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Probe-and-drogue aerial refueling has been widely adopted be-
cause of its flexibility, but the drogue is susceptible to wind distur-
bances, especially the receiver forebody bow wave disturbance and the
excessive contact on the drogue. The docking process must be accurate,
and a submeter error may result in failure. Thus, it is important for
the docking task to understand the dynamics of the drogue under wind
disturbances and improve safety after excessive contact happens. In
this article, based on the previous work on drogue dynamic modeling,
an improved integrated model is proposed by adding the hose-drum
unit to describe the behavior of the drogue under wind disturbances
more accurately. For the convenience of docking controller design
of the receiver aircraft, the simplified drogue dynamic model with
the hose-drum unit is obtained through system identification. Finally,
to avoid the hose whipping phenomenon after excessive contact on
the drogue, a control method is proposed to monitor the state of the
hose and control the hose length to stabilize the drogue movement.
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Simulations and comparisons indicate that the motion of the drogue
generated by the proposed modeling method is in good agreement
with the real experimental results, and the proposed control method
can significantly reduce the effect of the hose whipping phenomenon
and improve the safety of probe-and-drogue aerial refueling systems.

I. INTRODUCTION

Autonomous aerial refueling (AAR) increases the en-
durance and range of unmanned aerial vehicles [1]–[3] by
refueling them in flight [4]. Probe-and-drogue refueling
(PDR) is widely adopted in AAR because of the simplicity
of the equipment and its flexibility. In a PDR system,
there is a hose payout and reel-in device, which is called
a hose-drum unit (HDU) [5] (also known as the reel take-up
system [6], [7]). It consists of a hose-drum motor and a
motor control unit and determines the motion of the upper
end of the hose [5]. It is an important device for suppressing
the hose whipping phenomenon (HWP), which can result
in severe damage to the probe or the drogue [8].

HWP is caused by excessive contact between the probe
and the drogue. The existing literature, such as [6] and [8],
focuses on how to design an HDU controller so as to main-
tain the tension of the hose and suppress HWP. In practice,
the drogue will remain relatively static if the hose–drogue
system is not affected by wind disturbances. In this situation,
“excessive contact” is hard to happen because tracking a
static target is a relatively easy and simple task. However,
due to wind disturbances, the drogue always moves, so
the receiver has to speed up to chase the drogue, which
may result in excessive contact and the HWP. In addition
to suppressing the HWP after the contact, this article tries
to reveal that the HDU can also be applied as a feed back
damper to reduce the frequency and amplitude of the drogue
position fluctuation under wind disturbances, which did not
attract enough attention in previous research. Fortunately,
basic models were established by the existing literature,
which can be employed to analyze the dynamics of the
drogue with the HDU controller. The hose–drogue dynamic
model is established, and the behavior of the drogue in the
docking stage is analyzed in [5]–[7], [9], and [10].

In the whole refueling process, the motion of the drogue
is influenced by many types of wind disturbances, such as
the aerodynamic effect of the tanker [11], atmospheric tur-
bulence [12], the bow wave effect [13], and so on. According
to the NASA flight test results [13], as shown in Fig. 1(a),
the drogue fluctuates with the amplitude of about 0.1–0.2 m
(mainly caused by atmospheric turbulence; the amplitude
depends on the weather condition) in a low frequency when
the receiver is far away. When the receiver comes close
to the drogue, the drogue is quickly pushed away by the
bow wave flow field with an offset of about 0.4 m [see the
dotted ellipse region in Fig. 1(a)], and this docking attempt
fails because the probe is too slow to chase the drogue.
As a result, in the docking stage, the bow wave of the
receiver is the most substantial one. Thus, the hose–drogue
model under the bow wave is simplified in [14] and [15],
which is called the drogue dynamic model. Moreover, the
motion of the drogue under the bow wave and its control
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Fig. 1. Vertical motion of the drogue in [14]. (a) Experiment.
(b) Simulation.

methods are studied in [16]–[18]. However, there are some
differences (the dotted ellipse regions in Fig. 1) between the
simulation results generated by the drogue dynamic model
[see Fig. 1(b)] and the results generated by the flight test
experiment [see Fig. 1(a)] [13]; the simulation results are
about 40% larger than the experimental results, especially
for the vertical position. One of the main reasons is that
the effects of the HDU were not considered by the drogue
dynamic model. Thus, the results of [14] have been im-
proved in this article by considering the effects of the HDU.
Meanwhile, the traditional HDU control methods mainly
feed back the hose tension to reduce the drogue fluctuation
and suppress the HWP to some extent, but it cannot avoid
the HWP essentially because it cannot detect the occurrence
of the HWP and its degree. Since the HWP is essentially
caused by the overslack of the hose due to excessive contact
on the drogue, this article proposes an anti-HWP control
method to monitor the state of the hose and control the hose
length to stabilize the drogue movement.

In summary, the main contributions of this article are as
follows.

1) A more precise modeling method for the hose-and-
drogue system is proposed based on the previous
study.

2) By considering the effects of the HDU controller, an
improved integrated model is proposed to describe
the behavior of the drogue under wind disturbances
more accurately, and a simplified drogue dynamic
model is obtained through system identification for
the convenience of docking controller design of the
receiver aircraft.

3) Improvements are proposed for traditional HDU con-
trollers for realizing a better performance to stabilize
the drogue position under disturbances before the
contact happens.

4) For excessive contact situations, an anti-HWP control
method is proposed to significantly reduce the effect
of the HWP and improve the safety of aerial refueling
systems.

The rest of this article is organized as follows. Section II
reviews the drogue dynamic model without the HDU con-
troller and analyzes its limitations. Section III describes
the models used in the simulation and demonstrates the
procedure of researching the effects of the HDU. Section IV
compares two types of controllers for the HDU, and the cor-
responding drogue dynamic models with HDU controllers

Fig. 2. Flexible hose–drogue dynamic model expressed by a series of
rigid links.

are obtained by following the procedure of the simulation,
as mentioned in Section III; their performances are also
compared in this section. The anti-HWP control method
is proposed and verified in Section V. Finally, Section VI
concludes this article.

II. DYNAMICS OF THE DROGUE WITHOUT THE HDU
CONTROLLER

A drogue dynamic model without an HDU is proposed
in [14]. In order to make this article self-contained, this
model is introduced briefly in this section. Then, the prob-
lem of this model is analyzed in the rest of this section.

A. Drogue Dynamic Model Without the HDU Controller

A flexible hose–drogue dynamic model is often ex-
pressed by a series of rigid links according to the
finite-element method, which is called the link-connected
model [19]. As shown in Fig. 2, the orientation of each
link Lj with the length l j is described by its orientation
angles α j ∈ R, β j ∈ R, j = 1, 2, . . ., N , where N ∈ Z

+ is
the number of rigid links. If a hose–drogue dynamic
model with a fixed-length hose (fixed-length hose–drogue
model for short) is considered, then each lumped mass
position pL j

∈ R
3 and velocity ṗL j

∈ R
3 are expressed by

α j, β j, α̇ j, β̇ j, and l j . Moreover, for a hose–drogue dy-
namic model with a variable-length hose (variable-length
hose–drogue model for short), pL j

and ṗL j
are expressed by

α j, β j, α̇ j, β̇ j, l j, and l̇ j .
All of these variables are measured in the tanker frame

(o − xyz). The origin of this frame o is set to the conjunctive
point between the tanker and the hose, and the frame axes
(x, y, z) are aligned with the wind frame forward-right-
down directions of the tanker; namely, the direction of
ox is identical with the velocity of the tanker. Under this
frame, a fixed-length hose–drogue model without the HDU
controller is established in [14]. Then, it is linearized when
h = 3000 m and vT = 120 m/s.

The simplified system is the drogue dynamic model
for the drogue offset position �pd � pd − pd (0), where
pd = [pdx, pdy, pdz]T ∈ R

3 is the position of the drogue.
The transfer function for the drogue dynamic is as shown
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Fig. 3. Motion of the drogue (a) without and (b) with the HDU
controller.

in the following equation [14]:

�pd (s) =

⎡
⎢⎣

Gxx(s) 0 Gzx(s)

0 Gyy(s) 0

Gzx(s) 0 Gzz(s)

⎤
⎥⎦ f b(s) (1)

where f b = [ fbx, fby, fbz]T ∈ R
3 is the disturbance force

input acting on the drogue. Moreover, under a fixed flight
condition (the height h and the airspeed vT of the refuel-
ing), if the hose–drogue device is not influenced by any
disturbance, the drogue will reach a steady position, which
is noted by pd (0). The detailed expressions for (1) can be
found in our previous work [14].

B. Limitations of the Drogue Dynamic Model Without
the HDU Controller

According to [14], vertical motions of the drogue in
the simulation and the experiment are somewhat differ-
ent, as shown in Fig. 1. An important reason causing this
phenomenon is that the gains of Gzx and Gzz are much
larger than that of Gxx and Gzx, respectively. It means
that both fbx and fbz influence pdz much more than pdx.
This phenomenon can be explained by an intuitive example
as follows. When the drogue reaches the steady position,
the hose is tight. The hose–drogue device is similar to a
pendulum in this situation [20], as shown in Fig. 3(a). Thus,
with a small range, the motion of the drogue is close to a
circular arc around the upper end of the hose, no matter
on which direction the force acts on it. Because the length
of the hose cannot be changed, the vertical motion and the
longitudinal motion of the drogue are coupled tightly, and
the corresponding drogue dynamic model cannot accurately
describe the behavior of the drogue in practice. On the other
hand, the HDU modifies the dynamics of the drogue by
changing the length of the hose, as shown in Fig. 3(b). Thus,
it is important to research the effects of the HDU acting on
the dynamics of the drogue.

III. HOSE–DROGUE MODEL WITH THE HDU
CONTROLLER UNDER THE BOW
WAVE EFFECT

According to the previous section, the fixed-length
hose–drogue model under the bow wave has been analyzed
in [14]. However, this model needs to be replaced by a
variable-length hose–drogue model and an HDU model to
obtain the dynamics of the drogue more accurately. Thus,
the bow wave model and these two models are introduced
first. Then, the procedure of the simulation is illustrated.

A. Three Models Used in the Simulation

1) Bow Wave Model: The bow wave is a complex
disturbance caused by the receiver forebody flow field.
Based on modeling and simulation methods [5]–[7], [21] of
the hose–drogue dynamics, Bhandari et al. [22] established
the bow wave effect model as a lookup table, and then, Wei
et al. [14], [15] modeled it as explicit equations. In order
to compare the results of this article with those of [14], the
bow wave model in [14] is employed.

2) Variable-Length Hose–Drogue Model: The
variable-length hose–drogue model is also based on
the link-connected model. There are two kinds of
variable-length hose–drogue model: 1) only the length
of the first link l1 is variable [5] and 2) the variation of
the hose is assigned equally to every link [8]. Since the
variation of the hose is not remarkable before the impact
happens, the former model is adopted for simulations
without considering the intense contact on the drogue to
reduce the computational cost. Refer to [5] for details.

3) HDU Model: The HDU system for hose payout and
reel-in is modeled as a drum (or reel) [5], [6]. The dynamical
motion of the drum can be described as

(Treel − Those) rreel = Ireelαreel (2)

where rreel is the drum radius of the reel system, Ireel is
the moment of inertia of the drum, and αreel is the angular
acceleration. The tension of L1 is Those because the tension
of the whole hose acts on it, and Treel is the tension of the
reel. Let l denote the total length of the hose, i.e.,

l =
N∑

i=1

li (3)

where N is the number of the links and li is the length of the
ith link. If the reel is modeled as a thin circular cylindrical
shell, then Ireel = mreelr2

reel, where mreel is the weight of the
reel. On the other hand, the angular acceleration αreel can
be expressed regarding the linear acceleration, which means
αreel = l̈/rreel. Thus, (2) becomes

l̈ = Treel − Those

mreel
. (4)

Note that, if only the first link has a variable length, then
there are l̈ = l̈1 and l̇ = l̇1; if all the links have a variable
length, then l̈/N = l̈i and l̇/N = l̇i.

The relation among the bow wave model, the variable-
length hose–drogue model, and the HDU model is shown
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Fig. 4. Relation between the models (a) without and (b) with the HDU controller.

Fig. 5. Simulation 1: The simulation used in system identification.

in Fig. 4(b), while the relation of the models used in [22] is
shown in Fig. 4(a).

B. Procedure for Researching the Effects of the HDU

The controller in the HDU can adjust the tension Treel in
(4) and, consequently, influences the dynamics of the drogue
through changing the length of the hose. How the controller
influences the dynamics of the drogue is the main issue in
the rest of this article. This issue is analyzed by two sim-
ulations: Simulation 1 is used in system identification, and
Simulation 2 is used to compare the effects of the drogue dy-
namic models with and without the HDU controller. These
simulations are organized by the following procedure, and
the procedure is realized in the next section.

First, Simulation 1 is established, which contains the
variable-length hose–drogue model and the HDU model.
The structure of the simulation is illustrated in Fig. 5, which
is the same as the models between f b and pd in Fig. 4(b).

Second, two types of controllers are set into the “Con-
troller” block, and step signals are employed to stimulate
the system in Simulation 1. The response data of the system
are used to analyze the effects of different controllers with
different parameters’ preliminary.

Third, based on Simulation 1, the system identification
method is employed to obtain the linearized models, which
are the drogue dynamic models with the HDU controller.
These models can express the dynamics of the drogue
with HDU controllers, which are controlled by different
controllers. The input of the system identification method
is the force acting on the drogue, which is equivalent to

Fig. 6. Simulation 2: The simulation used in the final comparison.
(a) Motion of the drogue generated by the drogue dynamic model
without the HDU controller. (b) Motion of the drogue generated

by the drogue dynamic model with the HDU controller.

the bow wave force f b, and the output is the position of
the drogue pd . The procedure of the system identification
method is the same as that in [14]. Through the linearized
models, different effects caused by different controllers are
further analyzed.

Finally, Simulation 2 is established. The structure of this
simulation is the same as that of the final simulation of [14],
as shown in Fig. 6(a). However, in this article, the drogue
dynamic model without the HDU controller is replaced
by the drogue dynamic models with HDU controllers, as
shown in Fig. 6(b). The simulation results of Simulation 2
are the motions of the drogue generated by the drogue
dynamic model with and without the HDU controller. They
are compared in the next section. It should be noted that,
unlike the complex nonlinear models used in Fig. 4, the
models of Fig. 6 are simple linearized models.

IV. CONTROLLERS OF THE HDU AND THE
CORRESPONDING DROGUE
DYNAMIC MODELS

In this section, two types of controllers are designed
for the HDU, and the corresponding drogue dynamic
models with HDU controllers are obtained. This section
is introduced by following the procedure introduced in
Section III-B.

A. Parameters of the Simulations

The parameters of Simulations 1 and 2 are the same
as those in [14]. However, the new parameters used in the
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TABLE I
Parameters of the Simulations

HDU model and the variable-length hose–drogue model are
listed in Table I. Here, the length of the first link is variable,
and the length of the rest hose is divided into the other
links, which are constant. The initial tension of the hose T0

means the hose tension without disturbance when the whole
hose is released. Then, Simulations 1 and 2 are established
according to Figs. 5 and 6.

B. Two Types of Controllers

Simulation 1 is employed in this section, and two types
of controllers are considered. First, one type of controller
for the HDU is proposed in [5] and [6] as

Treel(t ) = Those(0) ·
[

l1(t )

l1(0)

]k

, 0 < l1(t ) ≤ l1(0). (5)

Under this controller, the HDU responds by reeling in
the hose as the drogue is influenced by disturbances. The
parameter of the controller is set as k = {0.3, 0.5, 1, 3},
and the simulation results are shown in Fig. 7(a1)–(a4),
which illustrates the responses of Those(t ), l1(t ), and pd (t ),
respectively. For the convenience of observing the dynamic
response of the HDU controller, a step disturbance force f b
[from (0, 0, 0) to (75, 0, 0)] is injected into the hose–drogue
system at t = 100. In order to simulate the disturbance
intensity in a real condition, the amplitude of the step
disturbance is selected according to the average amplitude
of the bow wave effect obtained by computational fluid
dynamics (CFD) methods. The reason of using this input is
that at the beginning part of the docking stage, only fbx > 0,
while fby = fbz = 0. Moreover, in this part, the differences
(as shown in Fig. 1) between [14] and the experiment in [13]
begin to emerge, and a 40% modeling error is observed in
the vertical position.

According to Fig. 7(a1)–(a4), the transient processes
of the responses oscillate initially, although the tension
recovers its balance again at last. Thus, in order to improve
the transient processes, the damping is introduced to the
controller, and the new type of controller is

Treel(t ) = Those(0) ·
[

l1(t )

l1(0)

]k

+ kd l̇1(t ) (6)

where 0 < l1(t ) ≤ l1(0) and kd ∈ R + . The variable l̇1(t )
can be measured directly or through the rotational speed
of the reel indirectly, so the controller is realizable. By
employing controller (6), the simulation results are shown
in Fig. 7(b1)–(b4), when kd = 500. It is obvious that the
transient processes are much better than before.

Fig. 7. Responses under the two types of controllers (the output pdy is
omitted because its response is always 0 in this situation). (a1)–(a4)

Responses under controller (4). (b1)–(b4) Responses under controller (5).

Moreover, according to Fig. 7, the effects of the param-
eter k are summarized as follows.

1) The final tension is not influenced by k remarkably,
as shown in Fig. 7(a1) and (b1).

2) The length that is reeled in by the HDU is influenced
by k remarkably, as shown in Fig. 7(a2) and (b2). If k
is small, the HDU needs to reel in the longer hose to
achieve the same final tension. Otherwise, if the hose
length needs to be changed as small as possible, then
a large k can be chosen.

3) A larger k will bring negative effects, which will make
the system tend to be unstable, according to Fig. 7(a1)
and (a2). Actually, for controller (5) and k = 4, the
outputs are divergent. Controller (6) can improve this
situation significantly.

4) The parameter k influences the dynamics of the
drogue indirectly through the variation of the hose
length, according to Fig. 7(a3), (a4), (b3), and (b4).
This property will be analyzed further in the next
subsection.

C. Drogue Dynamic Model With Different HDU
Controllers

Based on Simulation 1, the system identification is
employed to obtain the linearized models, which are known
as the drogue dynamic model with the HDU controller.
The procedure of the system identification method is the
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TABLE II
Drogue Dynamic Model With Two HDU Controllers as k = 0.5

same as that in [14]. System Identification Toolbox [23]
of MATLAB is employed to identify the system, and the
simulation used in the identification is as shown in Fig. 5.
Then, the two identified systems are shown in Table II,
which demonstrate the dynamics of the drogue under con-
troller (5) and controller (6) with k = 0.5. The quantitative
quality assessment of estimation is shown by Fitness F in
Table II, which is calculated by F = 1 − ‖y − ŷ‖/‖y − ȳ‖,
where y, ŷ, and ȳ are the real output, the estimation of the
output, and the mean of the real output, respectively.

Unlike the drogue dynamic model without the HDU
controller, fourth-order transfer functions are employed
to identify the drogue dynamic model with the HDU
controller. The reason is that besides the second-order
dynamics of the drogue without the HDU controller,
additional second-order transfer functions are needed to
describe the dynamics of the HDU, according to (4).
Thus, the fourth-order identification results are much better
than the second-order ones, and the fourth-order transfer
functions are adopted. Then, according to Table II, the
following conclusions about the dynamics of the drogue
are obtained.

1) The transient process of the dynamics of the drogue
under controller (6) is much better than that under
controller (5). The reason is that controller (6) makes
the poles far away from the imaginary axis.

2) According to Fitness in Table II, the effect of iden-
tification for controller (5) is worse than that under
controller (6). The reason is that the behavior of the
drogue under controller (6) is closer to outputs of
linear systems than that of under controller (5), as
shown in Fig. 7(a3) and (a4). Thus, if a linear model
is used to express the dynamics of the drogue with
the HDU controller, the system under controller (6)
is more appropriate.

3) By comparing the gains of the transfer functions
in Table II and that of (1), it is obvious that the

TABLE III
DC Gains of the Drogue Dynamic Model With Different HDU

Controllers and Without HDU Controller

The magnitude of the values in the table is 10−4.

dynamics of the drogue is very different when the
system is with or without the HDU controller. In order
to demonstrate the differences in detail and analyze
the influences of different k, the dc gains [24, p. 94]
under the two controllers with k = {0.3, 0.5, 1, 3} are
shown in Table III.

According to Table III, the following conclusions about
the dynamics of the drogue are obtained.

1) The gains of the transfer functions under controllers
(5) and (6) are similar, which means that the con-
troller (6) does not change the final value of the
system.

2) When k is small, the effects acting on the gains,
which are caused by HDU, are remarkable, espe-
cially for Gxx(s) and Gzx(s). The x channel and the
z channel are decoupled perfectly, which means the
gains of Gzx(s) and Gxz(s) are much smaller than that
of Gxx(s) and Gzz(s), respectively. Conversely, when
k is large, the x channel and the z channel are coupled
seriously. When k is large enough, such as k = 3, the
gains with the HDU controller approach the gains
without the HDU controller.

3) The effects acting on the gains of the y channel by
the HDU are not remarkable.

Above all, if the purpose of the HDU is to suppress
the HWP, then k should be chosen as a large number.
On the other hand, if the purpose of the HDU is to decouple
the dynamics of the drogue, then k should be chosen as a
small number. Thus, k should be chosen to balance these
two properties. Moreover, regardless of the value of k, it is
necessary to choose controller (6) for the HDU to obtain a
better transient process.

REMARK 1 The results in Table II are obtained without
crosswind. If the crosswind in the refueling environment
is remarkable, the y channel will be coupled with x and z
channels. That means Gyx, Gxy, Gzy, and Gzy will not be
zero. However, they can also be identified. Moreover, in
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Fig. 8. (a)–(c) Comparison of motions of the drogue under the
following situation: 1) the simulation results without the HDU controller;

2) the simulation results with the HDU controller (5) as k = 0.5; and
3) the simulation results with the HDU controller (6) as k = 0.5.

Fig. 9. Screenshot of the video. (View 1 is from the pilot view, and
View 2 is from the side view.)

general situations, the crosswind is not remarkable, and
the y channel is decoupled with x and z channels according
to [14].

D. Comparison of Dynamics of Drogue With and With-
out the HDU Controller

According to Simulation 2, in order to demonstrate the
effect acting on the dynamics of the drogue by the HDU, the
corresponding parts of models used in [14] are replaced by
the drogue dynamic models with HDU controllers, which
are shown in Table II. The motions of the drogue under dif-
ferent situations are illustrated in Fig. 8. The corresponding
video is available online1 and the screenshot is shown in
Fig. 9.

1[Online]. Available: https://youtu.be/zcm6D1Gfcbg

Fig. 10. (a) and (b) Comparison of motions of the drogue after
excessive contact.

According to Fig. 8, the HDU influences the dynamics
of the drogue slightly. However, the docking process must
be an accurate task, and a submeter error may result in
failure. Thus, the slight influence is important. Fig. 8(b)
and (c) shows the detailed changes in the vertical position.
Moreover, as shown in the bow wave region of Fig. 9, the
drop in the vertical position is decreased, and the length
of the hose is adjusted by the HDU remarkably. Compared
with our previous results in [14], the motion of the drogue
with the HDU controller (5) is closer to the motion in the
experiment than the motion without the HDU controller.
That means the drogue dynamic model under controller (5),
which is a commonly used controller, approximates to the
actual situation. On the other hand, because the HDU under
controller (6), which is a new controller, adjusts the hose
faster than controller (5), the dynamics of the drogue are
different from those under the commonly used controller.
However, controller (6) is supposed to be adopted in the
future HDU controller design, because its smooth transient
process is helpful for suppressing HWP and linearizing the
hose–drogue model.

E. Effect of HWP Suppression of Traditional HDU
Control Methods

In order to estimate the effect that the traditional HDU
control methods suppress the HWP after excessive contact
between the probe and the drogue, comparison simulations
are performed, and the results are shown in Fig. 10, where
an impulse disturbance (500 N· s) is injected into the hose–
drogue system at 5 s to simulate excessive contact on the
drogue. It can be observed from Fig. 10 that the hose–drogue
system with the HDU controller has a larger longitudinal
offset and a smaller vertical offset than that of the hose–
drogue system without the HDU controller, where the larger
longitudinal offset is caused by the hose being reeled up by
the HDU controller to avoid a vertical offset. The vertical
offset indicates that the current HDU control methods can
suppress the HWP to some extent, but the effect is very
limited, and it cannot avoid the HWP essentially. In the
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Fig. 11. Schematic diagram for the HWP. The symbol l is the hose
length and l̂ is the desired hose length. (a) Normal situation. (b) Hose

overslack situation.

next section, a new HDU controller is proposed to avoid the
HWP and improve the safety of probe-and-drogue systems.

V. ANTI-HWP CONTROL METHOD FOR THE HDU

The traditional HDU control methods mainly feed back
the hose tension to reduce the drogue fluctuation and sup-
press the HWP to some extent, but it cannot avoid the
HWP essentially because it cannot detect whether the HWP
happens. For example, when the probe is docked into the
drogue, it may drive the drogue to continue to move forward
a distance, which may cause the hose slack and reach to a
new equilibrium state, as shown in Fig. 11(b). In this situa-
tion, the hose tension remains unchanged so the traditional
HDU control methods cannot work correctly, but the HWP
will happen if the probe accidentally breaks away from the
drogue. Therefore, the HWP is essentially caused by the
overslack of the hose due to excessive contact on the drogue.
In order to avoid the HWP, the HDU controller must be able
to observe the hose slack degree and roll up the hose with
an appropriate control method. This section will present
an anti-HWP control method from three aspects: HWP
observation, control method, and simulation verification.

A. HWP Observation

1) Drogue Position Estimation: The most direct way to
detect the HWP is to observe the shape of the hose through
computer vision methods, but it is impractical and unreliable
for real aerial refueling systems. Observing the position of
the drogue pd to estimate the hose slack degree indirectly
for the HWP is a more feasible way, which is adopted in this
article. The drogue position pd is essential for the docking
control of the AAR system to estimate the relative position
between the probe and the drogue. There are many mature
methods to estimate the drogue position, among which the
vision-based methods [13], [25] are the most convenient and
widely used one. These methods can be applied to estimate
the drogue position for the following HDU control method.

2) Hose Slack Degree: With the drogue position pd and
the total hose length l , how to define the hose slack degree

and how to estimate it are presented in this subsection. First
of all, the normal situation with no hose slack is presented,
as shown in Fig. 11(a), which is the equilibrium state of the
hose when the desired hose length l̂ is defined to be equal
to the hose length l , i.e., l = l̂ . Second, when the hose is
overslack, as presented in Fig. 11(b), the hose length should
be larger than its desired value, i.e., l > l̂ . Consequently, the
hose slack degree μslack can be defined as

μslack �
∣∣∣∣∣
l − l̂

l̂

∣∣∣∣∣ (7)

which can be used to describe the hose state and predict the
degree of the HWP. The slack degree μslack = 0 indicates
that the hose is in the desired state with no overslack. The
more the slack degree μslack increases, the more the hose is
bent, which indicates that a more serious HWP is ready to
happen.

In order to obtain μslack, the method to obtain the desired
hose length l̂ should be given first. As shown in Fig. 11(a),
the desired hose shape is a smooth curve, whose length l̂ can
be written as a function that depends on the drogue position
pd as

l̂ = fl̂

(
pd

)
(8)

where fl̂ (·) can be obtained by hose modeling methods [5],
[8] or lookup table methods. However, in practice, precise
expressions of l̂ for different flight conditions (altitude and
speed) are very complicated and unobtainable. Alterna-
tively, an approximate estimation method for l̂ is developed
in this article. Based on the simulation results with the hose
model [5], [8], the estimation expression for the desired
length l̂ approximates to a function of the straight-line
distance of the drogue ‖pd‖ as

l̂ ≈ f ′
l̂

(∥∥pd

∥∥) ≈
∥∥pd

∥∥
∥∥pd0

∥∥ · l0 (9)

where pd0 and l0 are the initial equilibrium drogue position
and hose length, respectively. The maximum estimated error
εl̂ for (9) is given by

εl̂ = max
pd ∈�

∣∣∣l̂ − ‖pd‖
‖pd0‖ · l0

∣∣∣
l̂

(10)

where � denotes a safe region for the normal drogue move-
ment. According to the simulation results, εl̂ is very small,
but still the following anti-HWP control method will well
consider this error and hand it for robustness requirements.

3) HWP Detection: Safety is always the most funda-
mental requirement for any aerial refueling system. To avoid
the damage of the HWP after an excessive or abnormal
impact on the drogue, this subsection presents a method
to detect the hose state and classify it into three situations
based on its hazardous degree.

a) Normal situation: Ideally, the normal situation should
be μslack = 0; namely, the hose coincides exactly with the
desired hose curve, as shown in Fig. 11(a). However, it is
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Fig. 12. Safety criteria for the hose–drogue system.

unreachable in practice due to the estimated error of (9) and
other uncertain errors, such as the small fluctuation of the
hose under atmospheric turbulence. Therefore, a minimum
slack threshold εmin is defined, as shown in Fig. 12. The
normal situation of the hose is defined by the criterion

μslack ≤ εmin and pd ∈ � (11)

where the threshold εmin should cover the estimation error
(εmin > εl̂ ) and other uncertain errors for robustness re-
quirements. For simplicity, consider εmin = 2εl̂ for a 100%
safe margin. In (11), the safe region pd ∈ � is presented as
the meshed region in Fig. 12. If the drogue is out of this
region (pd /∈ �), it indicates that an abnormal big swing
is already appearing, and emergency measures should be
taken immediately.

b) Overslack situation: The overslack situation is defined
as that the hose slack degree μslack is out of “normal range”
in (11), and it is within the controllable region for the HDU
controller to safely reduce the slack degree μslack to the
normal situation. Similar to (11), the overslack situation
can be defined by the following criterion:

εmin < μslack ≤ εmax and pd ∈ � (12)

where εmax is the maximum slack threshold, as shown in
Fig. 12, which is selected based on the safety requirement
and controller performance.

c) Unsafe situation: The unsafe situation is defined as the
complementary set of (11), (12)

μslack > εmax or pd /∈ �. (13)

When the drogue–drogue system reaches this situation, it
means that a serious HWP is happening or ready to hap-
pen. To ensure the safety of the hose-and-drogue system,
emergency measures should be applied immediately, for
example, rolling up the hose with the maximum speed to
avoid a collision on the receiver aircraft.

For the aforementioned three situations, different con-
trol strategies will be adopted to avoid the HWP and ensure

the safety of the drogue–hose system. When the hose is in
the normal situation, it indicates that no impact or abnormal
oscillation is happening on the drogue, so the traditional
HDU control methods, as presented in Section IV, can
be applied to reduce the drogue position fluctuation for
improving the docking success rate. When the hose is in
the unsafe situation, emergency control measures should be
carried out to avoid further damage on the receiver aircraft
or equipment. For example, the HDU controller rolls up the
hose with the maximum speed to leave a safe distance be-
tween the hose and the receiver aircraft. Since the overslack
situation is the most important stage to handle the impact
on the drogue and avoid the HWP, the next subsection will
focus on the anti-HWP controller design in this situation.

B. Anti-HWP Control

The objective of the anti-HWP controller for the HDU is
to smoothly control the hose length to change the hose state
from the overslack situation (εmin < μslack ≤ εmax) to the
normal situation (μslack ≤ εmin). Then, the traditional HDU
controller is capable of stabilizing the hose-and-drogue
system to an equilibrium state in the normal situation.

First of all, a speed feed back control is given by

Treel = Those − mreel · kd ·
(

l̇ − ˆ̇l
)

(14)

where ˆ̇l is an indirect control input signal that indicates the
desired increasing speed of the hose length, and kd > 0 is a
controller parameter. Substituting (14) into the HDU model
(4) gives

l̈ = Treel − Those

mreel
= −kd ·

(
l̇ − ˆ̇l

)
(15)

which is an exponentially convergent system that ensures
that the HDU tracks the given speed as l̇ → ˆ̇l . Second, the
desired speed input ˆ̇l is further given by

ˆ̇l = −kp · (
l − l̂

)
(16)

where kp > 0 is a controller parameter. Note that, in prac-
tice, a saturation function can be added to (16) to prevent
the drogue from pulling out the probe if the hose rolls up too
fast. Finally, by combining (9), (14), and (16), the anti-HWP
controller can be written as

Treel = Those + mreelkd kp
‖pd‖
‖pd0‖ l0

−mreelkd · l̇ − mreelkd kp · l.
(17)

The following theorem provides the convergence condition
under which one can conclude the convergence property
of the designed terminal iterative learning control (TILC)
controller in (17).

THEOREM 1 Consider a hose-and-drogue system with the
HDU structure described by (2) and (4). Suppose that 1) the
hose state is in overslack situation (12) and 2) the anti-HWP
controller is designed as (17) with its parameters satisfying

kp > 0, kd > 0. (18)
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Then, the hose slack degree μslack can converge to zero, i.e.,
μslack(t ) → 0.

PROOF Combining (15) and (16) gives

l̈ + kd l̇ + kdkp
(
l − l̂

) = 0. (19)

By letting �l � l − l̂ , for a constant value l̂ , (19) can be
rewritten as

�l̈ + kd�l̇ + kdkp�l = 0. (20)

It can be observed from (20) that controller (17) is es-
sentially a proportion differentiation controller with the
proportion coefficient kp and the differentiation coefficient
kd . Therefore, (20) is a stable second-order linear system
when kd > 0 and kd > 0, which will converge exponentially
to zero, i.e.,

lim
t→∞

∣∣l (t ) − l̂
∣∣ = lim

t→∞ |�l (t )| = 0. (21)

Then, according to the definition of μslack in (7), it can be
derived from (21) that

μslack(t ) �
∣∣∣∣∣
l (t ) − l̂

l̂

∣∣∣∣∣ = |�l (t )|
l̂

→ 0 (22)

which indicates that the hose slack degree μslack can
converge to zero under controller (17).

According to Theorem 1, when the hose slack degree
is in the range εmin < μslack ≤ εmax, it will always converge
to zero, which means the slack degree can eventually be
reduced into region μslack ≤ εmin. Then, the traditional HDU
controller will take over the control privilege. According
to [16], the hose-and-drogue system is a self-stabilizing
system, and it will be stabilized to an equilibrium state under
the effect of gravity, air drag, and air viscous.

C. Simulation Verification

A series of simulations are performed to verify the effect
of the proposed anti-HWP controller. The basic parameters
are listed in Table I, and additional parameters are given as
follows:

εmin = 0.004, εmax = 0.05, kd = 10, kp = 3.

The variable-length hose–drogue model [8] with the link
number N = 20 is used in these simulations for bet-
ter simulation accuracy and display effect. A video has
also been released to introduce the simulation environ-
ment and demonstrate the control effect of the proposed
anti-HWP controller method. The URL of the video is
https://youtu.be/s9XgGICqKtA.

Fig. 13 presents three typical comparative simulation re-
sults: 1) the simulation results (solid green curves in Fig. 13)
with no HDU controller, where the HDU controller is not
enabled, and the hose length remains unchanged during
the whole simulation; 2) the simulation results (dotted red
curves in Fig. 13) with the existing HDU control method,
where the HDU controller is enabled to control the hose
length to weaken HWP; and 3) the simulation results (dash
blue curves in Fig. 13) with the proposed anti-HWP method,

Fig. 13. Simulations of the probe-and-drogue system with and without
an anti-HWP controller.

where the anti-HWP controller is enabled to control the hose
length to avoid HWP safely. The above three simulations
all contain the following stages.

1) The receiver flies close to the drogue from time 0 s
to t1.

2) The contact between the probe and the drogue hap-
pens at t1.

3) The probe drives the drogue fly forward a distance
from time t1 to t2.

4) The probe holds the drogue and remains relatively
static from time t2 to t3.

5) The receiver suddenly breaks away from drogue at
time t3 and flies backward from time t3 to 35 s.

The following can be observed from Fig. 13(a): 1)
the hose slack degree increases to a large value for the
simulation curve with no HDU controller, which indicates
that a serious HWP is happening; 2) the hose slack degree
increases to a medium value for the simulation curve with an
HDU controller, but its slack degree is much smaller than the
simulation curve with no HDU controller, which indicates
that the existing HDU control methods can suppress the
HWP but cannot completely avoid it; and 3) there is almost
no hose slack for the simulation curve with the anti-HWP
controller, which indicates that the HWP is successfully
avoided. Fig. 14(a) and (b) shows the slack states of the
hose with no HDU controller and with the proposed anti-
HWP controller. Due to the overslack state of the hose,
a significant HWP is observed in the simulation without
the anti-HWP controller, which is reflected in the drastic
position fluctuation along Y and Z directions in Fig. 13(b)
and (c). By contrast, the hose and drogue states are both
very steady with the proposed anti-HWP controller, and
no HWP happens, as expected. The above results indicate
that, compared with the existing HDU control methods, the
proposed anti-HWP control method can effectively avoid
the HWP and ensure the safety of hose-and-drogue systems.
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Fig. 14. Visual display of the hose-and-drogue systems under excessive
contact. (a) Hose dynamics after excessive contact on the drogue.

(b) Hose dynamics with the anti-HWP controller after
excessive contact.

VI. CONCLUSION

Analysis of the dynamic of the drogue under the bow
wave is critical when designing docking controllers and
docking simulations. However, this problem is not con-
sidered comprehensively in the existing literature. This
article integrates the HDU model, the bow wave model, and
the variable-length hose–drogue model into an improved
model. Then, two types of controllers are designed for
HDU. One type is the commonly used controller used in
the real PDR, and the other one is an improved one based
on the commonly used controller. Based on the integrated
model, the drogue dynamic models under different HDU
controllers are obtained through system identification, and
the performance of them is analyzed. By considering the
effects of the HDU, the dynamics of the proposed method
is in better agreement with the real experiment than our
previous study. Meanwhile, the traditional HDU control
methods mainly feed back the hose tension to reduce the
drogue fluctuation and suppress the HWP to some extent,
but it cannot avoid the HWP essentially. An anti-HWP
control method is proposed to significantly reduce the effect
of the HWP and improve the safety of aerial refueling
systems. Finally, the effectiveness of the proposed modeling
method and the anti-HWP control method is well verified
by simulations and comparisons.

REFERENCES

[1] J.-S. Lee and K.-H. Yu
Optimal path planning of solar-powered UAV using gravita-
tional potential energy
IEEE Trans. Aerosp. Electron. Syst., vol. 53, no. 3, pp. 1442–
1451, Jun. 2017.

[2] J. L. G. Olavo et al.
Robust guidance strategy for target circulation by controlled
UAV
IEEE Trans. Aerosp. Electron. Syst., vol. 54, no. 3, pp. 1415–
1431, Jun. 2018.

[3] V. Roberge, M. Tarbouchi, and G. Labonté
Fast genetic algorithm path planner for fixed-wing military UAV
using GPU
IEEE Trans. Aerosp. Electron. Syst., vol. 54, no. 5, pp. 2105–
2117, Oct. 2018.

[4] P. R. Thomas, U. Bhandari, S. Bullock, T. S. Richardson, and J. L.
Du Bois
Advances in air to air refuelling
Prog. Aerosp. Sci., vol. 71, pp. 14–35, 2014.

[5] K. Ro, T. Kuk, and J. W. Kamman
Dynamics and control of hose-drogue refueling systems during
coupling
J. Guid., Control Dyn., vol. 34, no. 6, pp. 1694–1708, 2011.

[6] J. Vassberg, D. Yeh, A. Blair, and J. M. Evert
Numerical simulations of KC-10 wing-mount aerial refueling
hose-drogue dynamics with a reel take-up system
In Proc. 21st Appl. Aerodyn. Conf., 2003, Paper AIAA 2003-
3508.

[7] J. Vassberg, D. Yeh, A. Blair, and J. Evert
Numerical simulations of KC-10 in-flight refueling hose-
drogue dynamics with an approaching F/A-18D receiver aircraft
In Proc. 23rd AIAA Appl. Aerodyn. Conf., 2005, Paper AIAA
2005-4605.

[8] H. Wang, X. Dong, J. Xue, and J. Liu
Dynamic modeling of a hose-drogue aerial refueling system
and integral sliding mode backstepping control for the hose
whipping phenomenon
Chin. J. Aeronaut., vol. 27, no. 4, pp. 930–946, 2014.

[9] K. Ro, H. Ahmad, and J. W. Kamman
Dynamic modeling and simulation of hose-paradrogue assem-
bly for mid-air operations
In Proc. AIAA Infotech@Aerosp. Conf., Seattle, WA, USA,
2009, Paper AIAA 2009-1849.

[10] Z. H. Zhu and S. A. Meguid
Elastodynamic analysis of aerial refueling hose using curved
beam element
AIAA J., vol. 44, no. 6, p. 1317, 2006.

[11] K. Yue, L. Cheng, T. Zhang, J. Ji, and D. Yu
Numerical simulation of the aerodynamic influence of an
aircraft on the hose-refueling system during aerial refueling
operations
Aerosp. Sci. Technol., vol. 49, pp. 34–40, 2016.

[12] B. Chen, X. Dong, Y. Xu, and Q. Lin
Disturbance analysis and flight control law design for aerial
refueling
In Proc. Int. Conf. Mechatronics Autom., 2007, pp. 2997–3002.

[13] R. P. Dibley, M. J. Allen, and N. Nabaa
Autonomous airborne refueling demonstration phase I flight-
test results
In Proc. AIAA Atmos. Flight Mech. Conf. Exhib., Aug. 2007,
Paper AIAA 2007-6639.

[14] Z.-B. Wei, X. Dai, Q. Quan, and K.-Y. Cai
Drogue dynamic model under bow wave in probe-and-drogue
refueling
IEEE Trans. Aerosp. Electron. Syst., vol. 52, no. 4, pp. 1728–
1742, Aug. 2016.

[15] X. Dai, Z.-B. Wei, and Q. Quan
Modeling and simulation of bow wave effect in probe and
drogue aerial refueling
Chin. J. Aeronaut., vol. 29, no. 2, pp. 448–461, 2016.

[16] X. Dai, Q. Quan, J. Ren, Z. Xi, and K.-Y. Cai
Terminal iterative learning control for autonomous aerial refu-
eling under aerodynamic disturbances
J. Guid., Control, Dyn., vol. 41, no. 7, pp. 1577–1584,
2018.

[17] X. Dai, Q. Quan, J. Ren, and K.-Y. Cai
Iterative learning control and initial value estimation for probe-
drogue autonomous aerial refueling of UAVs
Aerosp. Sci. Technol., vol. 82, pp. 583–593, 2018.

DAI ET AL.: HOSE-DRUM-UNIT MODELING AND CONTROL FOR PROBE-AND-DROGUE AUTONOMOUS 2789

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on September 25,2020 at 06:54:06 UTC from IEEE Xplore.  Restrictions apply. 



[18] J. Ren, X. Dai, Q. Quan, Z.-B. Wei, and K.-Y. Cai
Reliable docking control scheme for probe-drogue refueling
J. Guid., Control, Dyn., vol. 42, no. 11, pp. 2511–2520, 2019.

[19] K. Ro and J. W. Kamman
Modeling and simulation of hose-paradrogue aerial refueling
systems
J. Guid., Control, Dyn., vol. 33, no. 1, pp. 53–63, 2010.

[20] W. R. Williamson, E. Reed, G. J. Glenn, S. M. Stecko, J. Musgrave,
and J. M. Takacs
Controllable drogue for automated aerial refueling
J. Aircr., vol. 47, no. 2, pp. 515–527, 2010.

[21] K. Ro, T. Kuk, and J. Kamman
Active control of aerial refueling hose-drogue systems
presented at the AIAA Guid., Navigat., Control Conf., 2010,
Paper AIAA 2010-8400.

[22] U. Bhandari, P. R. Thomas, S. Bullock, T. S. Richardson, and
J. du Bois
Bow wave effect in probe-and-drogue aerial refuelling
presented at the AIAA Guid., Navigat., Control Conf., 2013,
Paper AIAA 2013-4695.

[23] L. Ljung
MATLAB: System Identification Toolbox: User’s Guide Version
4. Natick, MA, USA: Mathworks, 1995.

[24] G. F. Franklin, J. D. Powell, A. Emami-Naeini, and J. D. Powell
Feedback Control of Dynamic Systems, vol. 3, 6th ed. London,
U.K.: Pearson Education, 2009.

[25] M. D. Tandale, R. Bowers, and J. Valasek
Trajectory tracking controller for vision-based probe and
drogue autonomous aerial refueling
J. Guid., Control, Dyn., vol. 29, no. 4, pp. 846–857, 2008.

Xunhua Dai received the B.S. and M.S. degrees in 2013, and 2016, respectively, in
automation science and electrical engineering from Beihang University, Beijing, China,
where he is currently working toward the Ph.D. degree in navigation, guidance and control
with the School of Automation Science and Electrical Engineering.

His main research interests include reliable flight control, learning control, model-based
design, and optimization of unmanned aerial vehicles.

Zi-Bo Wei received the Ph.D. degree in automation science and electrical engineering from
Beihang University, Beijing, China, in 2016.

He is currently an Engineer with the Shanghai Aircraft Design and Research Institute,
Shanghai, China. His main research interests include automatic flight system design,
automatic flight control law design, and aerial refueling.

Quan Quan received the B.S. and Ph.D. degrees in automation science and electrical
engineering from Beihang University, Beijing, China, in 2004, and 2010, respectively.

Since 2013, he has been an Associate Professor with Beihang University, where he is
currently with the School of Automation Science and Electrical Engineering. His research
interests include reliable flight control, vision-based navigation, repetitive learning control,
and time-delay systems.

2790 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 56, NO. 4 AUGUST 2020

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on September 25,2020 at 06:54:06 UTC from IEEE Xplore.  Restrictions apply. 



Kai-Yuan Cai received the B.S., M.S., and Ph.D. degrees in automation science and
electrical engineering from Beihang University, Beijing, China, in 1984, 1987, and 1991,
respectively.

He has been a Full Professor with Beihang University since 1995. He is a Cheung Kong
Scholar (Chair Professor), jointly appointed by the Ministry of Education of China and
the Li Ka Shing Foundation of Hong Kong in 1999. His main research interests include
software testing, software reliability, reliable flight control, and software cybernetics.

DAI ET AL.: HOSE-DRUM-UNIT MODELING AND CONTROL FOR PROBE-AND-DROGUE AUTONOMOUS 2791

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on September 25,2020 at 06:54:06 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


