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ABSTRACT Compound aircraft, merging the advantages of two or more aircraft, is now a promising concept
for designing modern aircraft. How to achieve successful docking of two aircraft in flight is an important
issue for the applications of vertical compound aircraft. In order to resolve such an issue, this paper proposes
a new visual based navigation docking scheme, which is different from rendezvous and docking operations
in space applications. The present scheme uses a monocular camera mounted on the chaser aircraft with a
certain installation angle to collect the visual features of the target aircraft, then the position and attitude of the
landing gear of the target aircraft can be determined. Moreover, a six degrees of freedom docking mechanism
mounted on the chaser aircraft is designed to catch hold of the landing gear tires of the target aircraft.
In order to avoid undesired collision during the docking process, Z-direction position of the target landing
gear is predicted and the proposed Z-direction speed control algorithm is applied to the chaser platform. The
robustness of the present scheme has been validated numerically and experimentally by means of a chaser
platform and a target platform on the ground testbed. Successful docking of the chaser platform and the target
landing gear has been achieved, respectively, when the target platform performs a Z-direction movement and
a compound movement.
INDEX TERMS Compound aircraft, collision avoidance, docking process, visual based navigation.

I. INTRODUCTION

In order to possess the capabilities of long distance flight,
vertical take-off and landing, etc., a new concept called Multifunctional Compound Aircraft (similar to Compound Aircraft
Transport, CAT [1]) was proposed by combining two or more
aircraft and using the resources of each other to achieve a
specific flight goal. By doing this, the performance of the
compound aircraft can be promoted through taking the unique
advantage of each single aircraft and the design of each single
aircraft can be greatly simplified.

The associate editor coordinating the review of this manuscript and
approving it for publication was Rosario Pecora
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.

Lots of works have been devoted to develop the compound
aircraft, which can be roughly divided into two categories,
i.e., horizontal compound aircraft and vertical compound
aircraft. A horizontal compound scheme, by connecting two
aircraft wingtip-to-wingtip, has been proposed and tested
for several years [1], [2]. Reference [2] summarizes a couple of projects related to the horizontal compound aircraft.
The wingtip-docked configuration increases the total span of
the aircraft system and thus gains significant aerodynamic
benefits [1].
Besides horizontal compound aircraft, the proposal of vertical compound aircraft has also been studied. A reusable
horizontal take-off/horizontal landing two-stage-to-orbit vertical compound aircraft has been designed to reduce the
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launch costs and bring payloads into low-earth orbit safely
and economically [3], the feasibility of this concept is tested
through a high-fidelity simulation. Besides above application,
the concept of vertical compound of two aircraft (upper and
lower aircraft) allows the upper aircraft to have the capability
of vertical take-off and landing, as long as the lower aircraft
provides enough lift force. Thus the upper aircraft can carry
more fuel and fly a longer distance.
The challenge facing the vertical compound aircraft is to
safely accomplish the docking process of upper and lower
aircraft. Nevertheless, the study about the dynamic docking
process of aircraft in flight is much fewer than the study concerning the space rendezvous and docking operations [4]–[6].
Ref. [7] reported the flight test of the docking of a Douglas
C-47A cargo aircraft and a small Q-14B target plane, pilots
manually operated the aircraft to complete the docking by the
wingtip locking devices of the two aircraft. The above flight
test of docking process is only concerned with horizontal
compound aircraft, the research on docking process between
vertical compound aircraft is still scarce in the literature.
Undesired collision must by all means be avoided during
close proximity docking process of aircraft, thus a robust
collision-free navigation scheme is needed. Among others,
the automated visual based navigation scheme has been
investigated widely and gradually become an indispensable
tool to achieve the success of docking. Most applications
of visual based techniques were well studied and tested for
orbital rendezvous operations in Refs. [8]–[10], the authors
prove the reliability and effectiveness of the technique.
Recently a novel visual based approach combining with deep
learning method was introduced in Ref. [11] to estimate the
6-DOF pose of uncooperative spacecraft in the application of
proximity operations using monocular-vision measurement,
the proposed approach achieved competitive pose estimation
performance in real-time but does not be applied to actual
docking process yet. In addition to above studies, the visual
based techniques were also used in other scenarios. Ref. [12]
reported a navigation control algorithm based on monocularvision for the autonomous landing of a quadrotor on a moving
mobile platform and Ref. [13] investigated a docking navigation method for autonomous aerial refueling of unmanned
aerial vehicles based on a binocular vision system.
During the two aircraft docking process, external perturbation resulting from incoming air flow and wing-to-wing
coupling [14] would cause low frequency oscillations in
position and attitude of the aircraft. Despite the fact that
modern aircraft has greatly improved the ability of handling
and stability, aforementioned unsteady external perturbation
and time delay of operation still make the human intervention
unpractical, thus the automated navigation is needed. In view
of many advantages (as mentioned above) of visual based
technique, it becomes an excellent candidate for automated
navigation [10], [15] and is also used in present work.
With the aim to achieve successful docking of two vertical
compound aircraft, a new automated visual based navigation
docking scheme is proposed in this paper. In present scheme,
75036

FIGURE 1. Schematic diagram of present visual based navigation scheme
for the docking of two aircraft in flight (the upper aircraft is the target
aircraft and the lower one is the chaser aircraft).

as shown in Fig. 1, a six degrees of freedom (6-DOF) docking
mechanism mounted on the chaser aircraft (lower one) is
designed to catch hold of landing gear tires of the target
aircraft (upper one). When two aircraft approach each other
(which is unsteady process with continuous variation of their
relative position and attitude), monocular camera fixed at the
chaser aircraft collects the visual features of landing gear
tires of the target aircraft. Moreover, solving the position and
attitude of the target landing gear tires based on monocular vision is considered as a perspective-three-point (P3P)
problem, which can be effectively solved by the algebraic
approach or the geometric approach [16]–[19]. During the
chasing process, by analyzing position and attitude of the
target landing gear tires at current time step, a new path
planning algorithm proposed in this paper then drives the
docking mechanism to chase predicted position of the target
landing gear tires at next time step, in the meanwhile speed
control algorithm is also applied to the docking mechanism.
The main contributions of this paper are as follows:
1. An experimental ground testbed, composed of a chaser
platform and a target platform, was built for the study of
the new proposed automated visual based navigation docking
scheme. The soundness of present scheme has been proved
both numerically and experimentally.
2. The present scheme meets the requirements of most
vertical compound aircraft and has high versatility. Most of
the aircraft install three target landing gears underneath the
fuselage in the shape of isosceles triangle, the position and
attitude of this kind of structural feature can be identified
precisely using present scheme.
3. Path and attitude planning algorithm is proposed, which
is the key to avoid undesired collision during the docking
process.
The paper is organized as follows: Section II introduces
experimental setup of the testbed; Section III gives details
about theory and numerical simulation method of visual
based navigation; Section IV describes speed control strategies during the chasing process of the chaser platform;
Section V reports docking experiments when the target platform is performing a Z-direction movement and a compound
VOLUME 9, 2021
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FIGURE 3. The visual navigation docking system of the chaser platform
(lower) and the target platform (upper) which is suspended above the
chaser platform.

FIGURE 2. Schematic diagram of the ground experimental testbed with
two consoles controlling the target landing gear movement system and
the visual navigation docking system, respectively.

movement, respectively; Concluding remarks are given
in Section VI.
II. THE EXPERIMENTAL TESTBED

In order to reproduce the docking process of two aircraft,
the experimental testbed is made of two main parts, as shown
in Fig. 2, i.e., a movement system (called target platform,
consisting of an upside-down 6-DOF platform with landing gear tires) and a visual based navigation docking system (called chaser platform, consisting of monocular camera
and a 6-DOF platform with a docking mechanism). The
upside-down 6-DOF platform (carrying landing gear tires) of
the target platform simulates the complex three-dimensional
(3-D) relative motion of two aircraft in flight, while a 6-DOF
platform is also designed on the chaser platform to adjust
position and attitude of the docking mechanism during the
chasing process. Moreover, two consoles are used to analyze
the collecting data of above two platforms separately and
release control command.

FIGURE 4. Architecture diagram of the visual based navigation docking
system.

In present experiment the target platform is able to make
3-D movement to reproduce the condition when the aircraft is
suffering from unexpected external perturbation. In general,
the relative motion of two aircraft during the docking process
is compound movement (low frequency) with changing the
relative position and attitude continuously, thus the 6-DOF
platform of the target platform can simulate the real situation
as much as possible.

A. THE TARGET PLATFORM

Figure 3 shows the actual target platform (upper one in the
figure). When the landing gear is fully opened, its position
with respect to the aircraft is generally no longer changed.
Therefore in present experiment it is enough to only simulate
the critical parts of the target aircraft, namely the landing gear
moving with a 6-DOF platform, so that there is no need to
make any modifications to the original structure of the target
aircraft when the soundness of present scheme is proved.
Moreover, the landing gear tire has a relatively simple shape
(mostly showing rectangular or oval in the image, see also
next Section), thus it is convenient for visual feature recognition. Furthermore, since the landing gear is a three-points
supporting structure, the isosceles triangle formed by the
midpoints of the tires is conducive to attitude algorithm.
VOLUME 9, 2021

B. THE CHASER PLATFORM

The actual visual based navigation docking system (called
chaser platform, see the lower one in Fig. 3), consisting of
Console 2, 6-DOF platform, docking mechanism and navigation camera, is more complex than the above target platform. In present experiment the chaser platform is designed
to simulate the chasing process and test the feasibility of
proposed path planning algorithm and speed control strategy.
The control logic architecture of the visual based navigation
docking system is depicted in Fig. 4. Specifically, the Gyroscope 1 is used to detect attitude of the 6-DOF platform,
then collected data are transmitted to Console 2. Monocular
camera fixed at the front of the chaser platform with a certain
installation angle is used to acquire image and recognize
75037
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visual target, then collected data are transmitted to the Console 2. After gathering all the data, Console 2 solves the
position and attitude of the target platform, plans the chasing
path of the chaser platform and controls the chasing speed.
The command from Console 2 is thus transmitted to Microcontroller 1 (performing closed-loop control of the 6-DOF
platform through the attitude feedback from the Gyroscope 2)
and Microcontroller 2 (driving the docking mechanism to
lock the landing gear tires).
The system dynamics of the chaser platform is mainly
determined by the 6-DOF platform, whose dynamic model
is discussed in detail in Ref. [20]. In present experiment,
the Console 2 sends command to the chaser platform every
0.04 second (this time interval is related to the hardware
performance such as the transmission Baud rate, 115200 symbol/s in this case). According to default maximum speed,
20 mm/s (see Section IV-B), of the chaser platform, it can
be calculated that the maximum displacement is less than
1 mm within 0.04 second. Moreover, the measured overshoot
of the 6-DOF platform when moving 1 mm is 9.6%, and the
measured settling time is 0.014 second. Therefore the 6-DOF
platform used in present experiment is stable and robust.
III. VISUAL BASED NAVIGATION

The visual based navigation docking process is achieved
when the docking mechanism of the chaser platform successfully catches hold of three landing gear tires of the target
platform. During this process, monocular camera acquires
image and recognizes the visual features (see Fig. 5) of
landing gear tires, then the relative configuration (namely
position and attitude) between the target platform and the
chaser platform can be determined by theoretical solution.
In present experiment, the camera (staying static during the
whole process since only the 6-DOF platform of the chaser
platform is moving, which is a new approach different from
the one used in space rendezvous operations [5]) is fixed
on the chaser platform and kept a certain elevation angle
(λ, see Fig. 6).

FIGURE 5. Schematic diagram of visual features of the landing gear tires.

In what follows, theories related to visual based navigation
are introduced, i.e., theory of solving the position and attitude
75038

FIGURE 6. Reference frames used in present P3P problem.

of the target landing gear based on monocular vision and
theory of solving the chasing path of the chaser platform.
A. THEORY
1) SOLVING POSITION AND ATTITUDE BASED
ON MONOCULAR VISION

The distances between the landing gear tires are known by
calibration. As shown in Fig. 5, the front landing gear has
two tires but only the midpoint of them is adopted in the visual
processing. Moreover, each single tire of the rear landing gear
has an individual midpoint, thus solving the position of above
three points can be considered as a P3P problem. The unique
positive solution of the P3P problem can only be obtained
under certain conditions [16]. According to these conditions
one can then appropriately adjust the position and elevation
angle of the monocular camera, so that the valid range of
unique solution is broaden.
Three different reference frames are defined in present P3P
problem (see Fig. 6 for clarity). The camera is the origin of the
navigation docking coordinate system (O1 x1 y1 z1 ), the center
of the circumcircle formed by three midpoints of the landing gear tires is the origin of the target coordinate system
(O2 x2 y2 z2 ), and the center of the circumcircle formed by three
points of the docking mechanism is the origin of the chaser
coordinate system (O3 x3 y3 z3 ). The variables in Fig. 6 can be
classified into different groups as follows:
• known
parameters (determined by design or
calibration):
– X3 , Y3 , Z3 : coordinate values of point O3 in the
coordinate system O1 x1 y1 z1 ;
– L, H: X coordinate and Z coordinate values of point
O3 in the coordinate system O1 x1 y1 z1 at the initial
state;
– LA , LB , LC : length of line segment BC, AC, AB;
– F: image plane;
– f: camera focal length;
– λ: elevation angle of camera.
• variables measured via image processing:
– Fa , Fb , Fc : the position of a, b, c on the image
plane F.
VOLUME 9, 2021
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FIGURE 7. Geometric diagram of position and attitude solution based on P3P problem.

– lO1 a , lO1 b , lO1 c , lab , lac , lbc : length of line segment
O1 a, O1 b, O1 c, ab, ac, bc.
•

variables to be determined (see Fig. 7):
– X2 , Y2 , Z2 : coordinate values of point O2 in the
coordinate system O1 x1 y1 z1 ;
– ϕ2 , θ2 , ψ2 : roll, pitch, and yaw angles of the coordinate system O2 x2 y2 z2 in the coordinate system
O1 x1 y1 z1 .

As seen in Fig. 7, the coordinate value of a point on
the image plane F is (xF, yF , f) in the coordinate system
(O1 xF yF zF ), whose Z axis is perpendicular to the image
plane. According to the scale of pixel size, one can get the
coordinate values of three characteristic points (a, b, c on
the plane F), i.e., a(xaF, yaF , f), b(xbF, ybF , f) and c(xcF, ycF , f).
Then the lengths of lO1 a , lO1 b , lO1 c , lab , lac , lbc can be obtained
using above coordinate values. Moreover, the cosine values
of α, β and γ (indicated in Fig. 6) are simply computed as
follows:

2
lO2 1 a + lO2 1 b − lab



cos
α
=


2 lO1 a lO1 b





2
lO2 a + lO2 1 c − lac
cos β = 1

2 lO1 a lO1 c





2

l 2 + lO2 1 c − lbc


 cos γ = O1 b
.
2 lO1 b lO1 c

(1)

Furthermore, the positive solution of lO1 A , lO1 B , lO1 C can
be calculated [18]:
q


l
=
l
cos
α
+
L 2 − lO2 1 A sin α

O
B
O
A
1
 1
q C
lO1 C = lO1 A cos β + LB2 − lO2 1 A sin β


 2
lO1 B + lO2 1 C − 2 lO1 B lO1 C cos γ = LA2 .
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(2)

Then by using the proportional relationship of the sides of
similar triangles, one have

 A (xAF , yAF , zAF ) = a (xaF , yaF , zaF ) × 1O1 A /1O1 a
B (xBF , yBF , zBF ) = b (xbF , ybF , zbF ) × 1O1 B /1O1 b (3)

C (xCF , yCF , zCF ) = c (xcF , ycF , zcF ) × 1O1 C /1O1 c .
Thus the coordinate values of points A, B and C in the coordinate system O1 x1 y1 z1 , i.e. A(xA , yA , zA ), B(xB , yB , zB ) and
C(xC , yC , zC ), can be determined by the transformation relationship between coordinate systems O1 x1 y1 z1 and O1 xF yF zF .
Finally the coordinate values of point O2 (X2 , Y2 , Z2 ) in
the coordinate system O1 x1 y1 z1 can be determined when
coordinates of A, B and C are known.
Furthermore, the roll, pitch and yaw angles (ϕ2 , θ2 , ψ2 )
are obtained in the following way. Firstly, line segment AD
(D is the midpoint of line segment BC) is introduced in Fig. 7,
the coordinate value of point D (xD , yD , zD ) in the coordinate
system O1 x1 y1 z1 can be easily calculated via points B and
C. Thus
as θ2 =
 the pitch angle

q θ2 can be simply obtained
arctan (zA − zD ) / (xA − xD )2 + (yA − yD )2 .
In order to calculate the roll and yaw angles, points A and D
are projected onto the plane x1 O1 y1 and become points Ap
and Dp , then it is seen that the yaw angle ψ2 is the angle
between the projection line Ap Dp and the axis O1 x1 , that
is to say ψ2 = arctan [(yA − yD ) / (xA − xD )]. In addition,
the roll angle ϕ2 is the angle between the plane AAp Dp D
and the axis O2 z2 , and can be obtained through following coordinate transformations. The new coordinate system
O1 xg yg zg is defined by firstly rotating the coordinate system
O1 x1 y1 z1 through angle ψ2 around the O1 z1 axis and followed by rotating angle θ2 around the O1 y1 axis. Therefore
the coordinate values of points B (xBg , yBg , zBg ) and C
(xCg , yCg , zCg ) in the new coordinate system O1 xg yg zg can
be determined,
is easily computed as
 then the roll angle ϕ2 
ϕ2 = arctan zBg − zCg / yBg − yCg .
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FIGURE 8. Schematic diagram of four representative phases of chaser platform during the chasing process.

2) THE ALGORITHM FOR SOLVING THE CHASING PATH

During the chasing process, the chaser platform needs to
plan its chasing path in order to avoid blocking the sight of
camera, otherwise it will result in the fact that the position and
attitude of the target landing gear tires are not able to solve.
Fig. 8 shows four representative phases of the chaser platform
during the chasing process:
1) phase 1 to 2, the chaser platform is moving straight up
without any adjustment of attitude;
2) phase 2 to 3, the chaser platform is adjusting its position
and attitude by path planning in order to avoid blocking
the sight of camera;
3) phase 3 to 4, the chaser platform is adjusting its position
and attitude through analyzing the data at phase 3, and
finally accomplishes the docking.
The variables in Fig. 8 can be classified into different groups
as follows:
• known parameters:
– LC1 : X1 direction distance from point O3 to point
O1 ;
– LC0 : distance from the foremost point of the docking mechanism to point O1 in the X1 direction;
– HC : height of the docking mechanism;
– ac : distance from the foremost point of the docking
mechanism to point O3 ;
– β0 : acute angle between the line ac and the bottom
plane of the docking mechanism;
– LT1 : X1 direction distance from point O2 to point
O1 ;
– RT1 : perpendicular distance between point O2 and
the line connecting the two rear landing gear tires;
– HT : Z1 direction distance from point O2 to point O3
at phase 4;
– hCT : Z1 direction distance from point O2 to point
O3 at phase 1;
– r: radius of the landing gear tire.
75040

•

intermediate variables in calculation:
– β 1 : acute angle of the line (connecting the midpoint
of the rear landing gear tires to point O1 ) with
respect to the X1 axis;
– β 2 : acute angle of the line (connecting the midpoint
of the rear landing gear tires to point O1 ) with
respect to line segment r;
– β b : acute angle of the line (connecting center point
of the chaser platform at phase 2 and the one at
phase 3) with respect to the X1 axis.

•

variables to be determined:
– hC : distance moved from phase 1 to phase 2 in the
Z1 direction;
– HCX : distance moved from phase 2 to phase 3 in the
X1 direction;
– HCZ : distance moved from phase 2 to phase 3 in the
Z1 direction;
– β C : acute angle between the line (connecting the
lowest visible point of the rear landing gear tire to
point O1 ) and the X1 axis.

The first class of variables are the parameters solved by
monocular vision or inherent parameters of the chaser platform and the target landing gear, which can be considered
as known value in present calculation. The third class of
variables can then be simply obtained by geometric relations
(see Fig. 8):

β1 = arctan (hCT / (LT 1 + RT 1 ))





β2 = arccos (r/ (hCT / sin β1 ))




◦
◦


 90 − βc + (β1 + β2 ) = 180
hC = LC0 × tan βc




βb = 180◦ − β0 − 180◦ − βc /2




 HCX = 2 ac × sin (βc /2) × cos βb



HCZ = 2 ac × sin (βc /2) × sin βb .

(4)
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Therefore it is possible to determine the amount of movement during the chasing process. To be more specific,
the amount of movement from phase 1 to phase 2 (along the
negative Z1 direction) is hC . From phase 2 to phase 3,
the amount of movement along the negative X1 direction is
HCX , along the negative Z1 direction is HCZ and the amount of
clockwise rotation around the Y1 axis is β C . From phase 3 to
phase 4, the amount of movement along the positive X1 direction is HCX , along the negative Z1 direction is (HC + hCT ) −
(HCZ + hC + HT ) and the amount of counterclockwise rotation around the Y1 axis is β C .

position and attitude with the reference ones shows good
agreement between them, except that the error value of the
roll angle is quite large (see the points of ‘‘Uncorrected error’’
in Fig. 12) in the yawing motion, which is due to the large
offset of the recognized tire midpoint (see the lower panel
of Fig. 11). Such a large error value (increasing with yaw
angle) is unacceptable during the chasing process, thus a
linear function (the dashed line in Fig. 12) is proposed in
present algorithm to correct the roll angle, and it turns out that
the sampling accuracy can be improved to within 0.5 (see the
points of ‘‘Corrected error’’ in Fig. 12).

B. IMAGE PROCESSING

C. SIMULATED TEST FOR SOLVING POSITION
AND ATTITUDE

The main steps of image feature recognition are described
in the following. First of all, the camera acquires the RGB
image, which is then converted to gray image. Next, one
should filter out areas with low grayscale value in the
gray image by closed operation, and then binary the image.
However, in some cases, there still exists some features
unrelated to the actual tires in the binarized image. Thus an
extra step is needed by using the edge extraction algorithm
to extract edges in the binarized image, then the extracted
edge is highlighted by gray lines in the image. Next step is
to compare those edges obtained in the image with the edge
feature of actual tire, consequently the correct tire edges are
recognized by setting the threshold value. Finally, the midpoints of the selected feature edges are found. An example of
present image processing procedure is shown in Fig. 9.

The performance of the algorithm proposed in Section III-A1
is tested based on Matlab simulation. The position and attitude obtained by the algorithm is compared to the reference
values, so that the valid range of obtaining unique positive solution of P3P problem is determined. It is seen from
Fig. 13 that the position error (of X-axis displacement under
the X-axis motion, of Y-axis displacement under the Y-axis
motion and of Z-axis displacement under the Z-axis motion)
between simulation results and reference results is near zero
(within 0.02 mm since the actual errors coming from installation, noise, acquisition deviation cannot be reproduced in
the simulation) and the case of multiple solutions does not
occur. However, the attitude error (of roll angle under the
rolling motion, of pitch angle under the pitching motion and
of yaw angle under the yawing motion) between simulation
results and reference results is only near zero (within 0.02)
within a certain range. Specifically, the valid range for the
unique solution of pitch angle is [−70, 37], of roll angle is
[−89, 89] and of yaw angle is [−48, 48]. Generally the
variation of attitude angles of the target aircraft is small and
will not exceed the range of 15 in actual flight, thus the
present algorithm to solve the position and attitude is valid
in general cases.
D. EXPERIMENTAL TEST FOR SOLVING POSITION
AND ATTITUDE

FIGURE 9. RGB image (upper left), gray image (upper middle), closed
operation (upper right), binarized image (lower left), edge extraction
(lower middle), tire feature recognition (lower right).

The present algorithm is tested by experiment. With the
variation of position (X, Y, Z displacement) and attitude
(rolling, pitching, yawing motion), respectively, the recognized tire features are shown in Fig. 10 and Fig. 11. The
obtained tire features are used to compute position and attitude of the target landing gear tires according to the algorithm described in last subsection. Comparing the calculated
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The performance of the algorithm proposed in Section III-A1
is tested experimentally on the experimental testbed. The
experimental results (in the coordinate system O1 x1 y1 z1 ) are
shown in Fig. 14, which is also compared with the reference
value to get the error value (see Fig. 15). The number of sampling points is related to the maximum variation range of each
component of the 6-DOF platform. It is seen from Fig. 15
that the error range of X-axis displacement is within 1.5mm
under the X-axis movement, of Y-axis displacement is within
[−1.5mm, 0.5mm] under the Y-axis movement and of Z-axis
displacement is within [−1.5mm, 0mm] under the Z-axis
movement. Moreover, the error range of roll angle is within
[0.15, 0.9] under the rolling motion, of pitch angle is within
[−0.3, 0.1] under the pitching motion and of yaw angle is
within [−0.15, 0.2] under the yawing motion. It should be
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FIGURE 10. Feature recognition with X-direction movement (upper row), Y-direction movement (middle row), Z-direction movement (lower row).

FIGURE 11. Feature recognition with rolling motion (upper row), pitching motion (middle row), yawing motion (lower row).

the installation error and the error of measuring the reference
value.
IV. Z-DIRECTION CONTROL OF THE CHASER PLATFORM
A. DISCRETE ESTIMATION OF THE Z-DIRECTION POSITION

FIGURE 12. Variation of roll angle error with yaw angle in the yawing
motion.

noted that, in present experiment, the main factors affecting the accuracy of above solution are the processing error
of the lens of the optical system, the pixel resolution,
75042

The process of solving position and attitude would inevitably
cause time delay. Therefore, when the chaser platform
receives the information about position and attitude of the
target landing gear, the latter has already moved and no longer
stays at previous state. Thus the chasing trajectory of the
chaser platform fails to catch up with the trajectory of the
target landing gear, see the ‘‘Track 1’’ in Fig. 16. In order
to solve the time delay problem, position prediction for the
target landing gear at next time step is made by analyzing
the data of current time step. Consequently the chaser platform can correctly catch up with the target landing gear, see
VOLUME 9, 2021
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FIGURE 13. Simulated results of the position components and attitude components.

FIGURE 14. Experimental results of the position components and attitude components.

the ‘‘Track 2’’ in Fig. 16. In what follows, the procedure
to predict Z-direction position of the target landing gear is
given.
The change rate of z-direction displacement is

kz,i = zt,i − zt,i−1 /Ts ,
(5)
in which i denotes the ith sampling point, zt,i is z-direction
coordinate of the target landing gear and Ts is the sampling
period. Thus the predicted value of the z-direction coordinate is
zpt,i+1 = zt,i + kz,i × 1ti ,
VOLUME 9, 2021

(6)

where 1ti is time to move to the predicted value (see
below) and initially equals to Ts . Then the difference between
Z-direction coordinate of the chaser platform zc,i and the
predicted Z-direction coordinate of target landing gear zpt,i+1
can be computed as
Sz,i = zpt,i+1 − zc,i ,

(7)

1ti+1 = Sz,i /vz,i ,

(8)

and

in which vz,i is Z-direction velocity of the chaser platform.
If 1ti+1 >= Ts , then 1ti+1 = Ts and continue to next
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FIGURE 15. Position and attitude errors between experimental value and
reference value.

FIGURE 17. Simulation of chasing trajectory of the chaser platform with
different velocities at phase 3. The actual position and predicted position
of the target landing gear during the chasing process are also shown.

collision) and representing zc , the Z-direction coordinate of
the chaser platform in equation (7), by means of quadratic
polynomial
zc (t) = Cz,0 + Cz,1 t + Cz,2 t 2 ,

(9)

then vz (in (8)) can be represented as
vz (t) = Cz,1 + Cz,2 t.

FIGURE 16. Simulation of two different chasing trajectories of the chaser
platform. The actual position and predicted position of the target landing
gear during the chasing process are also shown.

sampling point. Whereas if 1ti+1 < Ts , the docking operation is going to happen at next time step, and Z-direction coordinate of the target landing gear can be correctly predicted at
that moment using (6).
B. Z-DIRECTION SPEED CONTROL OF THE
CHASER PLATFORM

During the chasing process from the phase 1 to 3 (as shown
in Fig. 8), it is better to keep the chaser platform in a small
moving speed [5] and a small constant acceleration. By doing
this, it is conducive to reduce the force acting on the chaser
aircraft. Therefore the Z-direction speed control strategy for
the chaser platform is proposed and tested in this subsection.
The speed control is done by imposing a zero initial velocity
and velocity at phase 3 (20 mm/s in present experiment. It is
shown in Fig. 17 that the value 20 mm/s is appropriate in
present case. If the velocity at phase 3 is too slow, such as
5 mm/s, the docking time is predicted to be greater than Ts
at the closest point A in Fig. 17, so that the chaser platform will continue to move upwards and cause undesired
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(10)

A simulation example of the Z-direction speed control is
given in the following. In this test, initial velocity of the chaser
platform is zero and arrival velocity at phase 3 is 20 mm/s,
the sampling period Ts is 0.5 s (this value is determined
by considering the GNC loop sampling rate of 0.3 s used
in Ref. [5] and the time needed to solve the position and
attitude of the target platform) and the target landing gear is
imposed to move according to zt = −111.2 − 19.0 sin(2πft)
along the Z-direction, where f is the frequency and equals to
0.15 Hz. Initial Z-direction coordinate of the chaser platform
and the target landing gear is zc,0 and zt,0 , respectively. The
coefficients Cz,0 , Cz,1 and Cz,2 are determined by initial
and final Z-direction coordinate and velocity at each time
step. The initial position and velocity of next time step are
equal to the ones calculated by (9) and (10) at present time
step.
The results of this simulation are shown in Fig. 16, in which
track 2 of the chaser platform is done by making position
prediction of the target landing gear, whereas the track 1 of
the chaser platform does not make any prediction. The results
shows that both trajectories of the chaser platform satisfy
the velocity control equation (10), and the chaser platform
keeps small and near constant acceleration during the whole
process. It is also seen from Fig. 16 that the successful
docking can only be achieved by making position prediction
of the target landing gear. Thus the above test proves the
soundness of the proposed algorithm for Z-direction control
of the chaser platform.
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FIGURE 18. Z-direction displacement (panel a), X-direction displacement (panel b) and pitch angle (panel c) of the target landing
gear (moving along Z-direction) and the chaser platform.

V. EXPERIMENTAL RESULTS

The experimental results are reported in this Section. The
first part describes the docking process when the target landing gear is moving along Z-direction, while the second part
describes the docking process when the target landing gear is
in compound movement.
A. THE TARGET LANDING GEAR MOVING
ALONG Z-DIRECTION

In this test, Console 1 (see Fig. 4) controls the target
landing gear to do the Z-direction reciprocating motion.
The Z-direction speed of the chaser platform at phase 3 is
set to 20 mm/s, position and attitude of the target landing
gear are updated every 0.26s, which is determined by the
CPU (Core(TM)i7-9750H) performance of Console 2. The
experimental results of Z-direction displacement, X-direction
displacement and pitch angle of the target landing gear
(solved based on monocular vision) and the chaser platform
are reported in Fig. 18, in which the curve ‘‘Predicted+HT ’’
means the predicted value of the target landing gear plus the
distance HT (meaning distance between the chaser platform
and the target landing gear at phase 4, see Fig. 8).
It is seen from Fig. 18 that the chasing trajectory of the
chaser platform can be divided by three main stages. The first
stage corresponds to phase 1 to 2 in Fig. 8, where the chaser
platform is still far away from the target landing gear and is
moving upward slowly with a constant acceleration. The second stage corresponds to phase 2 to 3 in Fig. 8, in order
to prevent from blocking the sight of camera during this
process, the chasing path planning is made using the theory
described in Section III-A2. The third stage corresponds to
phase 3 to 4 in Fig. 8, at which the chaser platform blocks
the sight of camera and then the position and attitude of the
target landing gear cannot be solved. However, the entire time
of third stage is quite short (less than Ts ), thus the docking
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FIGURE 19. The error between predicted and measured Z-direction
coordinate value of the target landing gear.

position (at phase 4) is nearly the predicted value obtained
at phase 3. It should also be noted that there is no need to
perform speed control at third stage due to the short time.
The above four phases are all indicated in Fig. 18. Consequently the Z-direction speed of the chaser platform can be
effectively controlled by (10) from phase 1 to 3 with constant
acceleration. In the meanwhile, the attitude adjustment of the
chaser platform during the chasing process can effectively
avoid blocking the visual features for attitude algorithm.
Furthermore, Fig. 19 reports the error between predicted and
measured Z-direction coordinate value of the target landing
gear. It is seen that the maximum value will not exceed 4 mm,
therefore the design of the docking mechanism should have a
redundancy of 4 mm in order to ensure successful docking.
B. THE TARGET LANDING GEAR IN
COMPOUND MOVEMENT

When the target landing gear is in a compound movement
(meaning that the target landing gear is doing reciprocating
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FIGURE 20. Z-direction displacement (a), X-direction displacement (b), Y-direction displacement (c), roll angle (d), pitch angle (e) and yaw
angle (f) of the target landing gear (in compound movement) and the chaser platform.

FIGURE 21. Trajectories of the chaser platform (dashed black triangles) and the target landing gear (dashed red triangles).

motion along the X, Y and Z directions, as well as roll,
pitch and yaw angles, simultaneously), the chasing trajectory
will be much more complex than the one described in last
subsection. Fig. 20 reports the variation of six components
(X, Y, Z displacements and roll, pitch, yaw angles) of the
target landing gear and the chaser platform in present case.
The results show that the curve ‘‘Predicted+HT ’’ coincides
with the trajectory of the chaser platform at phase 4, indicating that successful docking is also achieved in present
complex compound movement. Hence the proposed visual
based navigation docking scheme is able to work under the
case of complex compound movement. Moreover, in order to
have a more clear look at the docking process, Fig. 21 reports

75046

the moving trajectories (in which a triangle corresponds to
three points of the target landing gear or the chaser platform)
of the target landing gear (dashed red triangles, while blue
triangle denotes final position at phase 4) and the chaser
platform (dashed black triangles, while green triangle denotes
final position at phase 4) in the navigation docking coordinate
system. The red solid line is the trajectory of point O2 in the
navigation docking coordinate system, while the black solid
line indicates the trajectory of point O3 . Correspondingly,
Fig. 22 shows the images collected by the monocular camera
during the docking process, the evolution time is indicated
in the figure. The variations of position and attitude of both
the target landing gear and the chaser platform can thus be

VOLUME 9, 2021

D. Wang et al.: Experimental Testbed for Study of Visual Based Navigation Docking

FIGURE 22. Feature recognition during the docking process when the target landing gear is in compound movement, the evolution time is
indicated in the panels.

clearly seen from above figures, the chaser platform adjusts
its position and attitude in line with the complex compound
movement of the target landing gear.

docking operations, besides the docking process of vertical
compound aircraft.

VI. CONCLUSION

Dong Wang and Qizhen Hong would like to thank other
members of the ‘‘Bi Fang’’ Team (of University of Chinese
Academy of Sciences) for their valuable discussions and
support.

A new visual based navigation docking scheme has been
proposed and tested numerically and experimentally for the
docking of two vertical compound aircraft in flight. An experimental testbed, made of two 6-DOF platforms (the chaser
platform and target platform), was built for testing the proposed scheme on the ground. The chaser platform is equipped
with a monocular camera to acquire image and then the position and attitude of the target landing gear with respect to the
chaser platform are solved based on monocular vision with
the theory of solving the P3P problem. In order to prevent the
chaser platform from blocking the sight of camera during
the chasing process, the attitude of the chaser platform must
be adjusted to reduce the blind area of vision acquisition.
Therefore a new path and attitude planning algorithm is
proposed for the chaser platform. The Z-direction position of
the target landing gear is predicted in advance to compensate for the time delay of solving the position and attitude,
by doing this the docking accuracy is within 4 mm. Moreover,
a Z-direction speed control algorithm is also proposed to
control the speed of the chaser platform during the chasing
process, thus the acceleration of the chaser platform is small
and near constant.
The soundness of the new visual based navigation docking
scheme has been proved in following two cases, i.e., the
target landing gear is moving along Z-direction and the target
landing gear is in compound movement, the experimental
results show that both cases result in successful docking.
It should be noted that the present scheme can be exploited
for many other applications, such as the space rendezvous and
VOLUME 9, 2021
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