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Abstract Dynamic modeling of a hose-drogue aerial refueling system (HDARS) and an integral

sliding mode backstepping controller design for the hose whipping phenomenon (HWP) during

probe-drogue coupling are studied. Firstly, a dynamic model of the variable-length hose-drogue

assembly is built for the sake of exploiting suppression methods for the whipping phenomenon.

Based on the lumped parameter method, the hose is modeled by a series of variable-length links

connected with frictionless joints. A set of iterative equations of the hose’s three-dimensional

motion is derived subject to hose reeling in/out, tanker motion, gravity, and aerodynamic loads

accounting for the effects of steady wind, atmospheric turbulence, and tanker wake. Secondly,

relying on a permanent magnet synchronous motor and high-precision position sensors, a new

active control strategy for the HWP on the basis of the relative position between the tanker and

the receiver is proposed. Considering the strict-feedback configuration of the permanent magnet

synchronous motor, a rotor position control law based on the backstepping method is designed

to insure global stability. An integral of the rotor position error and an exponential sliding mode

reaching law of the current errors are applied to enhance control accuracy and robustness. Finally,

the simulation results show the effectiveness of the proposed model and control laws.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.

Open access under CC BY-NC-ND license.
1. Introduction

Autonomous aerial refueling (AAR) has received substantial
attention from countries of the world spurred by a rapid inte-
gration of unmanned aerial vehicles (UAVs) into modern

military missions.1 Hose-drogue aerial refueling systems
(HDARSs) are the most universal refueling equipment, and
some outstanding progress has been made to automate the
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refueling process using vision-based control and navigation
techniques recently.2,3 Consequently, automation of hose-
drogue-based refueling methods will have greater development

potential in military and economic aspects.
It is also important to note that not all achievements of

AAR are the result of improvement of UAV control and nav-

igation, but the result of effective hose rewind control. As
reported, if the reel is disabled during coupling, it is impossible
for a receiver to couple without experiencing the so-called hose

whipping phenomenon (HWP).4 During coupling, the current
pod is equipped with a tensator (spring-loaded take-up
device)5 to retract any slack in the hose as the probe pushes
the drogue forward. If the tensator malfunctions or is

subjected to an excessive closure speed during coupling, slack
in the hose can form. When excessive slack occurs, the internal
hose tension will rapidly decrease, and then the hose will

violently whip due to aerodynamic forces. This phenomenon
generates high loads on the hose and the probe, even damages
them.5 The HWP has been a serious constraint to AAR’s suc-

cess rates and security. Unfortunately, only a limited number
of research on dynamic characteristics and control methods
of the HWP can be found.

In order to further research dynamic characteristics of the
HWP, many scholars and research institutions have conducted
a lot of experiments and modeling analysis. NASA Dryden
Flight Research Center6,7 obtained abundant aerodynamic

data specifically required in hose-drogue dynamic modeling
by wind tunnel and flight tests. The Boeing Company4,5 inves-
tigated dynamic characteristics of the KC-10 HWP by numer-

ical simulation. Zhu and Meguid8,9 proposed a new curved
beam finite element formulation based on mechanics of mate-
rials to depict the dynamics of the hose-drogue assembly. Ro

et al. tested the aerodynamic characteristics of the drogue by
wind tunnel and computational fluid dynamics,10 moreover
gave a link-connected dynamic model of the hose-drogue

assembly.11,12 Although the models as mentioned above can
reflect dynamics of the hose-drogue assembly, they cannot
support exploiting HWP suppression methods due to the
limitation of a constant hose length.

To keep the hose tension stable and suppress the HWP,
every pod is equipped with a tensator at present. However, a
hose-drogue system suffered a 2.5% failure rate when the hose

slackened and lost the stability.8 The Boeing Company4 con-
firmed that the reel take-up speed lagging behind the closure
speed was responsible for the failure by numerical simulation.

Ro et al.13 tried to improve the control law of the tensator
ignoring the difficulty of mechanism rebuilding. Recently, the
integration of a permanent magnet synchronous motor
(PMSM) and high-precision position sensors into the refueling

pod provides another chance for high-performance suppres-
sion methods for the HWP. Alden and Vennero14 invented a
new refueling pod with a reel driven by a PMSM. Liu and

Sun15 achieved position tracking for nominal model-based
through sliding mode control with backstepping. Yang et al.16

proposed an integral sliding mode backstepping speed control

for high-altitude electric propulsion systems. Zhang et al.17

designed a PMSM nonlinear speed control method using
sliding-mode control and disturbance compensation tech-

niques. Bartov18 achieved relative position communion by three
position sensors installed in the tanker, receiver, and drogue,
respectively.
In this paper, a link-connected dynamic model of the
hose-drogue assembly with a variable length is built. Then
reeling in/out of the hose is converted into a PMSM’s rotor

angular position control, and a nonlinear controller based on
backstepping with integral and sliding mode action for the
HWP is derived. Finally, characteristics of the HWP are ana-

lyzed,while themodel and the controller are validatedbynumer-
ical simulation.

2. Dynamic modeling of an HDARS

2.1. Equation of motion of the hose-drogue assembly

2.1.1. Modeling assumptions and definition of coordinate

systems

The reel, hose, and drogue are the key parts of an HDARS for
suppressing the HWP, transferring fuel, and assisting hookup.
The PMSM drives the reel to deploy and retrieve the hose

through a reducer.
Based on the lumped parameter method, the variable-

length hose-drogue assembly is discretized as a link-connected

system, where the hose consists of a finite number of variable-
length links connected with frictionless joints. The masses and
forces associated with each link are concentrated at the joints.

The drogue is treated as a mass point at the end of the
hose.11,12 The twist around the hose central axis and the
property of elasticity and damping of the hose are neglected
here. The configuration, modeling assumptions, and definition

of coordinates of the HDARS are illustrated in Fig. 1.
As shown in Fig. 1, OgXgYgZg represents an inertial

reference coordinate system. The equation of motion of the

hose-drogue assembly is deduced in the towing point coordi-
nate system OWXWYWZW. The axes of OWXWYWZW are
parallel to the trajectory coordinate of the tanker OTXTYTZT.

The orientations of the Kth link are described relative to
OWXWYWZW using the angles hK1 and hK2 respectively relative
to the planes OWXWYW and OWXWZW.

2.1.2. Kinematics analysis

As shown in Fig. 1, the position vector rK of joint K relative to
OWXWYWZW is expressed as

rK ¼ rK�1 þ pK ð1Þ
where pK is the position vector from joint K � 1 to joint K. The
coordinates of pK in OWXWYWZW can be written as

pK ¼ �lK½C1C2 S2 �S1C2 �T ð2Þ
where Ci = cos hKi and Si = sin hKi (i = 1, 2); lK is the length
of the Kth link. To describe the hose reeling in/out, lK is

regarded as a variable.
The velocity vK and acceleration aK of the Kth joint can be

found by differentiating Eq. (1):

vK ¼ vK�1 þ _pK

aK ¼ aK�1 þ €pK

�
ð3Þ

Considering the transport motion as the plane motion of
OWXWYWZW relative to OgXgYgZg, namely the attitude
variation of the tanker, the first and second derivatives of

pK by differentiating Eq. (3) can be expressed as

_pK ¼
X2
i¼1
ðpK;hKi _hKiÞ þ pK;lK

_lK þ ðxW � pKÞ ð4Þ



Fig. 1 Configuration, modeling assumptions, and definition of coordinate systems.
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€pK ¼
X2
i¼1
ðpK;hKi€hKi þ _pK;hKi

_hKiÞ þ pK;lK
€lK

þ _pK;lK
_lK þ ðaW � pKÞ þ ðxW � _pKÞ

ð5Þ

where pK;hKi ¼ @pK=@hKi and pK;lK ¼ @pK=@lK. xW, aW,
xW · pK, aW · pK, and xW � _pK represent the angular velocity,
angular acceleration, velocity, acceleration, and Coriolis

acceleration of OWXWYWZW’s transport motion relative to
OgXgYgZg. Because the mass of each link is low and varies
slowly, complementary acceleration resulting from mass

variation of the hose is neglected in Eq. (5).
Noting pK;hK1 � pK;hK2 ¼ 0 and taking the scalar product of

Eq. (5) with pK;hKi , the second-order derivative of the angles
for any link can be written as

€hKi ¼ pK;hKi �
�
aK � aK�1 �

X2
j¼1
ð _pK;hKj _hKjÞ � pK;lK

€lK

� _pK;lK
_lK � ðaW � pKÞ � ðxW � _pKÞ

��
ðpK;hKi � pK;hKiÞ

ð6Þ

Since pK;hK1 � pK;hK1 ¼ l2KC
2
2 and pK;hK2 � pK;hK2 ¼ l2K, the

denominator in Eq. (6) will be 0 from a mathematical perspec-

tive, when hK2 =±p/2 or lK = 0. However, hK2 never reaches
±p/2 in a normal refueling flight due to the aerodynamic
damping effect and lK can be avoided to approach 0 artificially

in modeling. Therefore, the denominator in Eq. (6) will not be
0 in modeling. Eq. (6) is the equation of motion of the Kth link,
which can be used recursively to describe the motions of all

links under a prescribed attitude variation of the tanker.
2.1.3. Dynamic analysis

According to Newton’s second law, the acceleration aK of joint

K is expressed as

aK ¼ ðQK þ tK � tKþ1Þ=mK ð7Þ

wheremK is the mass of theKth link andmK = lKl, in which l is

the mass per unit length; tK is the tension vector of the Kth link;
QK is the resultant force vector acting on jointK, which includes
gravity and aerodynamic loads accounting for the effects of
steady wind, tanker wake, and atmospheric turbulence.
tK is an internal force and cannot be obtained directly.
According to the definition, pK meets the following geometrical
constraints:

pK � pK ¼ l2K ð8Þ

Considering that all the links have variable lengths, differenti-

ate Eq. (8) twice to get the equation as follows:

_pK � _pK þ pK � €pK ¼ _l2K þ lK€lK ð9Þ

Substituting pK = �lKnK, _pK ¼ � _lKnK � lK _nK, and Eq. (3)

into Eq. (9) gives the accelerations of adjacent joints as follows:

ðaK � aK�1Þ � nK ¼ lK _nK � _nK � €lK ð10Þ

where nK ¼ ½C1C2 S2 �S1C2 �T.
Substituting Eq. (7) into Eq. (10) gives a set of linear

algebraic equations for the link tensions

nK � nK�1
mK�1

tK�1 �
1

mK�1
þ 1

mK

� �
tK þ

nK � nKþ1
mK

tKþ1

¼ €lK � lK _nK � _nK �
QK�1
mK�1

�QK

mK

� �
� nK

ð11Þ

where tK = ktKk.
If the hose consists of N links and all the links have a uni-

form length, namely l1 = l2 = � � �= lN = lc and m1 = m2 =
� � �= mN = mc, Eq. (11) can be simplified as

ðnK � nK�1ÞtK�1 � 2tK þ ðnK � nKþ1ÞtKþ1 ¼
mcð€lc � lc _nK � _nKÞ � ðQK�1 �QKÞ � nK

ð12Þ

Eq. (12) is recursively written in the matrix form AÆt= q as
follows:

�1 n1 � n2 0 � � � 0

n2 � n1 �2 n2 � n3 . .
. ..

.

0 . .
. . .

. . .
.

0

..

. . .
.

nN�1 � nN�2 �2 nN�1 � nN
0 � � � 0 nN � nN�1 �2

2
66666664

3
77777775

t1
t2
t3

..

.

tN

2
666664

3
777775

¼

mcð€lc � lc _n1 � _n1Þ � ða0mc � Q1Þ � n1
mcð€lc � lc _n2 � _n2Þ � ðQ1 � Q2Þ � n2

..

.

mcð€lc � lc _nN � _nNÞ � ðQN�1 � QNÞ � nN

2
6664

3
7775

ð13Þ
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where a0 is the acceleration of the refueling pod relative to

OgXgYgZg. The impact of the tanker motion on the dynamics
of the hose is fully reflected through a0, aW, and xW in Eq. (6).
Evidently, Eq. (13) always has a unique solution t= A�1q.

2.1.4. External forces analysis

The resultant external force QK acting on joint K including the
gravity mKg and the aerodynamic forces DK can be written as

QK ¼ mKgþ ðDK�1 þDKÞ=2 ð14Þ

where DK can be computed as4

DK ¼ � 1

2
qðVK=air � nKÞ2pdKlKct;K

� �
nK

þ � 1

2
qkVK=air � ðVK=air � nKÞnKkdKlKcn;K

� �
� VK=air � ðVK=air � nKÞnK
� 	

ð15Þ

where VK/air = vK � uK, in which uK is the local air velocity

including steady wind, tanker wake, and turbulence at joint
K; q1 is the air density. dK is the diameter of the hose; ct,K is
the skin friction coefficient. cn,K is the drag coefficient.

The resultant external force QN of the drogue can be writ-

ten as11,12

QN ¼ ðmN þmdrogueÞgþDN=2þDdrogue ð16Þ

where mdrogue is the mass of the drogue. DN is the drag of the
Nth link. The drag of the drogue Ddrogue can be computed as

Ddrogue ¼ �
1

2
q1kVN=airk

pd2drogue
4

 !
cdrogueVN=air ð17Þ

where ddrogue is the diameter of the drogue and cdrogue is the

drag coefficient.

2.2. Modeling of PMSM, reducer, and reel

Assuming the reel is driven by the PMSM through a reducer to

reel in/out of the hose and there are no magnetic saturation,
hysteresis, eddy current loss, and friction of the reducer, exclud-
ing sinusoidal magnetic field distribution, the mathematical

model of the PMSM can be described in the d � q coordinate
system as follows:16

d#
dt
¼ x

dx
dt
¼ 3Pwf

2J
iq �

B

J
x� TL

J
diq
dt
¼ � R

Ls

iq � Pxid �
Pwf

Ls

xþ 1

Ls

uq

did
dt
¼ � R

Ls

id þ Pxiq þ
1

Ls

ud

8>>>>>>>>>><
>>>>>>>>>>:

ð18Þ

where x is the rotor angular velocity, # is the rotor angular

position, R is the stator resistance, Ls is the stator inductance,
P is the number of pole pairs, wf is the stator flux linkage, J is
the moment of inertia, B is the viscous friction coefficient, and
TL is the load torque. id, iq, ud, and uq are d, q axis currents and

voltages, respectively.
According to the kinematics, the length L, speed _L, acceler-

ation €L of the hose can be expressed as functions of the

PMSM’s rotor angular position # as follows:
L ¼ #r=i
_L ¼ _#r=i

€L ¼ €#r=i

8><
>: ð19Þ

where r is the radius of the reel and i is the reduction ratio of
the reducer.

Length control of the hose can be converted into rotor

angular position control of the PMSM through Eq. (19). Then
keeping the hose tension stable and suppressing the HWP can
be achieved by the PMSM.

3. HWP suppression based on PMSM integral sliding mode

backstepping position control

3.1. Limitations of tensator for HWP

The hose tension Treel generated by the reel driven by the ten-
sator can be formulated as4

Treel ¼ Tstatic½1� ðL0 � LÞ=L1� ð20Þ

where Tstatic is the hose tension at the exit of the pod before

coupling; L0, L, and L1 are the initial length, the full hose
length, and the controllable hose length by the tensator,
respectively.

The acceleration of the hose reeling in/out can be expressed

as

€L ¼ ðTreel � ThoseÞ=M ð21Þ

where Those is the hose tension at the exit of the pod and
Those = t1; M is the mass of the reel plus any hose that has
been wrapped around the reel.

From Eqs. (20), (21), the tensator is a passive control for
the HWP based on the spring. Once excessive slack occurs,
the redundant length of the hose can exceed the control range

due to the limited value of L1, and the tensator will lose its
desired function. The speed of hose reeling in/out cannot
match the closure speed of the receiver. Because €L becomes

lower as the hose is reeled in, the time-lag effect of control will
be more obvious.

3.2. PMSM integral sliding mode backstepping position control
for HWP

The most effective way to suppress the HWP is to stabilize the
hose tension by real-time active hose reeling in/out on the basis

of the relative position between the tanker and the receiver.
Through Eq. (19), hose reeling in/out can be converted to
PMSM rotor angular position control.

Considering the strict-feedback structure19 of the PMSM,
the backstepping approach is adopted to ensure global stabil-
ity. In the process of backstepping, an integral factor of the

rotor angular position error is applied to improve position
tracking precision; the exponential reaching law is used to con-
struct the sliding mode surface equations of the d/q axis cur-

rent error to ensure convergence speed and robustness.
The proposed control system is designed to achieve the

angular position-tracking objective as follows:

lim
t!1
ð#� #�Þ ¼ 0 ð22Þ



Fig. 2 Vertical slice of tanker wake 10 m behind tanker.

Fig. 3 Steady-state drogue drag and flight-test data from

NASA.6

Fig. 4 Steady-state maximum hose tension and research results

from Refs.11,12

Fig. 5 Two types of relative coupling profile.

Fig. 6 Hose geometry (22.86 m) history along two types of

relative coupling profile.
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where #* is the reference angular position.
To maximize the output torque, the space vector modula-

tion (SVM) method is commonly used for a PMSM. The

simplest and most efficient way in the SVM is15

i�d ¼ 0 ð23Þ
where i�d is the reference d axis current.
Under this condition, the electric torque of the PMSM can

be expressed as17

Te ¼ 3pwfiq=2 ð24Þ

Define tracking errors of each subsystem of the PMSM as
follows:
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e1 ¼ #� #�

e2 ¼ x� x�

e3 ¼ iq � i�q

e4 ¼ id � i�d

8>>><
>>>:

ð25Þ

where #*, x*, i�q, and i�d are the corresponding reference com-
mands for each subsystem.

The proposed control system is designed step by step as
follows.

Step 1 For the subsystem of e1, the Lyapunov function

about e1 is chosen as

V1 ¼
1

2
kz21 þ

1

2
e21 ð26Þ

where k> 0, and z1 is the integral of e1, i.e.

z1 ¼
Z t

0

e1ðtÞdt ð27Þ

By integrating this integral action into the Lyapunov func-

tion, the convergence of e1 to zero can be ensured despite the
presence of the disturbance.

The derivative of Eq. (26) is

_V1 ¼ kz1e1 þ e1ðx� _#�Þ ð28Þ
Fig. 7 Drags and tensions of hose along
To keep Eq. (28) nonpositive definite, the virtual control
command of x is chosen as

x� ¼ _#� � kz1 � k1e1 ð29Þ
where k1 > 0.

Using Eqs. (28) and (29), the derivative of V1 can be derived

as

_V1 ¼ �k1e21 6 0 ð30Þ
Step 2 For the subsystem of e2, the Lyapunov function of

e2 is chosen as

V2 ¼ V1 þ
1

2
e22 ð31Þ

The derivative of e2 is

_e2 ¼
3Pwf

2J
iq þ k1 �

B

J

� �
x� TL

J
þ ke1 � k1 _#� � €#� ð32Þ

Substituting Eqs. (30) and (32) into Eq. (31), the derivative

of V2 can be derived as

_V2 ¼ �k1e21

þ e2
3Pwf

2J
iq þ k1 �

B

J

� �
x� TL

J
þ ke1 � k1 _#� � €#�

� �
ð33Þ
two types of relative coupling profile.



Fig. 8 External forces on probe along two types of relative

coupling profile.
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To keep Eq. (33) nonpositive definite, the virtual control
command of iq is chosen as

i�q ¼ �
2

3Pwf

ðk1J� BÞxþ kJe1 þ k2Je2 � k1J _#� � J €#� � TL

� 	
ð34Þ

where k2 > 0.
Using Eqs. (33) and (34) gives

_V2 ¼ �k1e21 � k2e
2
2 6 0 ð35Þ

Considering mechanical inertia, the transfer function from
the hose tension to TL in Eq. (34) can be written as

TL ¼
r

i
� 1

sþ 1
t1 ð36Þ

Step 3 The stator currents response much more quickly

than the rotor angular velocity x. To ensure convergence
speed and robustness with disturbance resulted from the load
torque TL and parameters, the exponential reaching law is

used to construct the sliding mode surface equation of the q
axis current error:

_s1 ¼ �a1s1 � q1sgnðs1Þ ð37Þ

where s1 = c1e3, c1 > 0, a1 > 0, q1 > 0, and sgn(*) is a sym-

bolic function.
Using Eqs. (18), (25), (34), and (37), the real q axis voltage

input is expressed as

uq ¼ Riq þ PLsxid þ Pwfxþ Ls

�a1s1 � q1sgnðs1Þ
c1

�

� 2J

3Pwf

k1 þ k2 �
B

J

� �
3Pwf

2J
iq

�
þ B2

J2
� k1

B

J

�

�k2

B

J
þ k1k2 þ k

�
xþ kk2e1 � ðkþ k1k2Þ _#�

�ðk1 þ k2Þ €#� � #
v� � k1 þ k2 �

B

J

� �
TL

J
�

_TL

J

�
 ð38Þ

Similarly, the sliding mode surface equation of the d axis
current error is designed using the exponential reaching law as
Fig. 9 Hose geometry (14.33 m) history adopting coupling

Profile 1.
_s2 ¼ �a2s2 � q2sgnðs2Þ ð39Þ

where s2 = c2e4, c2 > 0, a2 > 0, and q2 > 0.

Using Eqs. (18), (23), (25), and (39), the real d axis voltage
input is expressed as

ud ¼ Rid � PLsxiq þ Ls½�a2s2 � q2sgnðs2Þ�=c2 ð40Þ

The reference angular position command #* can be trans-
formed into the relative position between the probe and the
pod by Eq. (19) as

#� ¼ iL=r ð41Þ

where L is a function of the relative distance between the probe
and the pod, and

L ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx2 þ Dy2 þ Dz2

p
� L0 ð42Þ

where g = L0/LH (LH, see Fig. 1), which reflects the degree of
hose slack. Dx, Dy, and Dz are three spatial components of the
relative distance between the probe and the pod, respectively,

which can be accurately measured by three position sensors
respectively installed on the tanker, receiver, and drogue.18

Consequently, _#�; €#�, and #
v� in Eqs. (34) and (38) can be

derived by differentiating the relative distance between the
probe and the pod through Eqs. (41), (42). Through this con-
version, #*, _#�, €#�, and #

v� can satisfy continuous, bounded,
and available19 online. The control laws can completely match

the coupling profile by the receiver, because #*, _#�; €#�, and #
v�

imply all the information about the coupling profile.

To eliminate the chattering phenomenon of sliding mode

control, the symbolic function is substituted by the nonlinear

function as follows:20

si=ðjsij þ riÞ ð43Þ

where ri is a little positive constant.

3.3. Global stability of control system

Using the control laws of Eqs. (38) and (40), the global asymp-
totical stability can be guaranteed for the PMSM like Eq. (18).



Fig. 10 Drags and tensions of hose adopting coupling Profile 1.

Fig. 11 External forces on probe adopting coupling Profile 1.

Fig. 12 Hose geometry history controlled by tensator.
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Proof The global Lyapunov function is chosen as
V ¼ V2 þ
1

2
s21 þ

1

2
s22 ð44Þ

Using Eqs. (29), (34), (38), and (40), as well as differentiating
Eq. (44), the derivative of V can be derived as

_V ¼ �k1e21 � k2e
2
2 � a1s

2
1 � a2s

2
2 � q1s1sgnðs1Þ � q2s2sgnðs2Þ

¼ �k1e21 � k2e
2
2 � a1s

2
1 � q1js1j � a2s

2
2 � q2js2j 6 0

ð45Þ

Eq. (45) is nonpositive definite, namely the global asymptotical
stability of the proposed control system is ensured.



Fig. 13 Length and speed history of hose reeling controlled by

tensator.

Fig. 15 External forces on probe controlled by tensator.
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4. Simulation results

The value of the total number N of the hose model should be
determined on the basis of accuracy of modeling, complexity
of computation, and length of the hose. N is set equal to 24

here, and other parameters used in simulation are set as
follows.

(1) Standard atmosphere plus Dryden wind turbulence is

adopted in simulation, and flight altitude and air speed
are set equal to 7620 m and 550 km/h, respectively.
Fig. 14 Drags and tensions of
(2) Parameters of the hose-drogue assembly11,12:
l = 4.11 kg/m, dk = 0.067 m, ct,k = 0.001, cn,k = 0.28,
mdrogue = 29.5 kg, ddrogue = 0.61 m, and

cdrogue = 0.831.
hose controlled by tensator.



Fig. 16 Hose geometry history controlled by control laws

proposed.

Fig. 18 External forces on probe controlled by control laws

proposed.
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(3) Parameters of the PMSM, reducer, and reel:15

R= 1.65 X, Ls = 0.0092 H, P = 4, wf = 0.175 Wb,
J= 0.001 kgÆm2, B = 4.831 · 10�5 NÆmÆs, i = 10, r
= 0.06 m, and L1 = 6.5 m.

(4) Parameters of integral sliding mode backstepping con-

trol laws: k = 1, k1 = k2 = 50, c1 = c2 = 0.1,
a1 = a2 = 5, q1 = q2 = 8.5, and ri = 0.1.

With a 39.88 m wing span and a 2.85 m distance between
the HDARS and the top of the right wing, the tanker wake
is modeled using a Helmholtz horseshoe-vortex model.21 A

vertical slice of the wake 10 m behind the tanker is illustrated
in Fig. 2.

4.1. Accuracy of model

Accuracy of the proposed model can be validated directly by
steady-state drogue drag and hose tension. Compared with
Fig. 17 Drags and tensions of hose co
previously reported flight-test data from NASA6 and research
results from Refs.,11,12 the steady-state drogue drag and max-
imum hose tension are illustrated in Figs. 3 and 4, respectively.
ntrolled by control laws proposed.



Fig. 19 Length and speed histories of hose reeling controlled by

control laws proposed.
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As seen in Fig. 3, all the curves of the drogue drag tend to
lie below the NASA flight test data,6 since cdrogue, which is
selected herein as the same as Ro, et al.11,12 did, may be a little

smaller than its real value. Besides, the difference between the
standard atmosphere in modeling and the real atmosphere
condition in the NASA flight test6 may be another reason of

the little discrepancy. Figs. 3 and 4 still show good correlations
of the model’s steady-state characteristics at various altitudes
with previously published data from NASA6 and Refs.11, 12

4.2. HWP

To analyze critical influence factors on the HWP, assuming

that the reel does not work, the HWP is aroused at various
closure speeds and hose lengths by simulation.

4.2.1. HWP at various closure speeds

The hose length is set equal to 22.86 m. Assume that the probe
initially contacts the drogue at 80 s, completes hookup with the
drogue after 0.25 s, and then pushes the drogue forward along
two types of relative coupling profile4,11 as illustrated in Fig. 5.

Fig. 6 shows the time-history of the hose geometry along
two types of relative coupling profile. The HWP is not obvious
due to the low degree of the hose slack caused by the shorter

distance traveled by the probe along Profile 2, but Profile 1
is exactly opposite of a bond.

Fig. 7 shows the aerodynamic drags and tensions of the 1st,

13th, and 24th segment hose, and Fig. 8 shows the external
forces on the probe.

From Figs. 7 and 8, when the aerodynamic drag on the dro-

gue is completely absorbed by the probe during the interval of
hookup, there occurs a rapid drop of the hose tension. It is
caused by the axial tension’s instant transmission property
resulted from neglecting the hose’s elasticity and damping in

modeling. Aerodynamic drags lag behind the tension. As the
probe pushes the drogue forward, the hose slack around the
drogue increases rapidly. At this moment, the hose starts to

whip violently compelled by aerodynamic forces due to the
low level of the tension. After that, the whipping goes more vio-
lent and travels toward the pod gradually owing to alternate

influences of the tension and the drag. As a result, the hose ten-
sion around the drogue continues to increase out of control. In
the process of the HWP, the tension may vanish, and even turn
to be negative as the hose slacks somewhere along the hose, but

the singularity problem does not occur at all.
In this process, external forces acting on the probe also

increase rapidly with a serious non-axial oscillation. This oscil-

lation generates high loads which can break the hose and the
probe, and even causes catastrophic accidents. The HWP will
worsen owing to the interference caused by tanker wake and

atmospheric turbulence.

4.2.2. HWP at various hose lengths

The hose length is set equal to 14.33 m. Assume that the probe

completes coupling as mentioned above along Profile 1 as illus-
trated in Fig. 5.

During coupling, the time-history of the hose geometry is

shown in Fig. 9, the aerodynamic drags and tensions of the
1st, 13th, and 24th segment hose are shown in Fig. 10, and
the external forces on the probe are shown in Fig. 11.
Comparing Fig. 6(b), Fig. 9–11, making a uniform coupling
along Profile 1, when the hose length is 14.33 m which is much
shorter than 22.86 m, the weight of the hose out of the pod is

lighter and the hose lies closer to the core of the tanker wake as
shown in Fig. 2. Under this condition, the degree of hose slack
induced by coupling is much higher, and the HWP goes more

violent. The extent of the whipping, the tension at the end of
the hose, and the external forces acting on the probe increase
sharply out of control in just 5 s. The hose thereby loses

stability and quickly turns into a chaotic state of motion.
To sum up, the longer distance the probe moves forward

and the shorter the hose length is, the more violent the HWP
goes. For this situation, it is significant to develop a quick

and efficient HWP suppression strategy for AAR’s success
rates and security.

It is important to note that the extent of the HWP in sim-

ulation may be slightly higher than that in reality due to the
neglect of hose’s elasticity and damping in modeling.

4.3. PMSM integral sliding mode backstepping position control
for HWP

The initial hose length is set equal to 14.33 m and the coupling

Profile 1 is chosen, where the HWP is more violent. Assume
that the coupling process is set as the same as in Section 4.2.2,
and then PMSM integral sliding mode backstepping position
control for the HWP is analyzed as follows.

4.3.1. Results of tensator control

When the reel is driven by the tensator, the time-history of the

hose geometry is shown in Fig. 12, the length and speed history
of the hose motion driven by the reel are shown in Fig. 13, the
aerodynamic drags and tensions of the 1st, 13th, and 24th seg-
ment hose are shown in Fig. 14, and the external forces on the

probe are shown in Fig. 15.
As shown in Figs. 12–15, although the tensator can respond

rapidly and retract the hose as the drogue is pushed forward by

the probe, the inherent property of simple harmonic vibration
is aroused by coupling operation and the wake. This property



Fig. 20 PMSM state variables of each subsystem controlled by control laws proposed.
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compels the hose to whip persistently. As shown in Fig. 12, the
hose always whips around the equilibrium position, and the
amplitude decreases slowly. As shown in Fig. 13, the length
and speed of hose reeling also oscillate persistently. Until

t = 164 s, the control precision of the hose length goes into
a 2% error band. The aerodynamic drags and tensions of
the hose also enter a similar state. This violent simple

harmonic vibration may cause AAR to fail.
To sum up, interferences caused by excess closure speed by

the receiver, tanker wake, and atmospheric turbulence are

external reasons why the tensator does not work well for the
HWP. In fact, the inherent structure limitation as analyzed
above is the root cause.

4.3.2. HWP suppression through PMSM integral sliding mode

backstepping position control

Assume that the proposed control laws come to work immedi-
ately after completing hookup. Then the time-history of the

hose geometry is shown in Fig. 16, the aerodynamic drags
and tensions of the 1st, 13th, and 24th segment hose are shown
in Fig. 17, the external forces on the probe are shown in
Fig. 18, the length and speed histories of the hose reeling



Fig. 21 Real d and q axes voltage inputs controlled by control

laws proposed.

Fig. 22 Hose geometry history with control information defi-

ciency and external disturbance.

Fig. 23 Drags and tensions of hose with control i
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driven by the reel are shown in Fig. 19, PMSM state variables
of each subsystem are shown in Fig. 20, and the real d and q
axis voltage inputs are shown in Fig. 21. The sign (�) denotes
the moment when the control laws start to work in the figures.

From Fig. 16, as the probe travels forward, the control laws
can retract the hose rapidly and precisely, and keep the cate-

nary shape of the hose steady. The hose slack is maintained
at the level just before coupling, and the HWP does not occur
at all. Slight hose whipping around the equilibrium position is

an unavoidable result of tanker wake and aerodynamic drags.
From Figs. 17 and 18, during the coupling interval from

80 s to 80.25 s, since there exists the hose tension’s instant
transmission property as mentioned above, a sharp drop of

the hose tension and a momentary increase of the axial force
on the probe happen after the aerodynamic drags on the
drogue is totally absorbed. Then excessive slack of the hose

occurs. From Fig. 19, a large initial length and speed tracking
error is also generated by the neglect of the hose’s elasticity
and damping. At t = 80.25 s, the control laws start to retract

the hose. At 80.25–81.26 s, the hose is retracted from 14.33 m
to 12.79 m. Since the control laws completely match Profile 1,
the hose tension recovers rapidly and becomes stable. After

that, as the relative distance between the receiver and the tan-
ker does not change any more, the hose length is also main-
tained to be a constant, and the aerodynamic drags and
tensions of the hose gradually become stable as well.

Since a certain extent of the hose slack has arisen from
‘‘catch’’ to ‘‘hookup’’ and the control laws do not work at that
time, then as shown in Fig. 20, each subsystem must treat a

large initial tracking error. In addition, the load torque TL is
disturbed strongly by the tension’s instant transmission prop-
erty especially under the condition of retracting operation, tan-

ker wake, and atmospheric turbulence. Despite adverse
impacts above, the d and q axis currents can track the virtual
nformation deficiency and external disturbance.
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commands rapidly and precisely benefitted from responsibility
and robustness of the sliding mode surface equations of the d/q
axis current error. iq takes only 0.4 s to overcome the initial

tracking error and track the virtual command completely.
The d axis current tracking error e4 is always kept within a
10�16 magnitude.

The excellent tracking performance of d and q axis currents
leads the PMSM to generate a desired electric torque ensuring
the dynamic performance of the whole system. As shown in

Fig. 20(i) and (j), at 80.25–81.26 s, as the electric torque Te

drives the PMSM to rotate accurately, the initial tracking
errors of x and h are overcome and virtual commands can
be tracked within only 0.4 s. After that, as the relative distance

between the receiver and the tanker does not change any more,
the hose is retracted to the desired length, the PMSM does not
rotate, the electric torque Te is completely used to counteract

the loads torque, and then all states tend to be stable. The
integral factor of the rotor angular tracking error eliminates
the static error efficiently, and enhances the performance of

hose control.
From Fig. 21, the proposed control laws can ensure the real

control inputs stable and bounded. Moreover the chattering

phenomenon of sliding mode control is eliminated efficiently.
Comparing the control method through the tensator,

PMSM integral sliding mode backstepping position control
for the HWP can guarantee the global stability efficiently,

and completely match a coupling profile. Consequently, the
HWP can be suppressed rapidly and efficiently, and security
for AAR can be ensured.

4.4. Robustness analysis

As known from Eqs. (19), (41), and (42), #*, _#�; €#�, and #
v�,

which include all the information of the coupling profile of
the receiver, must be measured indirectly through the relative
motion of the receiver. However, a higher-order derivative
Fig. 24 External forces on the probe with control information

deficiency and external disturbance.

brings more design difficulty, lower measurement precision,
and weaker anti-jamming capability. In addition, the receiver
Fig. 25 Length and speed histories of hose reeling with c
cannot exactly travel along the ideal coupling profile as shown
in Fig. 5 in a realistic coupling flight. Its attitude and position
could be disturbed by tanker wake and atmospheric turbu-

lence. Then assuming that the higher-order derivatives €#�

and #
v� cannot be obtained in any way, the position of the

probe in the vertical direction is disturbed by a sine distur-

bance such as 0.1 sin (pt/5) after t= 90 s, and other simulation
conditions are set as the same as in Section 4.3, the robustness

of the control laws is analyzed as follows.

The time-history of the hose geometry is shown in Fig. 22,
the aerodynamic drags and tensions of the 1st, 13th, and 24th
ontrol information deficiency and external disturbance.



Fig. 26 PMSM state variables of each subsystem with control information deficiency and external disturbance.
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segment hose are shown in Fig. 23, the external forces on the
probe are shown in Fig. 24, the length and speed histories of
the hose reeling driven by the reel are shown in Fig. 25, PMSM

state variables of each subsystem are shown in Fig. 26, and the
real d and q axis voltage inputs are shown in Fig. 27. The sign
‘‘�’’ has the same meaning as above.

As seen in Fig. 22, at 80–90 s, although €#� and #
v� cannot be

obtained in any way, the control laws can retract the hose
rapidly and precisely, and keep the catenary shape of the hose

steady as similarly as in Section 4.3.

After t = 90 s, the probe, just like a vibration source, com-

pels the drogue to travel up and down around the initial alti-

tude periodically. If without any control, the sine wave will
travel toward the pod under the influences of tanker wake
and atmospheric turbulence, and the wave-type HWP will
occur later. With the compensation provided by the control
laws, the catenary shape of the hose can always be kept steady.

The sine wave disturbance does not travel along the hose to
induce the HWP.

From Figs. 23–25, because €#� and #
v� cannot be measured,

the overshoot of length and speed tracking of the hose reeling
increases a little, but responsibility and precision are not
impacted. Consequently, even without full control informa-
tion, the proposed control laws can match the coupling profile
to wind or rewind the hose rapidly and precisely. The drags
and tensions of the hose as well as the external forces on the

probe change into a sine tracking state around the correspond-
ing equilibrium point to compensate the sine wave position



Fig. 27 Real d and q axes voltage inputs with control information deficiency and external disturbance.
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disturbance from the probe. Ultimately the HWP is efficiently
suppressed by the control laws with the control information

loss and the position disturbance.
From Figs. 26 and 27, the overshoot of state variables

tracking in each subsystem increases a little without the infor-

mation about €#� and #
v�, but tracking responsibility and preci-

sion are not impacted. The control laws can use the limited
command information sufficiently to urge state variables into

a dynamic tracking state and compensate the sine wave posi-

tion disturbance from the probe. With the control information
loss and the position disturbance, the proposed control laws

can still ensure the real control inputs stable and bounded
and eliminate the chattering phenomenon of sliding mode
efficiently.

Overall, when there exist control information deficiency

and external disturbance, the proposed control strategy can
compensate adverse impacts efficiently, guarantee global sta-
bility of the whole system, and have a strong robustness to

suppress the HWP.

5. Conclusions

(1) The dynamic model of the hose-drogue assembly with a
variable length in this paper can reflect dynamics of the
hose-drogue assembly and support the exploitation of
HWP suppression methods. It can be used as an all-pur-

pose model of variable-length hose-drogue assembly in
AAR research.

(2) Relying on a permanent magnet synchronous motor and

high-precision position sensors, a new control strategy
of suppressing the HWP on the basis of the relative posi-
tion between the tanker and the receiver is proposed,

which overcomes the imperfection of the tensator.
(3) Considering the strict-feedback configuration of the

PMSM, a rotor position control law based on the back-
stepping method is designed with an integral of the rotor
position error and an exponential sliding mode reaching
law of the current errors. Global stability, accuracy, and
robustness can be guaranteed in theory.

(4) The robustness against control information deficiency
can greatly relax the requirement on the number of sen-
sors and simplify the control system realization. It is still
important to note that measurement precision of relative

position and speed sensors installed in the tanker, recei-
ver, and drogue must be ensured to avoid performance
degradation.

(5) Compared with the reality, there still exists a certain
extent of discrepancy in modeling and controller design
to research in future, for example, a momentary compres-

sive load during the interval of hookup caused by the
neglect of the hose’s elasticity and damping, and the
impacts of backlash and friction in the PMSM on

the performance of the proposed controller.
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