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This paper presents a predator-prey pigeon-inspired optimization
(PPPIO) algorithm for an automatic landing system of a fixed-wing
unmanned aerial vehicle (UAV) in the longitudinal plane. A pitch com-
mand autopilot and two types of approach power compensators are
presented and evaluated in automatic landing. The design of a glide
slope command system and an approach power compensator are con-
verted to a finite-dimensional optimization problem. The longitudinal
flight controller parameters are optimized by the proposed PPPIO
algorithm. The differences between the two proposed approach power
compensators are also analyzed. The proposed optimization process
can guarantee the control gains vector converge to an approximate
optimal solution, and it is computationally much more efficient. Sim-
ulation results are presented to demonstrate that this approach helps
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solve control system optimization problems for different criteria and
attains a rather accurate result. As verified by these simulation re-
sults, the proposed automatic landing system can help improve UAV’s
performance during the landing phase.

[. INTRODUCTION

Unmanned aerial vehicle (UAV) is becoming an in-
tegral part of future military forces and will be used for
complex tasks including surveillance, reconnaissance, pre-
cision strike, and aerial refueling missions. Therefore, more
attention is now paid to various control problems associ-
ated with UAV. The landing of UAV is one of the most
difficult operations in regard to accuracy and safety, and it
is a harder task for an UAV with a lower aerodynamic sta-
bility [1], [2]. Therefore, the automatic landing of UAV is
an important and valuable research. The wind disturbances
arouse flight path tracking errors related to air disturbance
along the approach path, while the random wind turbulence
causes the perturbation of the aircraft and reduces its land-
ing accuracy. Then, the automatic landing system (ALS)
for a fully automatic approach and landing of UAV have
been developed to solve the automatic landing problems
[3]. In order to overcome the difficulties and expand the
operational envelope of the UAV, there has been a lot of
studies and development in the area of automatic landing
[4]. The robust and sliding mode control theory has been
utilized to solve linear and nonlinear automatic landing
control problems and its invariance of quasi-sliding mode
manifests ideal robustness [5]. The Robust technique is also
employed to eliminate the influence of uncertainties and
disturbances [6].

The objective of the ALS design provides a precise
automatic control process for the UAV approaching and
landing [7]. Most of the improvements in the ALS are
about the guidance instruments [8], [9]. However, very few
literatures focus on the design of the approach power com-
pensator (APC). Since neither the thrust nor the elevator
can control the altitude directly, ALS is required to achieve
flight approach control by coupling various commands to
the aircraft autopilot and together with an APC [10]. The au-
topilot and the APC contain feedback gains from pitch rare,
normal accelerometer, elevator deflection, airspeed and an-
gle of attack (AOA). These feedback signals modulate the
elevator and the engine thrust to maintain a desired air-
speed or attack angle. Then, the autopilot and APC are
integrated to keep the flight path angle at the reference
value. This close-loop system improves the landing ability
by approximately decoupling the pitch control and thrust
control [11].

Control parameters tuning in the ALS design is a
complicated problem, which can be converted to a finite-
dimensional optimization problem subject to aircraft per-
formance constraints. For this optimization problem, cost
functions are designed considering the airspeed response,
pitch angle response, and attack angle response, together
with some dynamic constraints. Therefore, the values of
the control variables in the dynamic system have to be de-
termined to obtain an approximate optimal performance.
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Although the optimization problem can be solved based on
optimal control theory and various numerical optimization
techniques, the amount of computation may grow to an
impractical level when the solution space increases. Fur-
thermore, the convergence speed of optimal control-based
algorithms depends heavily on the initial guess of the sys-
tem states and control variables. Moreover, a large amount
of analysis work should be previously done to deal with the
system dynamics and control constraints [12]. Thus, using
heuristic algorithms to solve the control parameters opti-
mization problem has become a promising trend. Several
heuristic optimization methods, such as genetic algorithm
(GA), particle swarm optimization, simulated annealing,
tabu search, etc., have been presented in the past decades
[13]-[18]. These methods have been proved to be feasible,
reliable, and effective ways to solve engineering problems
encountered in many transportation systems, such as ground
mobile robot, underwater vehicle, UAV, and aircrafts [19]—
[21]. The main advantage of heuristic methods is that they
do not need an explicit expression for the complicated non-
linear dynamics.

Recently, lots of evolutionary computation methods
have been studied for scientific research and engineering
applications [22]. Swarm algorithms have been applied to
controller parameter optimization in many research works.
Identifying controller parameters based on bio-inspired
computing methods become a special hot topic. Li et al. [23]
utilized GA to optimize the fixed control parameters of the
flight control systems. Meng et al. [24] presented a hierar-
chical optimization model for self-reconfiguration of mod-
ular robots in changing environments. Recently, many op-
timal control-based algorithms and convexification-based
techniques are adopted in numerous optimization prob-
lems, such as a space maneuver vehicle is optimized by
a hybrid optimal control solver [25], time-optimal trajec-
tories are generated rapidly by the convex optimization
[26], aeroassisted vehicle trajectory optimization problems
are solved by the improved gradient-based algorithm [27].
This paper focuses on the longitudinal ALS optimization
based on predator-prey pigeon-inspired optimization (PP-
PIO) [28]. The ALS design is modeled as a parameter
optimization problem with dynamical and algebraic con-
straints. For this reason, artificial intelligence algorithms
and/or other optimization methods can be utilized to find
the optimal solution. The ability of function optimization
makes PPPIO effective for adjusting controller gains. The
robustness of the controller is obtained by choosing optimal
control gains that allow a wide range of disturbances to the
controller.

This paper is organized as follows. In Section II, the
UAV’s aerodynamic is introduced. In Section III, the ALS
consists of a longitudinal autopilot and two types of APCs
are displayed, and PPPIO is presented to solve the parameter
optimization problem. The APCs adopted in the ALS are
also analyzed in Section III. Afterward, the validity of the
proposed methodology is tested in various experiments to
demonstrate its advantages in Section IV. Conclusions are
presented in Section V.
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[I. PROBLEM FORMULATION
A.  UAV Dynamics

Adopting assumptions including the local flatness of the
earth, constant aircraft mass, and the earth reference frame
being an inertial frame, the UAV nonlinear equations of 6
degree of freedom (DOF) can be deduced by the aerody-
namic and kinematical equations as follows [29]:

. 1
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where V represents the airspeed of the UAV, Q represents
the dynamic pressure of the UAV, m is the mass of UAYV,
« is the attack angle, f is the sideslip angle, ¥ is the pitch
angle, and y is the roll angle. P, P,, and P, denote three
forces in the body axis which are generated by the thrust
vector, X, Y, Z are the aerodynamic forces related to the
body axis. w,, w,, w, denote the coordinate components of
palstance, which can be expressed as
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Fig. 1. UAV longitudinal dynamics.

where I, I,, I, and M,, M,, M, denote the coordinate
components of inertia moment and resultant moment, re-
spectively. In the body axis, we have

Y =wy —tan? (wy cos y —w. sin y)  (11)
z9=wy sin ¥ + w, cos y (12)
V= (wy cos ¥y — w, sin y) (13)

cosv

where 1 is the drift angle. Aerodynamic equa-
tions can be described as ¥ = C,qS, Cy = Cy(a,d,),
zZ= Z C.qS, Z C, = C.(a,8,) + C(a, dy), O = CyqS,
C, = C(a, 8;). 8y, 8y, 8, are the coordinate components of
deflection angles of the controlling surface. Aerodynamic
moments can be described as

Mx - meCISl, me - mxﬂﬂ + my (Ol, (Sx)
[ ' l
+ my (o, 8y) + mx’“xa)xﬁ + mx“’)wyﬁ (14)
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when the height and Mach are a constant value,
aerodynamic coefficients Cy(a, 8;), Ci(a, 8;), C.(a, dx),
Calor8,) ma(@, 8, my(@.8,). my(ee,8,), my(@. ),
m,(«, §;) are functions of the height, Mach, attack angle,
and control surface. Aerodynamic derivatives m,“?, mzd,
myP,m @, me®, m,P, my®*, my® are specified values.

In most cases, the UAV maintains a nonsideslip flight.
By controlling a sideslip angle and other lateral variables in
6-DOF equations to zeros automatically, we can focus on
the longitudinal thrust controller optimization. The longi-
tudinal state variables of UAV are referenced with respect
to the earth reference frame, as shown in Fig. 1.

B. ALS Design

In this section, an ALS is designed to perform the UAV
tracking a desired flight path angle during an approach.
The block diagram of the proposed ALS for longitudinal
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Fig. 2. Proposed longitudinal automatic landing control structure.
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flight control is shown in Fig. 2, including a pitch angle
referenced autopilot and two types of APCs (airspeed or
AOA referenced). The desired pitch angle is transformed
into an attitude angle (pitch angle and AOA) and airspeed
commands by a guidance system. The fixed-structure ALS
design procedure is formulated as an optimization problem
of control parameters and solved by employing the PPPIO
method. This SI-based algorithm provides a reasonable so-
lution of the ALS to the automatic landing process.

The ALS longitudinal autopilot can be considered as an
inner loop control law configuration that should be specif-
ically designed with rapid response capability to track the
pitch angle command. As demonstrated in [5], the pitch
angle is commonly controlled by an autopilot, as shown in
Fig. 3, which uses the same components as the control aug-
mentation system. This longitudinal autopilot is designed
to provide continuous elevator commands §,, which makes
the pitch angle track the desired pitch angle. Based on the
longitudinal flight dynamic and the feedback technology,
the pitch rate and the pitch angle are chosen as feedback
variables to achieve significantly better damping and dy-
namic performance. In particular, a pitch command 6, is
first introduced into the closed-loop system, then, a pitch
angle error signal, which represents the difference between
the measured pitch angle and the command is calculated
as the input of the controller. A pitch rate feedback ¢ is
integrated into the pitch angle signal to form an elevator
command.

The dynamic response characteristics of the closed-loop
system mainly depend on the feedback gains. The pitch rate
filter and command limiter are also integrated, in which the
filter values are adjusted to reduce impulse noises, and the
limiter values are selected to permit satisfactory control
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Fig. 4. Architecture of the airspeed referenced APC.

inputs in the presence of large signals. Moreover, the inner
loop should have higher gain amplitude in a low frequency
range, which can be achieved by adopting a lag-lead filter
on the pitch rate feedback signal [30].

The control system aims to make the system suffi-
ciently stable when keeping a steady-state pitch angle un-
der a determined command. Therefore, in the longitudinal
pitch command autopilot, there are three main parameters
Ky, Ky, and Ky to be adjusted, which can be considered
as a pitch angle referenced proportional-integral-derivative
(PID) controller tuning process. The control law of the pitch
command autopilot [30] is expressed as

(Se = Kg(@c - K@Q - Kgrq. (17)

The longitudinal autopilot achieves the commanded
pitch angle, while the flight path angle must be controlled to
land the UAV. This objective can be accomplished by using
an APC, which is proposed for the purpose of relieving the
pilot of the throttle management during approach [31], and
is required to control the airspeed and AOA for pilot control
inputs and external disturbance. The commonly used APCs
include the system with constant airspeed and the system
with constant AOA. Previous studies have demonstrated
that the path angle can track a desired value accurately un-
der the control of both these two types of APCs. In this
paper, the APC automatically adjusts throttles to maintain
the airspeed or AOA, and thus, combined the action of au-
topilot; the flight path angle can be maintained during an
UAV landing approach.

To hold fixed airspeed or AOA, the APC should rapidly
reduce the error in acquiring the glide path. Thus, as
in the case of flight path control, it is difficult to guar-
antee the characteristics. Moreover, significant closed-loop
response and stability imply that APC should have differ-
ent effective orders and damping in different frequency.
Thus, it is quite hard to select optimum APC gains for ALS
performance objectives that provide the superior integrated
system response.

The influence of wind disturbances on ALS flight path
control also results in airspeed changes. These changes are
important to the approach task. The airspeed referenced
APC is applied to maintain a constant airspeed. The block
diagram of the proposed airspeed referenced APC is shown
in Fig. 4. The basic relations expressed by this diagram
involve the feedback of airspeed V, normal acceleration n,,
and elevator defection §,. The airspeed feedback signal is
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Fig. 5. Architecture of the AOA referenced APC.

employed to track a desired airspeed V., and the normal
acceleration is used to increase the damping coefficient of
the system. In the design of airspeed referenced APC, there
are four parameters Ky, Kvy,, K,, and K, that need to be
determined. The control law of airspeed referenced APC
[32] is given by

KVC e
S

—Kun, + ——
73§

ér = (Ve = KyV) 1

S..  (18)

The other method of achieving a desired flight path
angle is to control the AOA to a reference value, since
the flight path angle represents the difference between the
pitch angle and AOA. This is accomplished by using an
AOA referenced APC. The block diagram of the proposed
AOA referenced APC is shown in Fig. 5. The AOA refer-
enced control law design is consist of the following input
terms: AOA for the primary feedback, integral AOA sig-
nal to eliminate biases and track the steady-state reference
value, normal acceleration n, to augment the flight path
damping, elevator/stabilizer position 8, and pitch rate g to
provide a lead term for UAV pitch maneuvers. The AOA
error signal (the difference between the measured value
and the desired value) is sent to the system, which devel-
ops thrust commands for the UAV. Variations in vertical
normal acceleration are adopted to minimize the effects of
wind disturbances. Data from the pitch rate transducer and
the stick/stabilizer position are also integrated to control an
electromechanical servo actuator, which is coupled to the
throttle setting of the engine. Parameters 7y, 1, and 73 are
coefficients of sensors corresponding to the AOA, the nor-
mal acceleration, and the elevator deflection, respectively.
In the design of AOA referenced APC, there are five pa-
rameters K, K>, K3, K4, and K5 to be determined, which
correspond to AOA gains and damping coefficients. The
control law of AOA referenced APC [32] is presented as

St = —a.) K1 Ky —
T [(a a)K K> S

(@ —ao)Ky Ky
— Se. 19
+ S 735 + 1 ¢ a9

et qu] s + 1

[ll.  PPPIO METHOD APPLIED TO ALS PARAMETERS
OPTIMIZATION

Pigeon-inspired optimization (PIO) [15] is a novel
evolutionary computation algorithm that simulates the
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mechanisms of homing pigeons. Map- and compass-like in-
formation are used at the beginning of their journey, home
and landmarks provide more information in the midway.
During their journey, their route is revised timely to guaran-
tee that they can reach the destination through the optimal
one. Therefore, there are two operators in the PIO algo-
rithm, i.e., the map and compass operator and the landmark
operator. The destination of the journey is simulated as the
optimal solution of the problem and the position of each pi-
geon is a feasible solution. The algorithm has been widely
improved and applied to optimization problems in many
fields since it was proposed, such as electromagnetic field
[33], neural network [16], air combat [15], UAVs swarm
formation [34], etc.

The function of the magnetic field and the Sun are simu-
lated in P10, which is named the map and compass operator.
In this operator, the position X; and velocity V; of pigeon i
in the tth iteration is presented as

1) (20)
21

Vi(t) = Vi(t — 1) - e - rand - (X, — X;(t —
Xi(r) = X;(t — 1)+ Vi(r)

where R is the map and compass factor, which can be
adjusted according to the problem. rand is a random number
between 0 and 1. X, is the global best position in current
iteration.

The landmark operator is designed in PIO to simulate
the function of regular landmarks. Pigeon in the best posi-
tion in the current iteration is considered as the intermediate
destination. Half of the pigeons that are far from the inter-
mediate destination are ignored in the landmark operator.
The number of pigeons in the rth iteration is defined as
follows:

Np(t—1)
)

The center position of pigeons at the rth iteration is
defined as

Np(t) = ceil ( 22)

> X;(¢) - fitness (X;(1))
Np Y fitness (X;(1))

Xc(t) = (23)
where fitness (-) is the criterion to evaluate the quality of
each pigeon individual. It is defined as fitness (X;(t)) =

— X0 for minimum optimization problems or
f'zltness(X (1)) = fmax(Xi(#)) for maximum optimization
problems.

The predator-prey mechanism is simulated in this paper
to increase the diversity of the pigeon and overcome the
problem of local optimum traps. Predators hunt prey and
the preys need to try their best to run away from predators
in the predatory behavior in nature. PIO improved with the
predator-prey mechanism is named PPPIO in this study.
The predator is selected according to the worst solution,
which is defined as follows:

Spredalor = Sworst + /0(1 - t/tmax) (24)

where Spredator @ predator and Syor is the worst solution. ¢
is the number of current iteration, and #,,,x iS the number
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Fig. 6. Control parameters optimization process based on PPPIO.

of the total iterations. p is the hunting rate and it can be
adjusted.

The prey fleeing and provides the solutions to maintain
a distance from the predator, namely keep away from the
worst solution, which is defined as follows:

{SI-H =5+ Pe_ld‘, d>0

Sit1=S8 —pel d<0 (25)

where d is the distance between the solution and the preda-
tor.

The control law design aims to optimize the longitudinal
autopilot and APC control gain terms to minimize flight
path deviations in the presence of wind disturbance. In the
design of previously demonstrated ALS, there are two sets
of parameter vectors [Ky,, Ky, Ko, Ky, Ky, K,,, K.] and
[Ko,, Ko, Ko, K1, K2, K3, K4, Ks] related to different types
of APCs, which corresponds to airspeed or AOA control
gains and other damping coefficients. The pigeons in the
PPPIO are set to be these two types of parameter vectors.
The range for each parameter is defined according to the
control structure.

For utilizing the PPPIO algorithm to optimize parameter
combinations for the ALS, the fitness function is given as

follows:
T,
J=/ tle(r)|dt
0

where (1) = (6(1) — 6.) + wi(e(t) — ate) + wa(V(2) —
V.) represents the error between pitch angle, airspeed or
AOA actual outputs and referenced signals. In airspeed
referenced APC, the weight coefficients w; and w, are
defined as 0 and 1, respectively. On the contrary, the weight
coefficients are prescribed as 1 and O in an AOA referenced
APC.

First, the population of PPPIO is defined. Then, the op-
timization process based on PPPIO is illustrated in Fig. 6.
Actual responses of the UAV are obtained by the calcu-
lation of the motion equations, including the actuator and
engine dynamics, wind disturbances and sensor noises. The
fitness value of each pigeon is computed by comparing the
actual response and the required response. Finally, if the
termination conditions (maximum number of iterations is

(26)
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Fig. 7. Flight path angle tracking performance by airspeed referenced APC in no-wind condition. (a) Flight path angle response. (b) Airspeed
response. (c) Pitch angle response. (d) Altitude response. (e) Elevator deflection. (f) Throttle setting. (g) Comparison evolution cures of PPPIO and
other algorithms for airspeed referenced ALCS optimization.

reached or the relative error is lower than an expected value)
are satisfied, then it results in the optimal parameters and
optimal cost value. Otherwise, continue the optimization
process.

The computational costs of basic PIO and PPPIO algo-
rithm could be easily obtained by the mathematical expres-
sions. The population size of the pigeons is defined as Np,
the dimension of the parameter vectors is defined as D. Ad-
ditionally, the computational cost of objective function J
is L r. The complexity of the map and compass operator in
basic PIO algorithm can be described as O(Np(D + L )).
Likewise, the complexity of the landmark operator could
be obtained as O(NplogNp + Dlog Np + L;log Np).
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Define the total iteration as N, then we can obtain the com-
putational cost of basic PIO as O(N.(Nplog Np + DNp +
L;Np)) [35].

In our proposed PPPIO algorithm, the computational
cost of predator-prey mechanism is Lpp. Since the re-
vised map and compass operator is designed more so-
phisticated to increase the diversity of the pigeon and
overcome the problem of local optimum traps, the com-
putational cost increases as O(Np(D + Ly + Lpp)). The
computational cost of a landmark operator in PPPIO al-
gorithm is the same as that in PIO algorithm. There-
fore, the total computation cost of PPPIO algorithm is
O(NA(NplogNp + DNp + LyNp+ LppNp)).
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V. SIMULATION RESULTS 6

In this section, various examples are used to test the
feasibility and optimality of the proposed ALS. The pro-
posed longitudinal autopilot and APC are illustrated using
a fix-wing UAV model. Two types of APCs are adopted to
achieve flight path angle tracking. The feasibility and effec-
tiveness of the PPPIO approach for ALS control parameter
tuning are also investigated.

The following examples examine whether the controls
given by the proposed ALS can meet the requirement, and
whether the UAV can follow the desired flight path angle
when using APCs. In the first example, the airspeed ref-
erenced APC is used, while the AOA referenced APC is -6
employed in the second example. Therefore, the control
parameter vectors to be decided are different in different
examples. Fig. 9. Example of wind disturbances.
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Fig. 10. Flight path angle tracking performance by achieved by airspeed referenced APC with wind disturbances. (a) Flight path angle response.
(b) Airspeed response. (c) Pitch angle response. (d) Altitude response. (¢) Elevator deflection. (f) Throttle setting. (g) Evolution curve of PPPIO for
airspeed referenced ALS optimization with wind disturbances.

Although the actuator dynamics are fast enough and do
not significantly alter the effect of the controller, they are
considered in the UAV model. The actuator dynamics are
added after the UAV dynamics described previously. The
low-order approximations for the actuator are given by

Be 1325

= . Q27
Sec  $2+29.85s + 1325

When we augmented the actuator dynamics to the control
system, there is not a significant change in the response.
However, the engine dynamics are quite slow, and the ade-
quacy of the ALS including the engine dynamics should be
verified. The APC servo and the engine dynamics [4] are
given by the following:

The control signals are submitted to rate limits and sat-
urations [36] as

T T
—25—rad <4, <30——rad

sosrad <8, < 30 (30)
15" rad/s < 8, < 15——rad/s G1)

180 — 7 7180

T T
0.5 rad < 8p. < 10——rad 3
180 ¢ =P = g™ (32)
—1.6%rad/s < ép < 1.6%rad/s. 33)

Suppose that the UAV starts the initial states of the au-
tomatic landing as follows. The flight height is 800 m, the
desired flight path angle is —3°, and the airspeed of the
UAV is Vy = 69.97 m/s. The desired value of airspeed is
66.5 m/s. The initial vertical rate, pitch angle, and attack
angle of the UAV are set as zeros, and the referenced val-

; = = o 3311170;) 11100 (28)  ues are 0, 0°, and 3°, respectively. The flight path angle,

PLe ’ 3 5 airspeed, vertical rate, pitch angle, and attack angle are
Or _  2.994(s° +3.55" +9.185 +3.13) (29) expressed as incremental values in following simulation
(SpL S4 + 6.5S3 + 1825S2 + 26.28s + 9.37 ’ results.
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Flight path angle tracking performance achieved by AOA referenced APC with wind disturbances. (a) Flight path angle response. (b) Attack

angle response. (c) Pitch angle response. (d) Altitude response. (e) Elevator deflection. (f) Throttle setting. (g) Evolution curve of PPPIO for AOA
referenced ALS optimization with wind disturbances.

Figs. 7 and 8 gave flight path angle tracking perfor-
mances resulting from different ALSs corresponding to
airspeed referenced APC and AOA referenced APC, re-
spectively. Figs. 7(b) and (c), and 8(b) and (c) provide the
difference between the actual responses and the reference
signal, which are related to airspeed, attack angle, and pitch
angle. It appears clearly that the path angle tracking can be
achieved under the control of both the two types of APCs.
While AOA referenced APC provides better results, the
flight path angle converges toward the desired value and
keeps stable.

Fig. 7(g) describes the relationship of the objective func-
tion and iteration count of PPPIO and six other algorithms,
including the biogeography-based optimization, differen-
tial evolution algorithm, GA, stud genetic algorithm, and
PIO. The value of the objective function represents the
integral of the error between the pitch angle, airspeed or
AOA actual outputs, and referenced signals. The smaller
the integral value is, the better the ALS performs. From
Fig. 7(g), we can conclude that the PPPIO performs the
best among all the other six algorithms. Figs. 8(g), 10(g),
and 11(g) illustrate the evolution curves of PPPIO for ALS

DUAN ET AL.: PREDATOR-PREY PIGEON-INSPIRED OPTIMIZATION FOR UAV ALS LONGITUDINAL PARAMETERS TUNING

optimization. The results are presented for 200 particles in
100 iterations. The evolution curves show the cost func-
tion’s trend over iterations, representing that the particles
reach the approximate optimum point in the feasible area.

The influence of wind disturbances on UAV are reflected
as complex nonlinear functions of UAV states, including
Mach number, altitude, rotation rates, AOA, control sur-
faces, thrust changes, and flap setting [37]. The stochastic
wind components are based on the Dryden spectrum model
with normalized white Gaussian noise, which can be con-
sidered as sets of linear filters. The longitudinal wind dis-
turbance presented here according to [38] can be expressed
as

Hs.(s) = 2L : (34)
W E N TV T+ (L / Vs
Lzz 1+ \/g(Lzz/Va)s

H =0, 35

5:(5) q/vu TERTANITARE (35)

where L,, and L., denote the shape parameters related to
the turbulence lengths, o, and o, represent the standard

2355



deviations of independent processes, these parameters can
be given by

0. = 0.1 W, (36)
{L“ =Le=305m " 305m (37)
oy =0,
L= (04177+0Z40027z)‘-Z
L, =z 7z <305m (38)

GZ
Ox = [0.177+40.00272*

where W is the horizontal wind speed at 20 ft above the
ground level.

In this study, the online estimation of the wind distur-
bances is also considered. The wind estimator is set up as a
first-order filter with a time constant 0.35 s. To evaluate the
efficiency of the ALS in the presence of wind disturbances,
a wind turbulence provided by a Gauss white noise gen-
erator has been considered. Such wind is shown in Fig. 9.
This wind turbulence is combined with the Dryden model
mentioned above.

Figs. 10 and 11 display the flight path angle perfor-
mances in the presence of wind when the main feedback
signals airspeed and AOA are filled with noise. It is obvi-
ous that the UAV experienced less perturbation by using
the control gains generated by AOA referenced APC. It ap-
pears that the proposed ALS keeps its performance, and the
AOA referenced APC still provides faster and more stable
flight path angle response. Figs. 10(g) and 11(g) display the
evolution curves of PPPIO when optimizing the ALS under
the condition of wind disturbances.

V. CONCLUSION

In this paper, a longitudinal ALS was presented to
achieve flight path angle tracking during the approach of
UAV. The main objective was to improve the tracking per-
formance of the UAV along the longitudinal trajectory. The
longitudinal UAV model was formulated. A pitch command
longitudinal autopilot and two types of APCs were designed
to achieve flight path angle tracking. The classic feedback
technique was adopted in the ALS design. Furthermore,
the ALS control parameter tuning was converted to a finite-
dimensional optimization problem, which can be solved
by the novel PPPIO. Several experimental results were pre-
sented, and the results showed that the tracking performance
obtained from the proposed ALS was effective, and the pro-
posed optimization technique was a feasible and efficient
method for solving the ALS optimization problem. This ap-
proach helped solve control system optimization problems
for different criteria and attains a rather accurate result.
The major limitations of the proposed approach mainly
hinged on simplifying modeling assumptions imposed on
the problem. In particular, the influence of winds could have
a significant impact on the solutions. A much more realistic
model of the UAV and more complex fitness function in
the optimization algorithm that account for different types
of external disturbances are expected to improve the flight
path tracking performance.
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Our follow-up research will focus on extending the pro-
posed bio-inspired intelligent algorithm such that it can be
applied in handling other automatic mission problems of an
unmanned system. In addition, it would be also worthwhile
to use the proposed algorithm for other applications, such
as the target searching problem and task planning problem.
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