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Abstract: The trajectory planning of an aerial robotic manipulator system is studied using Hybrid
Particle Swarm Optimization (HPSO). The aerial robotic manipulator is composed of an unmanned
aerial vehicle (UAV) base and a robotic manipulator. The robotic manipulator is dynamically singular.
In addition, strong coupling exists between the UAV base and the robotic manipulator. To overcome
the problems, the trajectory planning is studied in the join space using HPSO. HPSO combines
superiorities of PSO and GA (Genetic Algorithm), prohibiting particles from becoming trapped
in a local minimum. In addition, the control parameters are self-adaptive and contribute to fast
searching for the global optimum. The trajectory planning problem is converted into a parameter
optimization problem. Each joint trajectory is parameterized with a Bézier curve. The HPSO is
implemented to optimize joint trajectories, satisfying specific objectives and imposed constraints.
Numerical simulations are also carried out to validate the effectiveness of the proposed method.

Keywords: aerial robotic manipulator; unmanned aerial vehicle; Bézier curve; particle swarm
optimization

1. Introduction

AErial RObotic Manipulators (AEROMs) [1,2] are combined systems, composed of
mobile platforms and robotic manipulators. The mobile platform system is usually a UAV,
while the robotic manipulator system includes one or several arms. The increasing demands
of aerial pipeline maintenance, bridge inspection, fruit picking, etc. call for application
of aerial robotic manipulators to perform tasks in aerial environment. Examples include
“Aerial Cognitive Integrated Multi-task Robotic System with Extended Operation Range
and Safety” [3], “ Aerial Robotic Training for the Next Generation of European Infrastructure
and Asset Maintenance Technologies” [4], “Hybrid Flying-rolling with Snake-arm Robot
for Contact Inspection” [5] and “Aerial Robotic System Integrating Multiple Arms” [6]. In
these programs, aerial missions are performed with various categories of aerial robotic
manipulators, as shown in Figure 1. In Figure 1a—c, the robotic manipulator locates on the
top of UAV base, opposite to Figure 1d—f. A category of combined system is of great interest
to both scientists and practitioners. As shown in Figure 1a,d, the system consists of a UAV
and a single-arm robotic manipulator. This is because the modelling is with lower difficulty
and the system is easily controlled. However, the combined system still exhibits some
special characteristics. Strong coupling exists between the robotic manipulator and the
UAV. Moreover, the manipulator is dynamically singular. Accordingly, specific trajectory
planning strategies have to be investigated to cope with the aforementioned problems.
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Figure 1. Two-dimensional (2-D) sketch of aerial robotic manipulator composed of a UAV base
and a robotic manipulator, where the manipulator denotes (a,d) one single arm, (b,e) two arms or
(c,f) multiple arms.

The developments of an AEROM system includes structure design, mathematical
modelling, trajectory planning, control, etc. Actually, an AEROM model includes two
parts, the kinematic model and the dynamic model. The trajectory planning is studied
on the basis of AEROM kinematics [7,8], while the control development is based on both
kinematics and dynamics [9]. The trajectory planning aims at optimizing joint trajectories,
end-effector trajectories or UAV trajectories. As a matter of fact, the trajectory planning
has been well developed for robots in outer space [7,8], where the satellite base is usually
under free-floating mode. Two common trajectory planning techniques are respectively
based on inverse kinematics and forward kinematics. For the technique using inverse kine-
matics, various concepts have been proposed, including Generalized Jacobian Matrix [9],
Enhanced Disturbance Map [10], Path Dependent/Independent workspace [11] and Re-
action Null Space [12]. However, this approach can result in singularities. This shortage
is well avoided in the technique using forward kinematics, where the trajectory planning
issue is transformed into an optimization issue. Intelligent Optimization Algorithms (IOAs)
are utilized to solve the optimization issue. The procedure based on forward kinematics is
followed. In order to perform optimization, joint trajectories are firstly parametrized with
mathematical functions such as sinusoidal functions [13,14], polynomial functions [15,16],
spline functions [17,18], etc. Second, a few function coefficients are evaluated according to
initial conditions, including joint angles, joint velocities, joint accelerations or EE pose at ini-
tial time or final time. Third, values of unknown function coefficients are searched via IOAs,
in conjunction with fitness functions and constraint conditions. Common IOAs include
evolutionary algorithms like GA [19,20] and Differential Evolution (DE) algorithm [21,22],
swarm intelligence algorithms like PSO [23,24] and Ant Colony Optimization [25,26],
Neural Network Algorithm [27,28], etc. Fitness functions are usually minimum path
length, time spent or energy cost. Constraint conditions denote limits on joint angles, joint
velocities and joint accelerations.

This paper proposes a novel approach for trajectory planning of an aerial robotic
manipulator, coping with multiple constraints and objectives. The Bézier curves are utilized
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to represent joint trajectories, with the superiority of simply coping with constraints. HPSO
is implemented to search for optimal solution of the optimization problem. HPSO is
an improved PSO combining the superiorities of PSO and GA. Furthermore, the control
parameters of HPSO have self-adaptive characteristics.

The paper is organized as follows. Section 2 presents a kinematic model and dynamic
model of the aerial robotic manipulator system. Afterwards, the trajectory planning
problem is discussed in Section 3. The delineation of the problem as an optimization issue
is also shown in this section. Section 4 develops the HPSO, the selection of cost functions
and the handling of constraints. Section 5 tests the performance of the proposed method,
including discussion about the simulation results. Conclusions are listed in Section 6.

2. Kinematics and Dynamics of Aerial Robotic Manipulator

Figure 2 shows the 2-D sketch of an AEROM system composed of # + 1 bodies. The
UAV mobile platform denotes the base and is remarked as body By. The robotic manipulator
is a single arm with n bodies and an EE. Adjacent bodies are connected with a revolute
joint with one degree of freedom (DOF). Table 1 lists meanings of symbols and variables in
Figure 2. Axes of X are respectively parallel to axes of X at the initial time of the system
maneuver. The axes of X are also parallel to the axes of X, at the initial time. The frames
%; (i =1,...,n) are built using the Denavit-Hartenberg (D-H) approach [29,30]. The detailed
procedure is summarized as follows:

1. Align the axis Z; and the origin O;. Z; is located at the (i + 1)th joint, and O; denotes
the crosspoint of Z; and common perpendicular of Z; and Z; ;.

2. Align the axis X;. The X;-axis is along the common perpendicular of Z; and Z;_, and
the direction is from J; to [;,1.

3. Align the axis Y; according to the right-hand rule.

Along with establishment of frames %;, four categories of D-H parameters are con-
structed as follows.

* g;—The distance between Z; and Z;; along X;.
* a;—The angle from Z; to Z; 1 around X;.
* d;—The distance between X;_; and X; along Z;.
* ¢;—Theangle from X;_; to X; around Z;.

UAYV Base

Figure 2. 2-D sketch of an AEROM system, with symbols employed for the derivation of AEROM
mathematical models.
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Table 1. Representation of symbols in Figure 2.

Symbol Representation

Csy Center of mass of AEROM system
Body i, where By denotes UAV base and B; (i=1,...,1n) denotes ith link of

Bi (=0,...m) robotic manipulator
Ci(i=0,...,n) Center of mass of B;
Ji (i=0,...,n) Joint i, connecting B; 1 and B;

a; € R3(i=1,...,n) Vector from J; to C;

b; e R3(i=0,...,n) Vector from C; to Jiv1

r; € R3(i=0,...,n)  Position of C; in inertial coordinate system
p; € R3(i=1,...,n) Position of J; in inertial coordinate system

rg € R3 Position of Csy in inertial coordinate system

p. € R3 Position of end effector in inertial coordinate system

> (i=0,...,n) Coordinate system established in B; with origin O;, axes X;, Y; and Z;

X1 Inertial coordinate system with origin Oy, axes Xj, Y1 and Z;

e Co(;)rzdinate system established in end effector, with origin O, axes Xe, Ye
and Z,

In this paper, the AEROM system is considered as a unique entity. Each component B;
(i=0,...,n) of AEROM is assumed to be a rigid body with uniform mass distribution. The
center of mass of B; is located at the geometric center C;. On the basis of Figure 2, positions
of ith body centre and EE are depicted as:

i—1

ri=ro+bo+ Y (ar+by) +a 1)
k=1
n
Pe=ro+bo+ ) (ar+by) ()
k=1

Taking the derivatives of r; and p,, the linear velocities of ith body centre and EE are
then formulated as:

i

v = = vp +wp X (r; —r9) + Y [k X (r; — )ik 3)
k=1

Ve = Po = Vb + wWp X (P —10) + Y [ki X (pe — P)]dk (4)
k=1

where v; € R3, v, € R?, v, € R? and w}, € R3. k; € R3 denotes the unit rotational velocity
of ith joint. v, and wy, are, respectively, the linear velocity and angular velocity of the UAV
base. Angular velocities of ith body centre and EE are calculated as:

i
w; = wp+ Y _ kidx ®)
k=1
n
we = wp + Y _ ki (6)
k=1

where w; € R? and w. € R3. Combining Equations (4) and (6), EE velocity is given
as follows:
.| Te | _ Op .
Xe_{we]_]b{wb}"i_lmq (7)
where J, € R®*® and J,, € R®*" are, respectively, Jacobian matrices of the UAV base
and the robotic manipulator. g = [41,...,4,] € R" denotes joint configuration, where
qi(i =1,...,n) denotes the ith joint angle. § denotes the velocity vector of  joints.



Appl. Sci. 2022,12, 10892

50f17

In the first case, the pose of UAV base is invariable (i.e., position and attitude of UAV
are controlled). The first term of right-hand side in Equation (7) is 0, shown as:

Xe = JImd (8)

In the second case, pose of UAV base is free (i.e., position and attitude of UAV are not
controlled). Assume gravity of each component of AEROM system is exactly compensated
by corresponding rotors or servo-motors, the resultant of external force acting on the
AEROM system is 0. Then, the AEROM system satisfies the conservation of momentum,
shown as follows:

Hpxp + Hpmg = C )

where x, = [vp; wp]. Hp € RO*0isinertia matrix of UAV base and has the ortho-symmetric
property. Hpp, € RO is coupling inertia matrix of UAV base and robotic manipulator, and
C is a constant vector. The constant C is usually set as 0 [7,8,31]; the same goes for this case.
Then, the UAV velocity is formulated as: x, = H, 'Hpmg. According to the Equation (7)
and the Conservation of Momentum (9), the EE velocity is formulated as:

Ve
We

Xe= { } = (T =y Hy "Hom )4 = J i (10)
The Equations (8) and (10) are, namely, differential kinematic equations of AEROM
system in the above two cases. The AEROM dynamics are necessary to control the EE of
robotic manipulator. The Lagrange-Euler approach [30,32,33] directly calculates the varia-
tions of the moment of inertia, vital for analysing the stability of controlling AEROM. The
kinetic energy Ej and the potential energy E, can be firstly obtained [32], formulated as:

1 v T H H T v
S a
n i
Ep=—Y mg' |byg+ Y (ACj1 — AG) (12)
i=1 k=1
where X, = [vp; wp)- H, € R%*6 and H,,, € R™*" are respectively inertia matrices of

UAV base and robotic manipulator. H_ € R®*" is the coupling inertia matrix of UAV
and manipulator. AC; are matrices related to by, p;, v, ki, etc. m; denotes the mass of
the ith body. Then, the dynamic equation of AEROM system can be derived through the
Lagrange—Euler approach [33], shown as:

[ B[R] [@]4[8]=[2] o

where H, € R®%® and H,, € R"™*" are, respectively, inertia matrices of UAV base and
robotic manipulator. Hyp,, € R%*" is the coupling inertia matrix of UAV and manipulator.
The work [32] describes the difference between Hb’ and Hy, and the difference between

H ., and Hn. Gy € R6*! and Cy, € R™ ! are respectively the Coriolis force and the

centrifugal force. G, € R®*! and Gy, € R"*! are gravity items related to UAV base and
robotic manipulator. F, € R®*1 and 7, € R"*1 denote force/ moment vectors of UAV and
n joints, respectively. F and T both consist of two parts, the actuator force/moment and
the external force/moment. The external force/moment denotes the atmosphere influence,
air flow, etc. Since this paper focuses on AEROM trajectory planning through kinematics,
the AEROM dynamics are not further analyzed.
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3. Trajectory Planning of Aerial Robotic Manipulator
3.1. Description of Trajectory Planning Problem

The trajectory planning problem for AEROM is studied here. The pose of UAV base
is free, i.e., the second case of the aforementioned kinematics. The AEROM system has
the non-holonomic characteristic, implying that the pose of AEROM relies on both inverse
kinematics and coupling between UAV base and robotic manipulator. The initial, desired
and actually planned poses of EE are respectively denoted as x, x{¢ and x2°. The initial,
desired and actually planned poses of UAV base are respectively denoted as xi, xge and
XiC- The initial, desired and actually planned joint configurations are respectively denoted
as g, g% and . On the basis of aforementioned AEROM kinematics, the actually

planned poses of EE and UAYV base are respectively calculated as:

. tr
=0+ [ (14)
0
. te
X = xin 4+ /t Hy ' Hpp dt (15)
0

The differences between the actually planned pose and desired pose of EE and UAV
base are respectively given by Equations (16) and (17). The differences between actually
planned joint configuration and desired joint configuration is given by Equation (18).

OXe = X — x&° (16)
X = XB° — X" (17)
oq =4 — g% (18)

The trajectory planning of AEROM aims to obtain appropriate joint trajectories yield-
ing initial values and constraints:

Xo(to) = AB, Xelto) = 2% xe(ty) =
q(to) = 4° 4(to) = §(to) =0
q(tf>:qf/‘7(tf):‘7(tf):0 (19)
Imin < q < Imax
qmin < q < qmax
‘:imin < q < iimax

In Equation (19), xJ is the initial pose of UAV base. x2 and x{; are respectively the initial

pose and the final pose of EE. q° and ¢/ are the initial and the final joint configurations,
respectively. In this paper, .in = —Fmaxs Gmin = —Fmax AN frin = —Fmax- According to
assignments of 4., and §_ .., the AEROM maneuver time T can be determined as [23,24]:

T> max<| q,max |, | 9imax |> (20)

max qmax

where 7., and 7,,,, respectively denote the maximum components of vectors % and
%, Gmax and §max respectively denote the maximum components of vectors % and %
The symbols t and u respectively denote the time and the normalization of time. Detailed
explanations about t and u are provided in Section 3.3.

Actually, the relationship between x, and g can be derived through the D-H approach
or integration of Equation (10), remarked as x, = f(q). For an assignment of g denoted as
g, the equation x., = f(q,) works. However, g, # f~!(x.s) in the case that the robotic
manipulator is redundant. This is because f ~!()x.s) has infinite solutions. The trajectory
planning requires the UAV pose, the EE pose and the joint configuration approach to their
desired values, namely dx;, = 0, 6x. = 0 and dq = 0.
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3.2. Cost Functions

For an AEROM system, a large disturbance to UAV base is infeasible during the manip-
ulator maneuver. This is because of the accuracy requirements of EE performing tasks such
as aerial refuelling and maintenance of the aerial pipe. Although the controllers can be de-
signed to compensate the disturbance, energy is limited in an aerial environment. Efficient
trajectory planning contributes to optimal joint trajectories with minimum disturbance, and
contributes to saving energies indirectly. This cost function is formulated as:

by
r= [ (0l @y
0
where the symbol || - || depicts the vector norm, the symbol M depicts a weight matrix with

positive definite properties. Another cost function represents angular variations of joints,
formulated as:

ty
2= [ lg(t) = "l ot @)
0
The trajectory planning problem of AEROM is formulated as:

r%l T(q(t))
st g(q(t) <0 (23)

h(q(t)) =0
where g(-) and h(-) represents inequality constraints and equality constraints, respectively.

3.3. Parametrization of Joint Trajectories

The trajectory planning problem in Equation (23) is studied as a nonlinear program-
ming (NP) problem. The NP problem considers functional requirements of UAV distur-
bance and EE manipulability, equality constraint of AEROM forward kinematics, and
inequality constraints of joint motions. Each joint trajectory is depicted with a Bézier
curve [34,35]. The Bézier curve contributes to modelling smooth curves in computer

graphics, formulated as:
m

qi(u) =) bjm(u)P; (24)

j=0

where P;; is predefined points for the construction of a Bézier curve, b; ,, (1) is the Berstein
basis polynomial function as followed:

b (1) = Chi(1—w)"Jul, u e [0,1] (25)
, , !
where C/, denotes a binomial coefficient, Cl,, = ]l(n;nifv The symbol u denotes the

normalization of time. The AEROM maneuver time is depicted as T = ¢y — tp. Combined

with the form u = %, the joint trajectory is formulated as:
m=vch(i-4)" (L) 26)
qi t) = Cm (1 — ) () Pij 26
= T T
The angular velocity is:
T) (Pyjr1 — Pyj) (27)

In this paper, the quintic Bézier curve is employed to parametrize joint trajectories,
ie,m=>5.p,=[Py,...,Ps](i=1,...,n) are designed as variables of ith joint trajectory.
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According to aforementioned equations from (19) to (27), the elements Pij(z' =1,...,mj=
0,1,...,5) are calculated as:

Pijg=DPy=Pp=¢q’
0= il 28
{ Pz =Py =Pis (28)

In Equation (28), the value q? is predefined. Once the parameter P, 5 is derived, p; is
determined. Namely, the ith joint trajectory is obtained.

4. Hybrid Particle Swarm Optimization

PSO, proposed by Kennedy and Eberhart [36], was inspired by motions of birds or
swimming fishes. PSO is a heuristic random search method with a simple principle. It easily
gets into a local optimum [37] due to smaller step size, or misses the global optimum due to
larger step size. For a global optimum with high efficiency, each particle should balance the
exploration ability and the exploitation ability. The exploration ability contributes to global
search at initial stage, while the exploitation ability focuses on local search at final stage. In
order to balance the two abilities, various particle updating mechanisms are proposed such
as the dynamic adaptation, the switch mechanism and the exponential form. In this paper,
HPSO with self-adaptive ability is proposed. The velocity and the position of each particle
in HPSO is updated as followed:

{ Uik = Wik + C1j k"1 (xbi,k - xi,k) + +eipra(xg, — Xik) (29)
Xik = Xix + Ojk

In Equation (29) i = 1,...,mand k = 1,...,N. m and N respectively depict the
population size and the maximum iterations. The symbols v;; and x; represent the
velocity and the position of ith particle at kth iteration, respectively. In conjunction with the
Section 3.3, the position x; ; represents a group assignment of (Py 5, ..., P, 5). The constants
r1 and r are uniformly distributed in the region of [0, 1]. x;,, represents the best position
of ith particle so far, while x¢, represents the best position of the population so far. w;, c1;x
and cy;  are three control parameters with self-adaptive abilities. Inspired by the increasing
abilities of the exponential function, w;, cy; x and cy; ; are formulated as:

(5 w)

Wik = (wo — wf) e 8w N/ 4 wy (30)
(_Clo —le.i>

Clik = (ClO - le) e 8 N/ oy c1f (31)
(_C20_C2f.i>

Coif = (CZO — sz) e 8xy N + Cof (32)

where wy, c1g and cpg are initial values, w fr C1f and ¢, £ are final values. The control
parameters are defined in an exponential way, in order to balance the exploration ability
and the exploitation ability. Furthermore, an self-adaptive strategy is introduced to adjust

each control parameter. gy, = d(xgk, xbik) = ||lxg, — xp,, || represents the distance between

the best position of the ith particle and the global best position.

As the iterations increase, cy; x and cy;  decrease while w; ;. increases. Therefore, each
particle has high exploration ability at early stage and high exploitation ability at final stage.
Furthermore, g, influences the variation velocities of control parameters shown in Figure 3.
Large gy, makes a slow variation of w, ¢ and ¢, contributing to superior exploration ability
of particles. However, small gy, contributes to fast variation of control parameters and
makes particles exhibit superior exploitation ability. Actually, if the distance between a
particle position and the global best position is large, searching through the whole space is
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required. Then, the particle moves towards the global best position as fast as possible. If
the distance is small, searching through the local space and around the global best position
is required.

0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Iteration Iteration Iteration

@) (b) (©)

Figure 3. Variation curves of the three control parameters with different gy,, where (a) w, (b) c1,
and (c) cy.

Utilizing the dynamic system theory, a stable system meets the sufficient condition
that the magnitude of solution is less than 1. Namely, eigenvalues of coefficient matrix
in Equation (29) is less smaller than 1. Then, the convergence region of system (29) is
calculated as:

A= {(w, c1, Cz)‘ w <1, cr1+crp >0, 4w — 4(C17’1 + C21’2) +4 > O} (33)
Furthermore, the eigenvalues influence the system convergent behaviour as follows.

*  Non-oscillatory form. If both eigenvalues are real and at least one of them is positive,
the dynamic system converges in the non-oscillatory behaviour.

*  Harmonic form. If both eigenvalues are complex, the dynamic system converges in
the harmonic behaviour.

e Zigzagging form. If at least one of the eigenvalues, complex or real, has negative real
part, the dynamic system converges in the zigzagging behaviour.

The assignment of gy, affects control parameters in (30), (31) and (32), and thus
influences the convergent behaviour of the system (29). In addition, initial assignments of
control parameters, i.e., wy, w £, €10/ C1f/ €20, and ¢, fr should follow the convergent region.

Figure 4 shows the flow chart of HPSO for AEROM trajectory planning. Assignments
are firstly provided, including particle number 7,, precision threshold ¢, maximum iter-
ations N, maximum iterations with the same fitness value kmax, etc. During the iteration
process, positions of particles are updated if the terminal condition is not satisfied. It means
that the optimum value is within the predefined region, or the iterations with the same
optimum value are larger than predefined value kmax. The position updating mechanism
combines superiorities of PSO and GA, shown in Figure 5. Firstly, the velocity and the
position of each particle are updated utilizing PSO with self-adaptive control parameters.
Then, particles are randomly selected for mutation or crossover with predefined probabili-
ties. Therefore, part particles are updated twice, and HPSO is prohibited from becoming
trapped in a local optimum.
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de in in’ qde

Defineu, du, n,, & N, K., %" X, X, g

v

Initialize position of n particles:

Assign k =0 k<N >
\'Y/
{I’(xl‘k) ..... F(Xng,k)} E"E

)
T N Update position of n,particles:
<I,;< ork,, < ky,y>—>
\\\I/// { Xireeos an,k}
Y

Output the global best x, , the fitness
value r(x, ) and the B&ier curve.

4
( End )

Figure 4. Flow chart of HPSO with self-adaptive ability for AEROM trajectory planning.

|

Update @, ,, ¢, and c,;, through Equations
(30), (31) and (32)

Update v; , and x; , through Equation (29)
v

Perform mutation operation through
randomly changing a single particle

Perform crossover operation through
changing two particles

v
Update v; , and X; ,

l

Figure 5. Velocity and position updating mechanisms of particles in HPSO.

5. Numerical Simulations
5.1. Parameters of the AEROM System

In this section, three case studies are carried out to validate the proposed HPSO. The
AEROM system consists of a 6-DOF UAV and a 6-DOF robotic manipulator with single
arm, namely, n = 6 in Figure 2. Table 2 lists mass and rotational inertia parameters of
the AEROM system. The length of the links are respectively 0.2 m, 0.38 m, 0.25 m, 0.32 m,
0.25 m and 0.40 m. During the search process shown in Figures 4 and 5, the global best
solution is derived for the construction of Bézier curves. Combining the AEROM maneuver
time T through Equation (20), the joint trajectories are then derived. In this paper T = 20s.
The parameters of HPSO are followed: wy = 0.9, wf=0.1,c10 =cp =2.0,00 =15y =01,
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the particle number m = 30, the iteration number N = 300, the crossover probability
pe = 0.75, the mutation probability p,;, = 0.15, the threshold value knax = 100.

Table 2. Physical parameters of the AEROM system.

Mass (kg) | (kg-mz) Ly (kg-mz) j (kg-mz) Iy (kg-mz) Iy, (kg-mz) | (kg-mz)
UAV base 80 44 0.3 0.4 43 0.3 26

Link 1 1.5 52 x 1073 19 x 1075 23 %1074 7.6 x 1073 28 x 1073 35x 1073
Link 2 1.1 3.6 x 1073 1.1x 103 12 x 1072 1.2 x 1071 3.0x 1074 1.1 x 1071
Link 3 1.5 9.1 x1073 31x107° 12 %1073 1.1 x 1072 8.1x 107> 25%x 1073
Link 4 1.0 5.4 x 1072 5.6 x 1074 74 %1074 45 % 1072 0.1 x 1072 0.1 x 1072
Link 5 1.5 0.1 x1072 31x107° 8.1x107° 9.1x1073 12 %1074 2.5%x 1073
Link 6 4.0 20x 102 2.0x 1073 1.4 x 1073 23 %1072 32 %1073 1.0 x 1072

5.2. Simulation Results and Analysis

Numerical simulations are carried out on a stand PC under the Matlab/Simulink
environment. Referring the work [20], the initial state and the desired state of AEROM
are detailed joint configurations. The simulations ignoring EE trajectories refers to the
following work. Actually, the end-effector trajectory can be directly derived according to
the integration of kinetic equation of AEROM, or according to the D-H method.

5.2.1. Case 1

In the first case, the position and the attitude of UAV base are controlled. Therefore,
the initial and the final poses of UAV base are not considered. The kinematic equation of
the AEROM system is shown in Equation (8). The cost function in (24) considers angular
variations of joints (22), i.e. I' = I';. The weight matrix M is assigned as M = mb}y
where Ej is a sixth-order unit matrix. The AEROM system is commanded to move from
initial state g° = [0, 30, 30,20, 50, 30](deg) to desired state qf = [10,0, 60, 10, 30, 20] (deg).
Figure 6 shows the variations of cost function. The proposed HPSO algorithm stops when
keq = 101 > 100 = kmax, where N = 267 and the final cost value is 0.7362. Figure 7
shows the time histories of joint angles, meeting aforementioned conditions. Figure 8
shows variations of joint velocities, where the components are all 0 at initial time and
final time. According to the simulation results, the joints move smoothly and the robotic
manipulator successfully arrives at the desired state. The error vector dg in Equation (18) is
dq = [—6.07,1.01,1.07,0.311,2.49,0.1] x 10~8(deg). Actually, multiple solutions exist due
to the geometric construction of robotic manipulator. The selected optimal solution is just
one of the multiple solutions. In addition, the represented solution can be employed for
further purpose of subsequent optimization.

0.95 |-
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Figure 6. The best values of cost function in case 1.
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Figure 8. Velocity variation curves of ith joint, where (a) i = 1, 2, 3, and (b) i = 4, 5, 6.

5.2.2. Case 2

In the second case, the position and the attitude of UAV base are not controlled, similar
to the free-floating space robot [13] in outer space environment. The kinematic equation
of the AEROM system is shown in Equation (10). The pose disturbance acting on UAV
base is considered. The cost function in (24) includes the UAV disturbance (21) and the
angular variations of joints (22), shown as I' = I'; 4 I';. The weight matrix Mj is assigned

as M, = |E3, O3; O3, S,m(l,T)Eg} . The weight matrix M is assigned as M, = ﬁE@

360 360
E3; and E¢ are respectively 3-order and 6-order unit matrices. The AEROM systeril is
commanded to move from initial state qo = [5,—10, 10,20, —10, —20](deg) to desired state
g/ = [-10,-20,0,0,0, —40](deg). Figure 9 shows the variations of the cost function. The
proposed HPSO algorithm stops when keq = 101 > 100 = kmax, where N = 278 and the
final value is 1.0789. Figure 10 shows the time histories of joint angles, meeting aforemen-
tioned conditions. Figure 11 shows the variations of joint velocities with the final value
of (50 x 1071, 5.0 x 1071°, —=1.0 x 10717, 1.0 x 10719, =7.5 x 10715, —1.0 x 1071%) (deg).
Figure 12 shows the attitude and the position variations of UAV base. The actually planned
UAV attitude and UAV position are respectively (—5.3 x 1073, 5.5 x 103, —6.4 x 1073)(deg)
and (4.1 x 1074, 3.3 x 1073, 2.7 x 107%) (m). It means the disturbance order magnitude act-
ing on UAV base is —3. Therefore, the planned error is within the predefined threshold range,
where ||[[-5.3 x 1073, 55 x 1073, —6.4 x 1073] || = 9.9649 x 1073 < ¢(1) = 0.1 with the
unit of degreeand || [4.1 x 1074, 3.3 x 1073, 2.7 x 10 *]|| = 3.3363 x 1073 < ¢(2) = 0.1 with
the unit of meter. The error vector dq in Equation (18) is dg = [0.01,0.11,0.51,2.09, —3.73,4.1] x
10~7(deg). According to the simulation results, the joints move smoothly and the robotic ma-
nipulator successfully arrives at the desired state. Furthermore, the objective of minimizing
UAV pose disturbance is realized.
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5.2.3. Case 3

In the third case, the position and the attitude of UAV base are not controlled. Similar
to the second case, the pose disturbance acting on UAV base is considered. However, the
robotic manipulator is constrained to move from initial state g0 = [—10, 30,40, 60, 30, 75]
to desired state qf = [10, 20,50, 75,45, 90] with unit of degree. Furthermore, the UAV base
is required to move from initial state x) = [—5(deg), 5(deg), —5(deg),0(m),0(m), 0(m)]
to desired state x¢ = [0(deg), 0(deg), 0(deg),0(m), 0(m),0(m)]. The cost function in (24)
includes the UAV disturbance (21) and the angular variations of joints (22), shown as
I' = I'1 +I'y. The weight matrix Mj is assigned as M; = [Eg, O3; O3, ﬁb}, . The

360

weight matrix M, is assigned as My = ﬁEé. E; and Eg4 are respectively 3-order

and 6-order unit matrices. Figure 13 shows%(’éhe variations of cost function. The pro-
posed HPSO algorithm stops when keq = 101 > 100 = kmax, where N = 285 and the
final cost value is 1.1895. Figure 14 shows the time histories of joint angles, meeting
aforementioned conditions. Figure 15 shows variations of joint velocities with the value
of (3.97 x 10713, 7.79 x 10714, 1.54 x 10713, 1.01 x 10713, —4.73 x 10713, —2.26 x 10~ 13)
(deg/s) at final time. Figure 16 shows the attitude and the position variations of UAV base. The
actually planned UAV attitude and position are (—5.77 x 1073, —6.21 x 1073, —3.56 x 107°)
(deg) and (—1.34 x 107>, 4.49 x 107, —8.92 x 107°) (m), respectively. It means the dis-
turbance order magnitude acting on UAV base is —3. Therefore, the planned error is within
the predefined threshold range, where || [-5.77 x 1073, —6.21 x 1073, —3.56 x 107°]|| =
8.4679 x 1073 < ¢(1) = 0.1 with the unit of degree and ||[—1.34 x 107>, 4.49 x 107,
—8.92 x 107%]|| = 1.6712 x 107> < £(2) = 0.1 with the unit of meter. The error vector éq
in Equation (18) is g = [1.27,1.07, —0.11, —0.47, —1.51, —2.21] x 10~ 1°(deg). According
to the simulation results, the joints move smoothly and the AEROM system successfully
arrives at the desired state. Conclusively, the joint trajectories in aforementioned three
cases are all smooth. Furthermore, the generated results are applicable to controlling the
AEROM system and meeting the requirements in Section 3.
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Figure 13. The best values of cost function in case 3.
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6. Conclusions

Due to the dynamically singular factor of robotic manipulator and the strong coupling
between the UAV base and the robotic manipulator, the inverse kinematics of AEROM
system cannot be directly employed for trajectory planning. A novel trajectory planning
method for an AEROM system is proposed in this paper, where the AEROM system
consists of a UAV base and a robotic manipulator with single arm. The following factors
are considered: (i) a specific case, where the AEROM is non-holonomic, (ii) each joint
trajectory is depicted with a Bézier curve due to its characteristics of simplicity, smoothness
and normalization, (iii) the AEROM maneuver time is derived through boundaries of joint
velocities and accelerations, (iv) HPSO with self-adaptive ability is proposed to search
through the global space for the construction of each Bézier curve. (v) multiple objectives
can be simultaneously optimized utilizing the proposed method. Numerical simulations
show that the minimum disturbance acting on the UAV base is realized. The optimization
of multiple objectives, i.e., various cost functions, is also well performed.
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Variations of physical parameters such as rotational inertia are out of consideration,
which will be studied in future work. In addition, the collision avoidance issue is also one
of the subjects of future work. Since the trajectory planning is studied through AEROM
kinematics, AEROM dynamics are not further considered and analyzed. The AEROM
control, based on both kinematics and dynamics, will be studied in a follow-up study.
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Abbreviations

The following abbreviations are used in this manuscript:

2-D Two-Dimensional

AEROM  AErial RObotic Manipulator

D-H Denavit-Hartenberg

DOF Degree Of Freedom

EE End Effector

GA Genetic Algorithm

HPSO Hybrid Particle Swarm Optimization
10A Intelligent Optimization Algorithm
NP Nonlinear Programming

PSO Particle Swarm Optimization

UAV Unmanned Aerial Vehicle
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