moment: U, =1, (75 —7,;) )
The pitch moment: Uy, =1, (z; —7,) 3)

The yaw moment: U, =v; +0,; — U5

—u, “4)
For quadrotor as a flying platform; coordinates systems and reference frames must be considered in

describing several dynamical coefficients and acting forces on the quadrotor. These forces have
various reference frames. So, coordinates conversion between these frames is substantial. This

conversion is achieved utilizing Euler's angles method [31, 32]. Suppose ¢ ,6.,y; represents the roll,

pitch and yaw channels for i" quadrotor respectively; the conversion from earth to body frame is
illustrated in the direction cosine matrix R, . as in (5) [33]:

sing siné, siny;, +cosé, cosy  sing siné, cosy, —cosé, siny, CoSg Sin 6,
Ry = Cos¢ siny, COS ¢ COSy, —sing (5)
sing cosé siny, —sin@ cosy; Sing cosé, cosy, +sing, siny;,  cos¢ Ccos o,

Xyzi

Consider X;,Y;,and Z; symbolize the frame posture for every agent of the cooperative quadrotors,

SO:
siné; cos¢;

Xi =——h Uy (6)

Yi = Sirnn_-(Auli (7
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s+ C0sG cosg
li === U; t0 ®)
Euler angular rates can be related to body angular rates as in (9):
¢'i. Cosy; —siny, 01l p
o |- w0 @

(Vi | [siny, tang cosy tang 1N
Differentiating (9) will give:

& 0 —y,cosg Ol @ cosy, —siny,  0|[p,

0 =| = dtng 04|+ TF w04, (10)
Vi v, tang, CO@ 0lL¥i]| |siny, tang cosy, tang 1| T
The equality case of inertia along the X-orientation and Y-orientation yields:

s - cosy; siny; Vi =lai ¢ - y e: ;

¢ =-,0 cosg + |X:/ Uy = |y;/ Uy +~— (w; =6, sing )6, cos,

" _ Vb siny; cosw; Lyi=losi 7 -

i ~ Ccosgy +¢|9 tan¢| 7y Y Uy +3 Y Uy — yylm ( 9 Sm¢ ) cosg (11)

s 46 siny; tang, cosy; tang, i~lai go- ) e 1
Vi =yid tang + oo+ ”{m u, + ‘”yw Ug +7Uy — W (y, -0 sing )4 tan 4

The relation between the thrust and the rotational speed for every rotor is investigated practically in
[34], and the torque v, for n" rotor and i " quadrotor can be expressed mathematically as:

7 Vg +v,;)+0.125pbic, R:i a)ri_nicdi (12)

ni
w

m _ni

where, for | B quadrotor; 7 is the thrust acting on the nt rotor; V; is the vertical speed; V ; is the

induced velocity; p; is the air density; b; is the number of blades; C; is the chord of the blade; R

is the radius of the propeller; @, ; is the motor angular speed ; and C,; is the drag coefficient.
Newton-Euler formalism is utilized in expressing the quadrotors frame under external forces exercised
to the centric pivot as [35]:

FP=mV} +a xmy; (13)
=l +a <1, (14)

A blend of blade element theory and momentum is utilized to derive the quadrotors aerodynamic
forces and moments [36]. This is established on the method of G. Fay [37]. The aerodynamic forces
and momentums are given in Table 1 [33, 37-40].

For i™ quadrotor, Assuming o; symbolizes a solidity ratio; A, as an inflow ratio; @, as a lift slope;

Y. asaninduced velocity; g as a rotor advance ratio; and p; as an air density.
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Table 1. Aerodynamic Forces and Moments.

Forces & Moments Equations
Thrust Force ?
u T, =C,, oA (Qi R e ) (15)
;;aii:(%+%yi2)0 (1+ﬂ. )9“”' -4
Hub Force ?
H CH| ,0I (Q Rradn ) (16)
CH._ C 41 ) 9. _ b
e :u| di ’ul Oi
Drag Moment ?
Q, :chp, (QR.JR, (17)
O'ial (1+/u| )C di /1' (%Hm %Ht’”i _%2,')
Rolling Moment
"o Rm =CeunA (AR, R, (18)
Cle
=11, (56, =30, -3 1)
Ground Effect Tee 1 (19)
Tocei 1—%

2.2. The relation between "Thrust force and RPM"

In order to realize a mathematical relation between the rotational speed of the rotor and the produced
thrust, a test bench is installed to measure that relation experimentally and derive it in a mathematical
form. Figure 2 demonstrates the entire experlment 1nstallat10n

Figure 2. The test bench installation.

The test bench composed of a hoist tool fastened by a ball bearing to eliminate the friction as possible.
A portable electronic digital fishing scale hook suspended with tape mensuration is utilized to measure
the weight of the produced thrust. This is installed by fixing one end of the scale whereas the rotor is
fixed at the hoist end. A digital photo laser tachometer is utilized to determine the rotational speed of
the roller (RPM). An electronic speed controller (ESC) absolutely controls the used brushless DC
motor (BLDC) in the experiment by varying the speed of the rotor. For an equivalent portion of time,
the ESC varied the speed of the rotor, and the tachometer digital reading measurement is recorded.
The experimental results are presented in Table 2.
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Table 2. Test Bench Experimental Results.

Current (1) Voltage (v) Thrust RPM Control PWM % PWM
mA Volt (Mass) N Effort
0.6 12 0.98 2196 1.625 10% 1100
1.8 12 1.47 2790 3.25 20% 1200
3.6 12 2.646 3600 4.875 30% 1300
5.8 12 3.92 4250 6.5 40% 1400
8.6 12 5.39 4880 8.125 50% 1500
12.6 12 7.056 5500 9.75 60% 1600
17.7 12 8.82 6075 11.375 70% 1700
23.2 12 10.486 6575 13 80% 1800
26 12 10.682 6800 13.8125 85% 1850
28 12 11.172 6850 14.625 90% 1900

The obtained experimental results are utilized to derive a mathematical equation between the thrust
and the rotational speed to provoke it in the Simulink/Matlab model. Figure 3 shows that relation. A
curve fitting is utilized to get the equation.

14 P |
y = 2.2¢-007*x? + 5.16-017*x - 1.1e-013 /

12 /

— 10 ~

Z ~

)

Z 8

e

'_

6 //
4 //
3%00 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000

Prop. sp. [rpm]
Figure 3. The relation between the thrust and the rotational speed of the rotor.

Using the curve fitting, the relation between the thrust and RPM can be obtained by:
T =22’ +5.1 %wp-1.12" (20)

The coefficient of the first order term and the free coefficient are so small to the coefficient of the
second order term so it can be neglected, and then the overall thrust force acted on the body-attached

structure for N" rotor and i" quadrotor can be determined mathematically from the experimental
outcomes to be as in [34]:
4

4
T, = n:1|:ni =b, anla)r?i (1)

where Ti is the overall thrust of the quadrotor; Fni is the force generated by the rotor N of quadrotor |

;and @; 1is the rotor speed in RPM.
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2.3. Generic Forces and Moments

Quadrotors motion is distinctly accomplished by a combination of forces and moments. Table 3

summarizes the forces and moments acting on | th quadrotor [33].

Forces & Moments
Forces along X-orientation

Forces along Y-orientation

Forces along Z-orientation

Rolling Moment

Pitching Moment

Table 3. Generic Forces and Momentums.

Equations

actuators action

hub force in X-orientation

Friction

actuators action

hub force in Y-orientation

Friction

actuators action

Weight

body gyro effect
propeller gyro effect

roll actuators action

hub moment due to
sideward flight

rolling moment due to
forward flight

body gyro effect

(sing siny; +cosg siné, cosy; )[

4
_Z H xni
n=1

%CxiAcipiXi |X||

(—cosy; sing +siny, siné, cos ¢ )(

4
_E H yni

%CyiAcipiy.i|y.i|

4
COS ¢ COSY, (ZTni

n=1
m; g
ell//l (Iyyi _Izzi)
‘JriéiQri
Ii (_Tzi +T4i )

(3 )

(_1)"*1 i R mxni

n=1

¢|l//| (Izzi _Ixxi)

-j (22)

(23)

24)

(25)

(26)

@7

(28)

(29)

(30)

€2))
(32)

(33)

(34)

(35)
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propeller gyro effect J. Q. (36)

pitch actuators action I (Ty —Ts) (37)

hub moment due to S

forward flight h, [; H i j (33)

rolling moment due to L N

sideward flight 1) Z; Rinyn (39)

Yawing Moment

body gyro effect 49 ( wi "y ) (40)

inertial counter-torque 3, Q. (41)
4

counter-torque unbalance  (-1)" >.Q,, (42)
n=1

hub unbalance in forward

ﬂlght Ii (Hx2i _Hx4i) (43)

rolling moment due to .

forward flight i (~Hys +Hys) (44)

2.4. Quadrotor Equation of Motion
Quadrotors equation of motion can be proved from (13), (14), and all prior listed equation of forces
and moments as [41]:

4 4
X, = L {(sine COS¢ Cosy, +sing, siny, )Y T =Y H, = pACi X X, @
-1

n=1 n=.

4 4
mi sing, cosg siny; —sing cosy; )Y T, =Y H, —1pAC,.Y, |y'i|}
n=1 n=1
1

7, = {m,g (cos¢ cosy; iTm}

Ii ¢|0| xxi yy|)+er‘]rl+ ZQn|+I

ml n=1
1 4 T (45)
. :I—{@.l//. i~ ZZ,)+Qant9, 1 (T +T4)=h D H i +(-1) ZRmxni:|
n=1 n=1
1 . n+l 4
! :|_|:¢IWi i XXI )+Q”J"¢ +1; ( )+hiZHxni +(_1) ZRmyni:|
n=1 n=1
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For simplicity, the quadrotors equation of motion in (45) may be rewritten as [33]:

X; :Zin /mi

y.i =ZFyi /mi

Z,=¢ _zei I'm;

¢| :eri /Ixxi
«9, :zryi Iy

l/yi :Zrzi /Izzi

2.5. Modelling for Control
For the control simplicity, the exact complete model of the quadrotor is simplified by reducing the
external forces and the external torques to adhere to the real-time limitations of the embedded control

loop [40]. Therefore, the quadrotor system | with 6-DOF and 12-states can be rephrased in state-space
formulation X, =f (X,,U,) considering the inputs vector U and the state vector X ; of the system

X, =[4.4.6.6,v,.v,2,,2,,%,.%,¥,, 9, T

such that [39]:
Assuming

Xy =4

Xo =Xy —¢5|
X3 =0

X4 =X :9i
X5 =Y,

Xei =Xg =V,

X7i =2
Xgi =Xqi =17,
Xgi =X
X101 =Xgi =X;
X1 =Y
X1 =Xy =Y

U':[Uli U2i U3i U4i]T

The inputs can be mapped as [42]:

4
Uli = KTi Zgﬁi
n=1
U 2i T KTi (lei _Qgi )
U3i = KTi (Qgi _szu)
U4i = KDi (Qgi +szu _lei —Q;fi)

(46)

(47)

(48)

(49)

(50)
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From (47) and (49):
¢

éi Vidy; +9ia2i Q; +bU
0

¢.Ilr/'/ia:’yi _¢.ia4iQri +b2iU3i
v,
h0a;, +b,U,
F(XUi)= ! aSz'. o s1)
g —7-(cosg; cos U,

X;

1
Uyi Fuli

X

< -

1
u 'm_iuli

yi
where

ali:(lyi_lzi)/lxi a2i:_‘]ri/|xi
asi:(lzi_lxi)/lyi a4i:“]ri/|yi

(52)
a5i=(|xi_|yi)/|zi bli=|i/|xi
by =1 11, b, =1/1,
U, =CoS¢ siné cosy, +sing siny,
. . . 53
U, =Cosg sing, siny; —sing cosy, >3)
From (51), the rotational rate of the quadrotor can be outlined as:
Xai X g X T8 X4 Qy +bU
Xai | =] 85X5Xe +85X 52 +b,U (54)
Xei 85 X 5 X4 +D3U

Equations (50) and (54) enable designing the attitude control of the quadrotor. Neglecting the
gyroscopic terms in (54):

X, ;X 4 X ThyU
X4 |=] 85X Xgi +b2iU3i (39
X a5 X 5 X 4 +hgU

Assuming U, ,U and U, to get a linear system where:
Uy =fu (Xa Xg, Xg)+Uy
U3i :fsi (sz X 4i s X6i)+U3i (56)
U4i =f4i (sz X4y X6i)+U4i
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Fulfilling the upcoming equation:

& X 4 X g +b1if2i (X2i X4 Xgi )= KXy

Ay X 5 X g +05F 5 (Xo X4, X1 ) = K Xy (57)
85 X 5 X gy T F 4 (X0, X 45, X)) = Ky X

The nonlinear feedback for linearization can be obtained by:

fo (Xa X410 X :ﬁ(Kzixzi —&; X 4i X i

fsi(xzwxm'Xei):ﬁ(Ksixﬂ.i — 8 X5 Xg;) (58)
f4i (X2i 1 X 4i s X i :i(KmXei —85 X5 Xy,

Utilizing (58) yields transformation of (55) to the linear and decoupled system as:

X, KXy +ﬁuzi
. 1 *
Xai K3iX4i +§U3i (59)
. -
XGI K4iX6i +EU4i

Considering U, =U, =U, =0 and the operating pointX, =X, =X, =0; the produced the
linearized closed-loop order is steady alike with the presence or absence of the gyroscopic term in
(54). Confirming that point will be proved by assuming the Lyapunov function V (X 2i 1 X 4i » X gi ) for

the attitude controller G; and positive designated about the operating point:
Vi(XZi’X4i’X6i):O'5(X22i+X§i+X§i (60)
The first derivative of the Lyapunov function V'i is determined by utilizing (54), (56), and (58).

Moreover; if a; =-8, anda;, =0, a typical cross configuration of the quadrotor with |, =1, is

i yi

resulted. So, V'i can be obtained by:
Vi =XuXy XX +Xg X

1
(61)
2 2 2

=Ky Xg + KXy + KX
It is clear that V. is also free from gyroscopic terms. V, is negative if K, ,K, ,K, <0. So, the
operating point of the feedback linearized order is asymptotically stable.

. 1 *
K2iX1i +EU 2i

X'li

.o _ . l *

Xy |= K3iX3i +EU 3i (62)
. ; 1y

X K4iX5i+EU4i

If Xjiq s X3iq » X554 are the required angels, utilization of the linear controller:
Uy =Wy - (Xyig —Xy)
Uy =Wy - (X =X5) (63)
Uy =Wy - (Xgq =X

Submitting (63) into (62) and transforming the system from the time domain to s domain by applying
Laplace transformation on (62) yields a second-order transfer function:
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o X4 (s) _ Wi
! X i (8) ﬁsz_%s"‘a’zi
— x3i (S) _ W3i (64)
3 T - 1 2 K3|
X 34 (S) b, S b, O T
o X (s) _ W,
T X ) ﬁsz_%s"'a)m

Adjusting the pair of coefficients (K, W, ), (K4 W), (K, W, )respectively enable controlling

these closed-loop quadrotors systems. The coefficients K, , K, ,K, should be negative as a
restriction along with the restriction from the hardware sides particularly the consideration of the

motor torque.
3. Quadrotors Control Approaches

3.1. PID Control Design

PID controllers are ordinarily utilized, seeing manufacturing controlled systems, according to the
decreased number of tuned coefficients [43-45], and design simplicity [16]. It is recorded that more
than 90% of implemented controllers are regularly based on PID controllers [46, 47]. PID controller is
created to control every quadrotor of a team of cooperative quadrotors. The controller manipulated
system error produced by the control system. PID controller consists of various triple coefficients to

earn the optimum output from the controller [48]. The general form of PID controller is formulated as
in (65) [49]:

t
d
u(t):KP+K,.[e(t)dt+KDd—te(t) (65)
0
A block schematic diagram for a system with (PID) control is shown in Figure 4.
; PID Controller
Reference K,

- Quadrotor

8% Output

Signal €,

input—O l » K
: S

+

Measured
Signal

Sensor
Figure 4. A block schematic diagram for a quadrotor with PID control.

To create a simple inverse model that can be executed in the control techniques, the quadrotor
dynamics should be simplified. The dynamic model can be readjusted by dropping the gyroscopic and
Coriolis-centripetal terms.
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The simplified model can be rewritten as follows:

Ili U,
i (4 |
X |=| 6 |= _iU3i (66)
. S,
5i l//i 1
EUM
Inserting the rotor dynamics in (66) and reforming the model in Laplace domain as:
Bl ) )
L (S) = - Uy (S)—uy (s
4 () Sz(HAi)ZIXXi(m() 56))
B, I.
0.(s)= i uz (s)-u’(s 67
19) Sz(w\i)zlwi(g.() HO). (67)
A-2 4 n+l o
(S) = ! -1 us (S
v, (s) S A )l Z;( ) “uqn ()

where, the coefficients A; and B, represent the rotor dynamics. By replacing the motor inputs by the
control inputs; (50) becomes:

A2,
MO e,
— Aizli 1
a(s)_sz(s +Ai)2Iyyi\J3i (68)
A2
v, (s)= I

U,
SZ(S+Ai)2|zzi !
Eventually, the controller equations can be obtained as in (69):

1
U, =— (K Xy =X i Xg ) W 5 (Xg4 — Xy
1i
1
U, =b_(K3iX4i — Ay X 5 X g ) +W 5 (Xgig —X5;) (69)
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1
Uy =—(KiXg =85 X3 Xg ) tW 4 (X5 —Xg;)

b,

i

where X, :¢f| X g :éi Xeg =W;, and  X;4,Xg4,Xsq are the desired angles and
X1 = X3 =Xgq =0 in case of the hovering state.

This controller can be readily implemented. The upcoming challenge in the design procedure is the
choice of the controller coefficients values of (Ky wWy;), (Kg Wgi),(Kg wy). The simplex
optimization algorithm is used to get the optimum values of these controller coefficients as elementary
acceptable coefficient values for the genetic algorithm (GA). Fine adjusting of PID coefficients is
acquired utilizing GA which is a hypothetical evolutionary method with a similar analogy to the actual

world biology. Selection of the parents and the conjunction of their genes to generate the posterior
generation (crossover) is a fundamental procedure for the GA [50]. The genetic algorithm is intended
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to reduce the multi-objective function. This function reduces the mean square error (MSE) amidst the
reference input and the output of the system without overshoot [51-53]. The utilized coefficients by
the genetic algorithm toolbox in Matlab are shown in Table 4.

Table 4. Genetic Algorithm Coefficients.

Population size Crossover  Number of generations
200 0.8 800

It is noted that every control technique is dedicated to the objective of performance optimization of a
particular subsystem [54]. The objectives of the optimization operation are realizing the stability
performance for the cooperative quadrotors, faster response, and decreasing overshoots as minimum as
possible.

A PD controller is designed for every orientation angle. The nonlinear feedback controller has the
form shown in (70):

Usigiai =Kpi¢iy()lvy,i (4.6 "//i)+KDiWWVi (4.6.v,) (70)

To get the desired behavior of the altitude control for the vertical position, the upcoming control law is
applied:

r, +m;
L= Mg 1)
CoSs¢ cos o,
o =—a;7; =8, (z; —Z;) (72)
The desired altitude Z ; can be calculated by:
-a.7Z.—a.z. —r.
Z = a’ll i a2| i L (73)
B

The coefficients &; and a,; are representing K, and Kpi respectively. These coefficients should

be positive. Considering the hardware limitation and the noise effect with the controller parameters
has been chosen as shown in Table 5:

Table 5. PD controller coefficients.

Controller Gain Roll Pitch Yaw Altitude
K bi -14.6211 -46.6211 -64 47673
K oi 48.7832 112.7832 42.2144 4.9794

Several simulation experiments are conducted to validate the underlying control law. The controller
achieved successfully several simulation experiments even with sever initial conditions on the attitude
channels.

3.2. Backstepping Control Design

Backstepping control technique has already been investigated in [41]. Backstepping controller
technique is a favored regulator over several controller techniques. It uses a recursive algorithm, where
the controller has divided its mechanism into several steps guaranteeing the stability of each step
gradually [15]. Backstepping ensures asymptotic robustness, stability, observability, and
controllability [55].
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Backstepping controller fetches the data from the sensors straight with the assigned mission as inputs.
The controller uses many parameters during the calculation. These parameters represent the states and
the dynamics of the quadrotors. The output of the algorithm is the code that allocates the PWM signal
for each motor of the four motors of each quadrotor.

Backstepping control is chosen to provide angular controls of the i, quadrotor airplane in which the

inputs U, , U, and U, control quadrotor aerial robot at hovering, where 1 =1,2,..., ] (] is the

number of quadrotor in the swarming team).
The desired control U ,; is identified as [41]:

I k. k. ' P
UZi :y[_[kfi +Cllk2| +C;Cy +C2|k2| ]ei _{Cli +kA+C2i ]éi _[Iulm]ﬂl//u
I k1i kli kli Iyi (74)
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From (65), U ,, is a backstepping control and its gains are:

Ko :[klzi +Clli<k2i +CyiCyi +C2Ii<k2i ]’Kn :[klikzi "‘Cli(;(zﬁ} and Ky :[Cli "'%"‘Czij (75)

1i 1i 1i 1i
Similarly, U, and U ,; asin Eq. (76) and Eq. (77):
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4. Quadrotors Control Approaches

Various simulations experiments on Matlab Simulink are conducted utilizing the whole model to
adjust the control coefficients. The controller’s function is designed to stabilize the orientation angles
for every quadrotor of a team of cooperative quadrotors. For these simulations, the dynamic model is

utilized without considering the measurement noise. ¢|,t9| ,i; coefficients are acquired from the

gyros, and then ¢ ,8 ,y, coefficients are determined by integrating the values of rate of change for

every controlled channel acquired from the gyros. The separating spans and velocity are constrained in
the control designing. The designed trajectory tracking, noise cancellation, and wind disturbance
rejection are deemed as a comparison criterion between the two controllers. A couple of scenarios in
obstacle-free and obstacle-laden surroundings is supposed.

4.1. Scenario 1 (obstacle-free surroundings):

The cooperative quadrotors are tested in trajectory tracking with and without noise and wind
disturbance effect as shown in the upcoming figures. Figure 5 displays the trajectory tracking of the
cooperative quadrotors (Leaders and followers) controlled by PID and backstepping controllers in X-
orientation and compares between the obtained results. The results show approximately identical
trajectory tracking of the cooperative quadrotors in X-orientation using both PID and backstepping
controllers.
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Figure 5. The trajectory tracking of the cooperative quadrotors controlled by PID and backstepping controllers
in X-orientation.

Figure 6 shows the trajectory tracking of the cooperative quadrotors (Leaders and followers)
controlled by PID and backstepping controllers in Y-orientation and compares between the obtained
results. The results show approximately identical trajectory tracking of the cooperative quadrotors in
Y-orientation using both PID and backstepping controllers.
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Figure 6. The trajectory tracking of the cooperative quadrotors controlled by PID and backstepping controllers
in Y-orientation.

Figure 7 shows the trajectory tracking of the cooperative quadrotors (Leaders and followers)
controlled by PID and backstepping controllers in XY-plane and compares between the obtained
results. The results show approximately identical trajectory tracking of the cooperative quadrotors in
XY-plane using both PID and backstepping controllers.
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Figure 7. The trajectory tracking of the cooperative quadrotors controlled by PID and backstepping controllers
in XY-plane.

Figure 8, and Figure 9 show the separating span between the team of the cooperative quadrotors in X-
orientation and Y-orientation respectively using the PID controller. The same figures can be obtained
using the backstepping controller because of identical trajectory tracking in XY-plane for both types of
controllers.
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Figure 8. Separating span between the team of the cooperative quadrotors in X-orientation.
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Figure 9. Separating span between the team of the cooperative quadrotors in Y-orientation.

Figure 10 shows the trajectory tracking of the cooperative quadrotors (Leaders and followers)
controlled by PID and backstepping controllers in Z-orientation and compares between the obtained
results. The results obtained show that the output response of the cooperative quadrotors controlled
using PID controller is faster than that of cooperative quadrotors controlled using the backstepping
controller in Z-orientation. The output response of the cooperative quadrotors controlled using PID
controller has small overshoot which does not exist in the output response of the cooperative
quadrotors controlled using the backstepping controller. Only one curve is presented for the
cooperative quadrotors in every figure because the leader and the followers have the same altitude.
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Figure 10. The trajectory tracking of the cooperative quadrotors controlled by PID and backstepping controllers
in Z-orientation.

Figure 11 shows the trajectory tracking of the cooperative quadrotors (Leaders and followers)
controlled by PID and backstepping controllers in XYZ-space and compares between the obtained
results. The results show that the cooperative quadrotors controlled using PID controller reach the
desired altitude faster than cooperative quadrotors controlled using the backstepping controller.
Approximately identical path obtained for the cooperative quadrotors in XY-plane after reaching the
desired altitude using both PID and backstepping controllers.
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Figure 11. The trajectory tracking of the cooperative quadrotors controlled by PID and backstepping controllers
in XYZ-space.

4.2. Scenario 2 (obstacle-laden surroundings):

The obstacle avoidance algorithm has already been investigated in [41]. The proposed obstacle is
created as a rectangle appearing in the simulation as a plan view of an obstacle. The quadrotors
altitudes are given as a constant level through the obstacle avoidance process in the simulation. For
aviation security issues; a couple of safety zones are always preserved with 20m-radius safety zone
and 10m-separating span named as a shielded zone amidst every follower and the leader of the team
[56]. These zones guarantee a 20m-radius initially to launch the manoeuvre at the border of this safety
zone amidst the team quadrotors and any obstacle. If an obstacle is sensed on the border of the safety
zone, a rescue loop is initiated causing trajectory tracking obstruction, then a wily manoeuvre in a half
circle path to avert the obstacle and then returning to track the main trajectory.

Figure 12 shows the trajectory tracking of a straight line and obstacle avoidance of the cooperative
quadrotors (Leaders and followers) controlled by PID and backstepping controllers in XY-plane and
compares between the obtained results. The results show that the cooperative quadrotors controlled
using PID controller take larger curvature when dealing with obstacle avoidance than it takes by
cooperative quadrotors controlled using the backstepping controller.
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Figure 12. The obstacle avoidance by the cooperative quadrotors controlled by PID and backstepping
controllers.
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From the simulation results; the proposed controllers succeeded in tracking trajectories in different
proposed scenarios keeping the geometric formation reconfiguration of the team of cooperative
quadrotors. The resulted performances are sufficient according to PID and the backstepping control
synthesis algorithms. Both controllers can stabilize and control the cooperative quadrotors in obstacle-

free and obstacle-laden surroundings.

4.3. Noise attenuation and wind disturbance rejection:
To check the impact of noise, the altitude sensor is considered to be affected by a white Gaussian

noise Figure 13 shows the trajectory tracking of the cooperative quadrotors controlled by PID and
backstepping controllers in Z-orientation in presence of measurement noise affected the altitude sensor
and compares between the obtained results. The results show that the noise attenuation of the
cooperative quadrotors controlled using the backstepping controller is better than that obtained using

the PID controller.
6
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Figure 13. The noise attenuation of the cooperative quadrotors controlled by PID and backstepping controller in
Z-orientation when the altitude sensor is affected by noise.

To study disturbance rejection of both controllers, wind disturbance is considered to affect the
cooperative quadrotors in two opposite directions every 10 seconds with a wind duration effect for 2
seconds. Figure 14 shows the trajectory tracking of the cooperative quadrotors controlled by PID and
backstepping controllers in Z-orientation in presence of wind disturbance and compares between the
obtained results. The results show that the wind disturbance rejection of cooperative quadrotors
controlled using the backstepping controller is better than that obtained using the PID controller.
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Figure 14. The trajectory tracking of the cooperative quadrotors controlled by PID and backstepping controllers
in Z-orientation under the effect of wind disturbance.
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5. Conclusion

In this paper, PID and backstepping controllers are developed for resolving the formation
reconfiguration problem for a team of cooperative quadrotors. A complete mathematical model for the
quadrotor under study is introduced. Moreover, a relation between thrust force and RPM is proved
experimentally. A collision avoidance algorithm is introduced where the team of cooperative UAV
reconfigures its formation in a manner that ensures the safety of the entire team members. The
simulation results display a successful steady flight achieved for both controllers in the absence of
external noise and disturbance for obstacle-free and obstacle-laden surroundings. The cooperative
UAYV team succeeded to track the desired path respecting the velocity and separating span constraints.
The noise attenuation for both controllers is considered when the altitude sensor is affected by white
Gaussian noise. The results show that the backstepping controller is better than the PID controller for
noise attenuation. When dealing with wind disturbance, the backstepping controller shows better
disturbance rejection than the PID controller.
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