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ABSTRACT

The autonomous aerial refueling (AAR) hose-drogue system (HDS) suffers the multi-wind disturbances
leading to the low stability of drogue position, which is adverse for the successful probe-and-drogue AAR
docking. This paper addresses the drogue position stability control problem in the presence of multi-wind
disturbances. The finite-segment multi-body method is adopted to model the hose-drogue assembly as a
link-connected system. A controllable drogue is equipped at the end of the hose to stabilize the drogue’s
relative position in the presence of tanker trailing vortex, receiver bow wave, atmospheric turbulence,
and gust. Thus, the drogue active disturbance rejection controllers (ADRC) are designed to enhance the
anti-disturbance ability and position stability of HDS. Besides, an improved pigeon-inspired optimization
(PIO), adaptive granularity learning distributed PIO (AGLDPIO), is proposed to optimize the drogue lateral
and vertical position controllers for realizing the optimal control effects and reducing the difficulties of
parameter tuning. The simulation results show that the proposed optimized ADRC position controllers

Adaptive granularity learning distributed

. s o A can effectively maintain the drogue swinging in a smaller range, which demonstrates the effectiveness
pigeon-inspired optimization (AGLDPIO)

and superiority of the proposed controllers.
© 2022 Elsevier Masson SAS. All rights reserved.

1. Introduction

Recently, unmanned aerial vehicles (UAVs) [1,2] have attracted much attentions due to their crucial applications in cooperative search
[3,4], surveillance [5], target tracking [6], cooperative attack [7], etc. However, the inevitable conflict between the UAV payload and en-
durance limits the combat effectiveness of UAVs. Autonomous aerial refueling (AAR) [8,9] is known as an effective method to deal with
this conflict as declared in Unmanned Aircraft Systems Roadmap 2005-2030 [10], which can increase the autonomy of UAVs. In general,
there are three widely applicated aerial refueling approaches: the boom-receptacle refueling (BRR) [11], the probe-and-drogue refueling
(PDR) [12,13], and the boom drogue adapter units refueling [13]. In comparison with the other two approaches, the PDR performs better
in certain aspects, such as the flexible refueling hold position, multi-UAVs simultaneous refueling, helicopter refueling, partner refueling,
etc. Thus, the PDR is adopted as the main aerial refueling approach worldwide, especially for UAVs. In this paper, we mainly focus on the
probe-and-drogue AAR technique of UAVs.

Due to the flexibility of hose, the hose-drogue assembly suffers the adverse influences of the tanker trailing vortex, receiver bow wave,
atmospheric turbulence, and gust in the AAR docking. To be specific, the intensities of tanker trailing vortex and receiver bow wave are
related to the relative positions between the tanker and receiver UAVs. In the last few meters of docking, the receiver bow wave appears
a dramatic change causing a huge position change of drogue in a short time. The atmospheric turbulence induces the drogue swinging
randomly, which increases the uncertainty of docking into an experiential or predetermined stable position of drogue. Therefore, it is
essential to design a drogue active disturbance rejection control method to stabilize the drogue position inside the effective range of
successful docking.

To explore the dynamic and kinematic properties of the hose-drogue system (HDS), many research institutions and scholars have
conducted substantial simulations and experiments. NASA Dryden Flight Research Center [14,15] took a lot of wind tunnel and outfield
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flight tests such that the abundant aerodynamic data of the HDS was gathered for analyzing and modeling its dynamics. A wing-pod
refueling hose model was built by the Boeing Company [16] to depict the dynamic properties of the hose. Besides, Zhu and Meguid [17]
modeled the HDS using the finite element method with an accurate and computationally efficient curved beam element, and studied its
dynamic characteristics and stability. In [18], the dynamic model of hose-drogue assembly was established via the finite-segment method,
and the dynamic properties of drogue were investigated under the influence of atmospheric turbulence and tanker maneuver. Moreover,
a pendulum-based hose model was developed in [19], and further Williamson et al. modeled the aerodynamics of controllable drogue
that could control the aerodynamic forces through changing the drogue’s canopy. In addition, Wang et al. [20] proposed a variable-length
hose-drogue model and developed a sliding model backstepping controller to restrain the hose whipping phenomenon (HWP). Liu et al.
[21,22] modeled the flexible hose as a distributed parameter system described by partial differential equations (PDEs) and devised the
boundary control schemes to dampen the flexible hose’s vibration in the presence of varying length, varying speed and input constraint.
As mentioned above, the related works about the HDS mainly focus on the model and dynamic characteristics of hose-drogue assembly.
For the hose-drum unit, the sliding model backstepping controller in [20] was designed to maintain the hose tension by reeling in/out the
hose during the probe-drogue coupling, which was applied to deal with the hose whipping problem caused by the redundant hose length.
In terms of the receiver UAV, the slow-dynamic receiver UAV is difficult to track the fast-dynamic drogue in principle [13] under the
influence of multi-wind disturbances, and even if the predictive position compensation strategy [12] is developed to handle this problem,
there is still a certain probability of docking failure due to the time-varying wind disturbances and the imperfect strategy. Compared with
the two above-mentioned control schemes, the more direct control scheme, i.e., the drogue position control scheme, is a supplementary
scheme to enhance the docking success rate except for the receiver UAV control scheme. It can more effectively stabilize the drogue in a
smaller swing range with a faster response speed. In essence, the drogue control scheme transforms the dynamic target tracking problem
to the static relative position control problem, which can greatly reduce the difficulty of the original problem. It is worth noting that the
drogue’s electricity-leakage protection for the sensors and control unit must be considered in particular before the practical application.
Thus, in the pre-docking stage, the effective active disturbance rejection control method for the drogue should be designed to stabilize the
relative positions in the presence of multi-wind disturbances.

Hitherto, only few control methods have been proposed for designing the drogue position controller. Among them, the proportion-
integration-differentiation (PID) method is commonly adopted for designing the drogue control law as presented in [23]. Although the
physical meaning and form of the PID controller are explicit, the insufficient stability of drogue position controller could be induced by
the abrupt changes of multi-wind disturbances in the docking. The linear quadratic regulator (LQR) method [24,25] is also applied for
the controller design. However, the HDS model presents the ultra high degrees of freedom and the strong nonlinearity, and it is almost
impossible to measure all the feedback control states used for the drogue LQR controller design. In our previous paper [26], the fractional-
order control theory is adopted to design the optimized fractional-order PID (FOPID) controllers for the HDS. Though the FOPID controller
performs better than PID controller in the stability of drogue position control, the characteristics of multi-wind disturbances are ignored
in the design process of drogue position controller. Consequently, the optimized FOPID controllers in [26] have the insufficient ability to
resist the multi-wind disturbances, especially for the abrupt change of receiver bow wave. Therefore, in this paper, we develop the active
disturbance rejection controllers (ADRC) to increase the anti-disturbance ability and position stability of drogue. Besides, an improved
evolutionary algorithm is proposed to optimize the capability of the drogue ADRC controllers and reduce the workload of designers.

Traditional evolutionary algorithms (EAs), including particle swarm optimization (PSO) [27], ant colony optimization (ACO) [28], artifi-
cial bee colony (ABC) algorithm [29], brain storm optimization (BSO) [30], etc., have attracted much attentions in the applications of the
practical scientific problems. Duan et al. [31] firstly proposed a novel swarm intelligence optimization algorithm called pigeon-inspired
optimization (PIO) for path planning. Further, the UAV target detection problem was handled by Li and Duan [32] through an improved
PIO and the edge potential function. In [33], an obstacle avoidance control method for multiple UAVs was proposed on the basis of the
multi-objective social learning PIO. Besides, a dynamic discrete PIO algorithm [7] was developed to accomplish the multi-UAV cooperative
search-attack mission planning. In [34], Alazzam et al. proposed a feature selection algorithm for intrusion detection system based on PIO.
In this paper, the adaptive granularity learning strategy (AGLS) based on the locality-sensitive hashing (LSH) and the logistic regression
(LR) [35] is introduced into the master-slave multisubpopulation distributed PIO (AGLDPIO) for enhancing the swarm population diversity,
which determines an appropriate subpopulation size to balance the exploration and exploitation abilities.

In this paper, an optimized drogue active disturbance rejection control method is proposed for autonomous aerial refueling hose-drogue
system. To describe the flexibility of HDS, a finite-segment multi-body dynamic model with a controllable drogue is built for the control
law design of HDS. The AAR atmospheric flow environment is simulated by incorporating the tanker trailing vortex, receiver bow wave,
atmospheric turbulence, and gust. Then, the lateral and vertical ADRC position controllers are designed to enhance the drogue’s stability
in the presence of multi-wind disturbances. Furthermore, the AGLDPIO algorithm is developed to optimize the designed ADRC position
controllers such that the controllers can realize the relatively optimal control effects with respects to the control accuracy, response speed,
and anti-disturbance ability.

The rest of the paper is organized as follows. Section 2 presents the models of the HDS and multi-wind disturbances. The adaptive
granularity learning distributed PIO algorithm is given in Section 3. In Section 4, the optimized active disturbance rejection controllers
are designed to stabilize the lateral and vertical positions of drogue. Then, the simulation results are shown and discussed in Section 5.
Finally, Section 6 concludes the paper.

2. Hose-drogue assembly and multi-wind disturbance modeling
2.1. Modeling assumptions and coordinate frame definition

Throughout this paper, R denotes a real number set, R™*" denotes a real matrix of dimension m x n.

To describe the flexibility of HDS, the hose-drogue assembly is attempted to model as a link-connected system. For simplification, we
make some modeling assumptions as follows:

1) The hose is constituted by a certain number of links that are connected with frictionless joints.
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Fig. 2. Controllable drogue.

2) Based on the lumped parameter method, the aerodynamic forces and mass are concentrated on the frictionless joints.
3) The twist, elasticity, and damping of the hose-drogue assembly are ignored.

The HDS mainly contains three parts: the hose, the controllable drogue [19], and the state sensors. Fig. 1 presents the hose-drogue
assembly and the related coordinate frames. The hose-drogue assembly is modeled in the traction point coordinate frame OpgXnqYhiZng
that is parallel to the tanker-body coordinate frame. O ¢X;Y,Z, denotes the inertial coordinate frame. We define two state angles of the
hose’s k-th link as 91, 94 which are respectively the included angles relative to the planes OpgXpqYhg and OpgXpgZpg. The hose tensions
Ti_1, Ty € R3¥1, the hose equivalent restoring force Ry € R3*1, the gravity and the aerodynamic forces are acting on the k-th lumped
mass. As shown in Fig. 2, the drogue controllable actuators respectively locate at the starboard brace (actuator 1), the port-side brace
(actuator 3), the upper brace (actuator 2), and the lower brace (actuator 4). The diagonal actuators are aligned with the horizontal and
vertical lines, respectively. The sensors, control unit, power module, etc. are equipped at the joint location of the hose and the drogue.

2.2. Hose-drogue assembly modeling

The finite-segment multi-body method is adopted to model the hose-drogue assembly as a link-connected system [18,20]. To stabilize
the drogue relative position in the presence of multi-wind disturbances, we focus on the drogue’s aerodynamic forces changing with the
opening angles of actuators.

The drogue’s resultant external force Q 4, € R3>*! contains the gravity and the aerodynamic forces, which is presented as [18]

mpy DN
Qdm:(T +mdro>g+7+Ddro (1)

where my, mgy, are the mass of the hose’s N-th link and the controllable drogue, respectively, g is the gravitational acceleration, g =
[0,0, 2]", Dy € R3*1 denotes the aerodynamic force of the hose’s N-th link, which is obtained as described in [18,20], Dg,, € R3*1 is
the aerodynamic force of drogue. Dg, can be equivalently decomposed into two parts: the original force and the additional force. To
be specific, the original force is positively correlated with the drogue’s airspeed. The additional force is generated through changing the
opening angles (Ugct1, Ugcet2, Uact3, Uacta) Of drogue’s struct-braces, which can reduce the swinging range of drogue. Thus, we formulate the
aerodynamic force Dy, as
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1 md?
Ddro Z_EIOHVN,air”( 4dm>cdrovN,air+F/D (2)

where p denotes the local air density, Vy 4 € R3*1 is the airspeed of the N-th lumped mass, VNar=VN—Vw, Vne€ R3*1 is the
ground velocity of the N-th lumped mass, V., € R3*! is the local synthetic wind velocity of multi-wind disturbances, dg, is the drogue
diameter, cg4;, denotes the aerodynamic force coefficient of drogue, F}, € R3x1 is the real additional force, which are also called as the
real active-control aerodynamic force. Assuming that the expected active-control aerodynamic force obtained by the designed controllers
is denoted as Fp =[0 Fs F, ]T, Fs, Fy are the expected lateral and vertical forces, respectively. Fj, = F; F} F, ]T is calculated as
[19]

1
;) = EPHVN,air”zCu(uact_uO) (3)

where C, € R3*4 is the drogue’s opening angular aerodynamic coefficient, ug, € R#*! denotes the real opening angle of actuator, ug =
[Uact1. Uact2: Uact3s Uaceal”, o € R**1 is the actuator trim opening angle under a certain flight condition, uo = [u, uf% yrim yomT Fl
F{, F}, are the real forward, lateral, and vertical active-control aerodynamic forces, respectively. According to the wind-tunnel test results
[19], the controllable drogue would generate a positive lateral force with decreasing ugq1 and increasing ugqe3, and generate a positive
vertical force with decreasing ug» and increasing uqq4. Note that the roll angle of drogue is tiny due to the high speed flight of tanker.
When the horizontal (uge1 and ugee3) or vertical (uger» and ugeeq) actuators change the opposite angle, F ,/7 would be approximate to zero in
that the diagonal actuators have the opposite aerodynamic effect. Further, considering the actuator dynamic process, the transfer function

of actuator is presented as

Uout 20
Up  s+20

(4)

2.3. Multi-wind disturbance modeling

The multi-wind disturbances mainly include the tanker trailing vortex, receiver bow wave, atmospheric turbulence, and gust, which are
modeled to construct the AAR atmospheric flow environment.

2.3.1. Tanker trailing vortex

The Hallock-Burnham model [36] is adopted to describe the characteristics of tanker trailing vortex due to the high precision and easy
implementation. It is worth noting that the center of tanker trailing vortex tends to move down, and its radius diffuses along with the
generation time. Thus, the improved Hallock-Burnham model is presented as [24]

Vv = To |: Z/rEI Z;el :| (5)
vory = = —
2 L (y), — b1 /8)2 + 12 + 22 (Vi + b1 /8)2 + 12+ 22
_To Vi + b7 /8 Yy — b1 /8 6
T2 (Y + b1 /82 12 425 (Y — br/8) 412+ 2] (6)
Vel T/ ¢ rel Vel T/ ¢ rel

where Vyorx, Vyory, Vyorz are the wind velocity components in x, y, z-axes, respectively, Vyorx ~ 0 according to the model property, I'g
denotes the initial intensity of trailing vortex, 'o =4Gt/(wpVrbr), G, V1 are the tanker gravity and velocity, respectively, Gt =mrg, br
is the tanker wingspan, (X Vi g;.e,) is the improved coordinates, x;,) = Xlytde Vg =YL, 2= ere,—l—dzi-i- Ve /V1), (dx 0 dy)
is the offset value between the trailing vortex coordinate frame Oty X7y Y7y Zry and tanker-body coordinate frame OrgX71pYrpZ7B,

(ere, erel ere,) is the coordinates of one point of trailing vortex field in O7pXrpYTr8ZTB, VImz denotes the downward velocity of trailing
vortex, Vi, = 2To/(?br), 1l is the improved radius of trailing vortex, r. = 0.5/~ (X +dx)/ V.

2.3.2. Receiver bow wave

In the AAR docking, the drogue tends to move away from the receiver nose along with the approaching maneuver. Especially in the
last few meters of docking, the receiver bow wave’s up-wash effect induces the drogue move to outward and upward directions in a short
time, which is possible to cause the AAR accidents. In this paper, one half of an ellipsoid is adopted as the typical receiver nose, and the
probe is equipped at the right side of the receiver nose. The Rankine half body model [37] is built to reflect the receiver bow wave effect
for the hose-drogue assembly. The wind velocity components of bow wave in x, y, z-axes (i.e., [ Viowx  Vbowy Vbowz ]) are calculated as
[24]

Vbowx = Vr€OSHO — Vg sinf 7)
2
Vbowy = (VrSiné + vq cos ) Ybw ®)
2 2
ybw + wa
22
— i bw
Viowz = (VSIn6 + vy cO0SH) —— (9)
2 2
ybw + wa

where (wa VYbw  Zbw ) denotes the coordinate position in bow wave coordinate frame Opgw Xpw Ypw Zpw, 0 is the polar angle in bow
wave polar coordinate frame, v, vy are respectively the radial velocity and circumferential velocity in polar coordinate frame, which are
computed as
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vr=Uc050+& (10)
2rr

vg = —Usin® (11)

where U is the averaged flow velocity, Qj is the intensity of point source flow, Qp = 2w Uby, by = hpgse/70, hnose denotes the maximum
radius of receiver nose in width direction, r is the polar radius in polar coordinate frame.

2.3.3. Atmospheric turbulence and gust

The atmospheric turbulence results in the high frequency irregular swinging of drogue, and the gust induce the momentary posi-
tion mutation of drogue. In this paper, the continuous Dryden turbulence model [38] in MIL-F-8785C is implemented to describe the
atmospheric turbulence. Besides, we adopt a step function as the gust model.

3. Adaptive granularity learning distributed PIO algorithm
3.1. PIO algorithm

Inspired by the pigeon navigation mechanism in the long and close distances, Duan et al. [31] firstly propose the PIO algorithm that
contains the map and compass operator, and the landmark operator. The two operators respectively simulate the sun and magnetic field
navigation in the long distance, and the visual landmark navigation in the close distance of homing pigeons. The homing behaviors of
pigeons (i.e., the two operators) can be regarded as the processes where the potential solutions search and converge to the optimal
solution.

(1) Map and compass operator:

For a D-dimension search space, we define the velocity and position of the i-th pigeon at the Nc-th generation as V,’.VC =

[vlNe vie o vlley xNe = [xNe xDe ... kN, respectively. The new velocity and position of the i-th pigeon at the Nc-th generation
are updated as [24,29]
VN =e RNy Nt 4 rand - (X gpese — XV<) (12)
xNe=xNtpvle (13)
where Xgpesr denotes the current global best position of pigeons, Xgpesr = [Xg1, Xg2, - -+ , Xgp], Np is the number of pigeons, i=1,2,---, Np,

R is the map and compass factor, rand is a rand number, rand € [0, 1].
(2) Landmark operator:
In the processes of the visual landmark navigation of pigeons, half of the pigeons familiar with the landmarks are chosen as the experi-

enced ones, and the other half of the pigeons are eliminated. At the next generation, the positions of pigeons would be updated through
following the center of the remaining pigeons. Thus, the position of the i-th pigeon at the Nc-th generation is calculated as [26,31]

Nchl
Nc __ p
Ny e Ne—1 Ne—1
xNe—1 _ Zi=1 X; - fitness(X; ) .
- Ny Ne—1 (
il fitmess(XNTh)
X[ =X{' ! rand - (XN - X (16)

where [-] denotes the ceil value of number, Nﬁ’c, Ng’“l are the numbers of pigeons at the Nc-th and Nc-1-th generations, respectively,

X?’C‘l is the center of pigeons at the Nc-1-th generation, fitness(-) denotes the fitness function, which is adopted as the sum of squares
of the drogue’s position errors. In this paper, we minimize the fitness function to optimize the drogue ADRC controllers.

3.2. AGLDPIO algorithm

The adaptive granularity learning strategy is introduced into the master-slave multisubpopulation distributed PIO, called as AGLDPIO,
to enhance the swarm population diversity of PIO. In the evolution process, the master node divides the entire population into N,/M
subpopulations (i.e., the slave nodes), where M denotes the population size of slave node. If Ny%M # 0, the last slave node would have
M+ Np%M pigeons, where % presents the modulo operation. The master node dominates the multiple slave nodes in the parallel evolution.
Besides, the number of slave nodes is adaptively adjusted in that the population size of slave node is adaptively controlled based on the
LSH and LR, which can balance the exploration and exploitation abilities of the entire population of pigeons.

(1) Improved map and compass operator:

In each subpopulation, only the worst pigeon X,, needs to be updated through learning from the best pigeon in current subpopulation
(i.e., subpopulation best notated as Xspesr) and the best pigeon in entire population (i.e., global best notated as Xgpes). The other pigeons
in current subpopulation would directly enter to the next generation. The mentioned update operators in AGLDPIO are helpful to prolong

5
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the evolution process for increasing the solution accuracy and saving the computation complexity. Thus, the velocity VVNV§ and position
X{,\’v‘j of the worst pigeon in each subpopulation at the Nc-th generation are updated as

V"j’vs =e RNc. V":’vj-_l + randy - (Xspest — Xclvj_l) + rands - (Xgpest — Xf,vvj_l) (17)

N Nc—1 N
Xw§:Xw§ +Vw§' (18)
where j=1,2,---,Np/M, rand;, rand, are two random numbers, rand; € [0, 1], randy < [0, 1]. The subpopulation size M affects the

learning granularity of pigeons in each subpopulation, and further affects the swarm diversity for exploration and the convergence for
exploitation. A large subpopulation size M means that the worst pigeon X, learns from a large neighborhood, which is beneficial for
accelerating the convergence of algorithm. Conversely, a small subpopulation size M represents that X,, learns from a small neighborhood
(i.e., the number of subpopulations is large) so that more subpopulation bests X5 are helpful to increase the swarm diversity of pigeons.
To precisely determine a suitable M in different evolution states, the clustering analysis method based on LSH and the adaptive granularity
control based on LR are introduced into AGLDPIO for adaptively adjusting the subpopulation size M.

For each pigeon XN¢ = [xN¢, xﬂ’}c, -+, xN], first randomly generate a D-dimension vector O in the search space, 0 = [01,0i2, - , 0ip],
then calculate the dot product X0 which projects the pigeon XN onto a line. If two pigeons X} and X} are close (i.e., | X} — XJ€||
is small), the projection distance (X’f’c - X’ZVC)OT is also small with a large probability such that they are very likely in a same bucket. In
contrast, a large projection distance means that the two pigeons X ’f’c and XZNC are in the same bucket with a small probability. Assuming
the maximum and minimum projection coordinates of all the pigeons are hmax and hpip, respectively. Then, the projection bucket size ry
is formulated as

r = hmax - hmin (19)
np
where n;, denotes the bucket number. Thus, the hash line is divided into n, equal-width buckets with size r,, and all the pigeons are
projected to the corresponding hash values. The pigeons in the same bucket are distributed to the same cluster.

When much more pigeons cluster nearby the global worst Xgworse than the global best Xgpesr, a smaller M or decreasing M can result
in a larger number of subpopulations to improve the population diversity of the exploration state, which is helpful to escape from the
local optimum. In contrast, if much more pigeons cluster nearby the Xgpes: than the Xgworse, @ larger M or increasing M can increase the
learning neighborhood of the current pigeon for accelerating the convergence of the exploitation state. According to the machine learning
mechanism, the LR is an effective binary classifier to determine whether the algorithm is in the exploration or exploitation states. The
subpopulation size M is adaptively adjusted at the beginning of every generation as

M=M - l'OUl'ld(f(Ngworst — Ngpest)) (20)

where Ngworst, Ngpese denote the number of pigeons in the same cluster with Xgworst and Xgpes, respectively, f(-) is the function that
maps the input variables to a probability range, which is adopted as the Tanh-sigmoid function as

1— e—211

T =1iem

Thus, if Ngworst 3> Ngpest, the subpopulation size M would decrease by 1 to improve the population diversity, and if Ngpesr 3> Ngworst,
M would increase by 1 to speed up the convergence, and if Ngpest & Ngworst, M would keep unchanged, which means that the current
population size has a good balance between the swarm diversity and the convergence.

(21)

(2) The improved landmark operator is the same as the landmark operator of the PIO algorithm.
4. Optimized active disturbance rejection controllers
4.1. Drogue ADRC position controller design

The main purpose of the drogue position controller is resisting the adverse impacts of multi-wind disturbances for drogue stability.
In contrast to the drogue PID and FOPID controllers in [23,26], the ADRC method [39] takes into account of the characteristics of multi-
wind disturbances in the design process of the drogue position controllers, which can significantly enhance the anti-disturbance ability of
controllers.

The ADRC controller generally contains the tracking differentiator (TD), the extended state observer (ESO), and nonlinear state error
feedback (NLSEF). In this paper, the TD is removed in that the drogue stable position command remains unchanged in the AAR docking.
The following assumptions are given before designing the drogue ADRC controllers.

Assumption 1. The real-time positions of drogue can be obtained through the direct or indirect measurement means. The drogue’s position
sensors can be adopted as the differential global positioning system (DGPS), or the photoelectric camera, or the laser.

Assumption 2. The lumped disturbances including the model uncertainties and multi-wind disturbances are differentiable, and the differ-
entials are bounded.

Then, the ESOs of the drogue lateral and vertical controllers are constructed based on Assumptions 1-2, which are formulated as
P dro =H dro +Adro1 (Pdro— Pdro)

. R (22)
Hdro = Adro2 (P dro— Pdro)



Y. Sun, Z. Liu, Y. Zou et al. Aerospace Science and Technology 124 (2022) 107528

Multi-wind disturbances
Tanker trailing Receiver bow
WM’ WV’ WH'
vortex wave
Atmospheric .
turbulence Steady wind
Optimization algorithms:
PSO/PIO/AGLDPSO/AGLDPIO Hose-drogue assembly
a)’ 1 a)’z ﬂ 'yl ﬂ y2 by A
v vy Ba v B & b: Hose multi-body | %[ Hose multi-body
Drogue ADRC dynamics kinematics
position controllers
Qio I .9
Lateral ADRC Fs Hacr t Sy
position controller Actuators Ijmz# Drogue Drogue
n distributi act3y . . .
Vertical ADRC F, istribution i dynamics kinematics
position controller » T
a,, L
ESOs
e, e -y Tt
» &z /Tt | Stable position
\/;)C command

Fig. 3. Architecture of the optimized ADRC position controllers for HDS.

where Py, € R2¥1, ’I;dme R2*1 denote the real-time values and estimation values of drogue positions in y, z-axes, respectively, P g, =
Yaros ZarolTs Paro=[Varo» Zarol"» Haroe R?*1 is the estimation of lumped disturbances, H o= [Edmy,ﬁdmz]T, Adro1, Adroz are the gain
parameters of ESOs, Agro1 = 2¢, Adroz = 2.

Next, to increase the control accuracy and anti-disturbance ability, the integration elements are introduced into the designed ADRC
controllers instead of the differentiation elements. Thus, the drogue lateral and vertical ADRC position controllers are developed as

Fs=by - <,3y1 -fal(ey,ay1, 8y) + By2 - f fal(ey, ay, §)dt— hdroy) (23)
ey =Yc— Ydro
Fy=b;- <ﬁzl -fal(ez, az1,6;) + Bz - / fal(ez, az, 6;)dt— hdroz)

(24)
€z =2c— Edro

where ey, e; denote the drogue position errors in y, z-axes, respectively, P. =[x, yc,zC]T is the drogue stable position command, by, b,
are the disturbance compensation parameters, By1, 81, By2, Bz2 denote the proportional and integral gains, respectively, ay1, ay2, az1, az
are the nonlinear function power, §y, §,; present the width of linear range, 8, = 6, fal(-) is a nonlinear function formulated as

%a le] <4
fale,a,8)={ ¢ (25)

le|?sign(e) |e| > &

where sign(-) is the sign function.
We determine ten parameters need to be optimized for enhancing the drogue controller performance, including ay1, ay2, By1, By2, by,
az1, az2, Bz1, Bz2, bz. Thus, the dimension of the proposed AGLDPIO algorithm is confirmed as D = 10.

4.2. Optimized drogue ADRC position controllers

The proposed optimized ADRC controllers are developed to stabilize the relative position of drogue in the presence of the multi-wind
disturbances. As shown in Fig. 3, the architecture of the designed optimized ADRC position controllers for HDS contains the hose-drogue
assembly (Section 2), the multi-wind disturbances (Section 2), and the optimized ADRC controllers (Section 3 and 4). Through Section 4.1,
we design the lateral and vertical position controllers to obtain the expected active-control aerodynamic forces Fs, F,. Next, according
to the drogue aerodynamic coefficient C, as described in Section 2.2, the four actuators are distributed to change the relevant opening
angles. To be specific, assume that C; denotes the element of matrix C, at the i-th row and the j-th column, uir, e R**! denotes the

expected opening angle of actuator, uch, = [ugh , uP, utb 5, ur ,17. The actuator distribution equations are presented as follows:
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Fs Fy
Algey] = ——— Allger = 5225
= 2qC
zqclzll qty
Algets = —Algert Algera = —Algerz
, . (26)
e tri _ _trim
Algen1 = ualgﬂ - Ua'g’]l Allger2 = Ugery — Uger
e tri _ 6P trim
Augers = ualés - ua'zt"; Algcta = Ugerq — Ugcrq

where q is the dynamic pressure, § = %pHVN,airHZ. After ugﬁt is obtained, the real opening angle uq; can be gotten using Eq. (4). Then,

the controllable drogue generates the real lateral and vertical active-control aerodynamic forces F, F,. Then, the different algorithms
including AGLDPIO, AGLDPSO, PIO, PSO are implemented to optimize the ten parameters of the designed drogue ADRC controllers for
improving the control accuracy, stability, anti-disturbance ability.

The implementation steps of the designed drogue ADRC controllers optimized via AGLDPIO for HDS are presented as follows:

Step 1: Obtain the drogue stable position command. Utilize the hose-drogue assembly and tanker trailing vortex models, and further
obtain the drogue initial stable position as the unchanged control command at the end of initial stable time t}" .

Step 2: Design the basic lateral and vertical position ADRC controllers and initialize the parameters. As described in Section 4.1, design the
basic lateral and vertical ADRC controllers of controllable drogue. Initialize the parameters including the number of pigeon population Np,
the problem dimension D, the map and compass factor R, the ESO gain parameter ¢, etc.

Step 3: Evaluate the fitness values of initial pigeons and obtain the current Xgpesr, Xworse. Calculate the sum of squares of the drogue’s
position errors to evaluate the initial parameters of the designed controllers. Through comparing the fitness values, obtain the Xgpes,
Xuworse at the current generation corresponding to the maximum and minimum fitness values.

Step 4: Select the operator to update the pigeons. Define the maximum update generation N¢jmax Of the map and compass operator, and
the maximum update generation Nqmax Of the landmark operator. If Nc < N¢1max, conduct the improved map and compass operator, go
to Step 5. Otherwise, if 0 < Nc — N¢1max < Nc2max, conduct the landmark operator, go to Step 6.

Step 5: Conduct the improved map and compass operator. Determine the subpopulation size M using (19), (20), (21), adaptively. Randomly
divide the pigeon population into N,/M subpopulations (i.e., the slave nodes). For each subpopulation, obtain the Xy, and X5 according
to the fitness values. Further, update the velocity and position of the worst pigeon using (17), (18).

Step 6: Conduct the landmark operator. Update the number of pigeons, the center of remaining pigeons, and the positions of pigeons at
the current generation using (14), (15), (16).

Step 7: Evaluate the fitness values of pigeons. Carry out the simulation process of the HDS enabling the designed ADRC controllers in the
presence of multi-wind disturbances. Then, calculate the sum of squares of position errors in y, z-axes of controllable drogue.

Step 8: Obtain the maximum, minimum fitness values and the global best, worst positions Xgpest, Xworst Of pigeons. According to the
fitness values of pigeons, determine the global best and worst positions of pigeons. The global best position Xgpes: of pigeons represents
the optimized parameters of the designed ADRC controllers.

Step 9: Terminate and output the final global best position of pigeons. If Nc > Ncqmax + Nc2max, output the final global best position of
pigeons as the controllers’ optimal parameters. Otherwise, go to Step 4.

The detailed flow of AGLDPIO for the optimized ADRC controllers is presented in Fig. 4.
5. Simulation results and analysis

To verify the validity and superiority of the proposed optimized drogue ADRC position controllers, extensive simulation experiments
are conducted based on the complex nonlinear model of hose-drogue assembly in the presence of multi-wind disturbances. For compar-
ison, the conventional optimized PID controllers and the proposed optimized ADRC controllers are respectively enabled in the simulation
experiments, and different algorithms including PSO, PIO, AGLDPSO, AGLDPIO are utilized to optimize the ten parameters of the designed
ADRC controllers. The parameters of simulation experiments are listed in Table 1 and Table 2. The parameters of AGLDPIO, AGLDPSO,
PIO, PSO are adopted based on [35], and these specific parameter values are adjusted according to the actual problems. In Table 1, the
parameters of the proposed controllers for the optimization process are determined according to the preliminary coarse tuning values
and experiences. In Table 2, the simulation parameters are adopted based on [20]. Among them, some parameters are difficult to obtain
from the existing references, for example the probe installation position, thus we roughly determine them according to the actual physical
cognition.

Case 1. In the simulation experiments of AAR docking, the light turbulence works from 50 s, and the gust is implemented from 80 s.
Assume that the tanker takes the fixed straight level flight at the height h, velocity Vr, and the receiver approaches the drogue at the

distance dgap, docking velocity Vgar from 50 s until reaching the drogue stable position command. Besides, the refueling pod is installed

8
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Fig. 4. Detailed flow chart of AGLDPIO for the optimized ADRC controllers.
Table 1
Parameters of AGLDPIO, AGLDPSO, PIO, PSO and controllers.

AGLDPSO, PSO AGLDPIO, PIO
Parameter Description Value Parameter Description Value
N Number of particles 10 Np Number of pigeons 10
NCmax Max iteration 30 NCmax Max iteration of two operators 30
cq Self acceleration coefficient 0.8 NC1max Max iteration of map and compass operator 25
c Global acceleration coefficient 0.5 NC2 max Max iteration of landmark operator 5
w Inertia weight 0.5 R The map and compass factor 0.15
D Dimension of search space for ADRC controllers 10 D Dimension of search space for ADRC controllers 10
Mmax Max population size of subpopulation 10 Mmax Max population size of subpopulation 10
Mmin Min population size of subpopulation 2 Mmin Min population size of subpopulation 2
ny Number of buckets 0.3NCmax np Number of buckets 0.3NCmax
ag‘“ Max nonlinear function power (i=y,z; j=1,2) 2 a;}”" Max nonlinear function power (i=y,z; j=1,2) 2
ag.’i“ Min nonlinear function power (i=1y,z; j=1,2) 0 a{]‘.‘i" Min nonlinear function power (i=y,z; j=1,2) 0

i Max proportional and integral gain (i=y,z; j=1,2) 10 o Max proportional and integral gain (i=y,z; j=1,2) 10

i’j'.'i" Min proportional and integral gain (i=y,z; j=1,2) 0 i’]’.‘i” Min proportional and integral gain (i=y,z; j=1,2) 0
b Max disturbance compensation parameter (i =y, z) 1000 b Max disturbance compensation parameter (i =y, z) 1000
b;"i” Min disturbance compensation parameter (i =y, z) 0 b}”m Min disturbance compensation parameter (i =y, z) 0
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Table 2
Other parameters of simulation experiments.
Parameter Description Value
tsimu Time of simulation experiments 100 s
Vr Velocity of tanker 150 m/s
h Flight height of AAR 7000 m
mr Mass of tanker 120000 kg
br Wingspan of tanker 39.88 m
L Hose total length 22.86 m
Nhpose Number of hose links 24
Mdro Mass of controllable drogue 29.5 kg
ddro Drogue diameter 0.61 m
Cdro Aerodynamic force coefficient of drogue 0.831
Vror Receiver docking velocity 1.5 m/s
drap Distance of receiver behind drogue 25 m
dpod Refueling pod installation position relative to right wingtip 2.85m
(gust, gust, gust,,) Velocity of gust ( 0 —6 4 ) m/s
(dx 0 d, ) Offset value between Oty Xty YrvZry and O X71eYT1BZTB (2 0 2 ) m
hpose Maximum radius of receiver nose in width direction 04 m
P probe Position of the probe in receiver nose coordinate frame ( —2.05 0.5 —0.86 ) m
U Averaged flow velocity Vr m/s
uy Trim opening angle of actuator [30.24° 30.24° 30.24° 30.24°]
—8.64 —10.41 -8.64 —3.44
Cy Drogue opening angular aerodynamic coefficient —56.4 0 56.4 0 x 1074 m2/°
—3.44 -534 -344 534
Table 3
Drogue position statistical property (80 s-100 s).
50 s 100 s Max-Min Mean Std
Without control x (m) —-2130 —21.60 0.32 —21.50 0.0765
y (m) 18.06 17.73 2.44 17.23 0.6781
z (m) 8.05 7.25 1.07 7.55 0.2407
Optimized PID x (m) —21.30 —21.31 0.046 —21.32 0.0097
y (m) 18.06 18.08 0.120 18.05 0.0300
z (m) 8.05 8.07 0112 8.05 0.0232
Optimized ADRC ~ x (m) —21.30 —21.32 0.029 —21.32 0.0063
y (m) 18.06 18.06 0.037 18.06 0.0050
z (m) 8.05 8.05 0.030 8.05 0.0050

around the tanker right wingtip, and we give the initial states of hose-drogue assembly as ¥; = 30°, 94z = 0°, %41 =0, 32 = 0. To indicate
the essential characteristics of HDS, the drogue position controllers are disabled in this case.

In Fig. 5, the states of hose-drogue assembly at different times effectively reflect the flexibility of HDS in the presence of multi-wind
disturbances. As shown in Fig. 6(b)-(d), the hose-drogue assembly gradually stabilizes to the initial stable position in the first 50 s under
the influence of the steady flowfield (i.e., the free stream and tanker trailing vortex). The initial stable position at 50 s can be regarded
as the unchanged position control command of the designed controllers as listed in Table 3. In Fig. 6(a), it is obvious that there are two
relatively stable regions of the drogue motion trajectory. The drogue moves from the initial stable position to the final swing region along
with the multi-wind disturbances acting from 50 s. Noting that the size of final swing region is about 1.2 m x 2.5 m, but the effective
capture radius R, [40] is defined as 0.1 m inside the outer ring of drogue, i.e.,, Rc = 0.205 m. Thus, it is extremely difficult to guarantee
the success rate of AAR docking through holding the drogue swinging in the region of radius R.. Further, we can see from Fig. 6(b)-(d)
and Table 3 that the Max-Min values of drogue position in x, y, z-axes are 0.32 m, 2.44 m, 1.07 m, respectively, which are much larger
than 2R, = 0.41 m. Moreover, when compare the drogue positions at 50 s and 100 s, there exists an obvious position offset due to the
influence of multi-wind disturbances. Besides, the receiver might be trapped into the problem of chasing the drogue in that the drogue
position changes in high-frequency quick speed, which could cause the AAR accidents, such as the hose whipping, probe fracture, drogue
fracture, etc.

Case 2. The simulation conditions are the same as Case 1. In this case, the optimized PID and ADRC position controllers of drogue are
enabled from 50 s, respectively.

In Case 2, we enable the optimized ADRC position controllers to stabilize the position of drogue in the presence of multi-wind dis-
turbances, which demonstrates the effectiveness and superiority of the designed controllers. Through utilizing the AGLDPIO algorithm to

10
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Fig. 5. States of hose-drogue assembly in Case 1.
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Fig. 6. Simulation results of drogue position in Case 1.
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Table 4
Parameters of the PID and ADRC controllers optimized by AGLDPIO.
Controller Parameters Value
PID [kp. ky. k. kp kY kD] [719.2042, 296.6488, 367.6559, 485.3442, 615.0032, 450.7548]
ADRC [ay1,ay2, By1, By2, by, az1,az2, Bz1, Bz2, bzl [1.1226, 0.6026, 5.6387, 8.8240, 464.4901, 1.2744, 0.5914, 1.9020, 7.6329, 858.5174]

= B = original state
14 w@e 55 state
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Fig. 7. States of hose-drogue assembly with optimized ADRC controllers in Case 2.

optimize the PID and ADRC position controllers, the optimized parameters of the designed controllers can be obtained as listed in Table 4.
We can clearly see from Fig. 7 that the final state of hose-drogue assembly is basically coincident with the 50 s state, which indicates
that the optimized ADRC controllers commendably stabilize the drogue position under the influence of multi-wind disturbances. When
compare the drogue motion trajectories presented in Fig. 8(a) and Fig. 6(a), there is a significant reduction in the range of drogue swing
region, from 1.2 m x 1.5 m to 0.04 m x 0.04 m. Thus, it can be concluded that the swing range of drogue meets the requirement of
the effective capture radius R, while the optimized ADRC position controllers are enabled. Besides, because the final position of drogue
changes slightly with respect to the initial stable position, the AAR dynamic docking process can be regraded as a process where the
receiver attempts to dock into the predetermined fixed position of drogue. Further, as shown in Fig. 8(b)-(d), we evaluate the control
effects of the optimized PID and ADRC controllers by comparing the simulation results of drogue positions in 64 s-69 s and 80 s-100
s. In 64 s-69 s, the designed optimized ADRC controllers maintain the drogue position with a smaller position error than the optimized
PID controllers. It can be seen from Fig. 9 that the position jitter of drogue in 64 s-69 s is caused by the abrupt dramatical change of
receiver bow wave. Thus, we can draw the conclusion that the designed optimized ADRC controllers possess the better ability to resist the
abrupt dramatical change of disturbances. In 80 s-100 s, compared with the PID controllers, our proposed controllers hold the drogue in
a smaller swing range, which represents the better ability to resist the high-frequency atmospheric turbulence. Table 3 gives the drogue
position statistical property in 80 s-100 s for quantitative analysis. It is obvious that the swing range (Max-Min), mean position offset
(Mean-50 s state) and standard deviation (Std) are significantly reduced when we enable the optimized position controllers (PID or ADRC).
Among the two control methods, our proposed ADRC controllers perform better in terms of the swing range and standard deviation of
drogue position. As listed in Table 3, the Max-Min values of the optimized ADRC controllers decrease from 0.046 m to 0.029 m in x-axis,
from 0.120 m to 0.037 m in y-axis, from 0.112 m to 0.030 m in z-axis. Besides, the standard deviation values of the optimized ADRC
controllers only occupy less than a quarter of those of the optimized PID controllers in y, z-axes. Therefore, our proposed optimized ADRC
position controllers are more superior in anti-disturbance ability and position stability, which reduces the difficulties of AAR docking and
guarantees the docking success rate.

As shown in Fig. 9, the velocities of the multi-wind disturbances in Case 2 change a lot in the AAR docking. We can see from Fig. 9(a)
that the velocity of tanker trailing vortex gradually approaches the stable value. In Fig. 9(b), the velocity of receiver bow wave exists an
abrupt dramatical change in 64 s-69 s in that the probe arrives around the docking position. Fig. 9(d) presents the resultant velocities of
the multi-wind disturbances which change in the range about 20 m/s in x, y, z-axes. The real lateral and vertical active-control aerody-
namic forces are illustrated in Fig. 10. It is obvious that the optimized ADRC position controllers generate the larger active-control forces
in the abrupt changing points of multi-wind disturbances, and the high-frequency active-control forces are produced by the optimized
ADRC position controllers to resist the atmospheric turbulence. In Fig. 11, the corresponding opening angles of four actuators are limited
in the normal range less than 4 degrees.

Four algorithms (PSO/PIO/AGLDPSO/AGLDPIO) are implemented to optimize the ADRC position controllers in independent 10 times for
effectiveness evaluation of these algorithms. The evolution curves and the optimized ADRC position controller parameters of four algo-
rithms are presented in Fig. 12 and Table 5. Among the four algorithms, our proposed AGLDPIO algorithm acquires the minimum fitness
value beginning with the almost same initial value. The minimum fitness value denotes that the ADRC position controllers optimized via
AGLDPIO stabilize the drogue to the minimum position error, which means the best anti-disturbance ability and position stability. Further,
through analyzing the evolution curves of the designed ADRC controllers, we can obtain the following conclusions:
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Table 5
Optimized ADRC position controller parameters of four algorithms.
Algorithm Controller parameters [ay1, ay2, By1, By2, by.az1,0z2, Bz1. Bz2. b2] Fitness
AGLDPIO [1.1226, 0.6026, 5.6387, 8.8240, 464.4901, 1.2744, 0.5914, 1.9020, 7.6329, 858.5174] 19.6171
AGLDPSO [0.9210, 1.0622, 4.6359, 4.8889, 500.2871, 0.7593, 0.9050, 3.2884, 4.0626, 613.5766] 26.3173
PIO [1.0119, 0.5976, 5.7221, 4.2199, 484.7846, 0.3860, 0.3539, 1.1610, 4.2036, 564.5297] 29.3068
PSO [0.9776, 0.4652, 6.2903, 2.7301, 402.1154, 0.4111, 0.4611, 1.5556, 3.0073, 538.5271] 33.4724

(1) As shown in Fig. 12, the PIO algorithm converges fastest among the other algorithms, which means that the map and compass operator
can best refine the promising solutions in the search space to optimize the ADRC controller parameters. Because it can be seen from
equation (12) that the velocity of the PIO algorithm is depended on the rapidly descending negative exponential residue and only
using the global best position. Thus, the PIO algorithm can easily fall into the local optimal solutions.

(2) Through importing the adaptive granularity learning strategy, the AGLDPSO and AGLDPIO algorithms enhance the exploration ability
at the late generations by adaptively adjusting the subpopulation size. As a sacrifice, the improved algorithms slightly reduce the
convergence rate at the early generations.

6. Conclusions

In this paper, we propose an optimized ADRC position control method to stabilize the drogue position for resisting the multi-wind
disturbances. First, the hose-drogue assembly is modeled as a link-connected system with a controllable drogue using the finite-segment
multi-body method, which reflects the flexibility of hose. The AAR atmospheric flow environment is constructed by importing the multi-
wind disturbance models. Then, we develop an improved PIO algorithm, called as AGLDPIO, to balance the exploration and exploitation
abilities by adaptively adjusting the subpopulation size for obtaining the global optimal solution. Moreover, the drogue ADRC position
controllers optimized via AGLDPIO are designed to reduce the position swing range of drogue in the presence of multi-wind disturbances.
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Fig. 10. Real lateral and vertical active-control aerodynamic forces in Case 2.

The simulation results indicate that our proposed ADRC position controllers can stabilize the drogue to swing in a smaller range satisfying
the effective capture criterion, which demonstrates the effectiveness and superiority of the proposed controllers in anti-disturbance ability

and position stability. In the future, we will focus on the application of our proposed control method combining the ground semi-physical
AAR experiment platform.
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