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ABSTRACT A fractional-step docking strategy based on adaptive sensing is proposed for an orthogonally
distributed container docking device that exhibits various characteristics, including modularization, minia-
turization, extensibility, and peripheral layout. A dynamic model of a body combined with a space station
container and robotic arm and a contact dynamic model between the combined body and the docking device
are established to lay the foundation for the docking determination of the container in limit poses. Taking
the structural and dynamic characteristics of the orthogonally distributed docking device into consideration,
the actions of a diagonal double-docking hook were matched under limited working conditions. A 6-D force
sensor placed at the end of the robotic arm was used to perceive the contact force of the container and the
position of the docking hook, providing a basis for selecting a docking strategy. The tolerance of the docking
device was analyzed when applying the docking strategy, the results of which demonstrated a much larger
tolerance than that found in the synchronous docking. An orthogonally distributed docking device and an
experimental platform were developed, and the tolerance of the device when using the adaptive sensing
docking strategy was tested and verified. A comparison between the experiment and simulation proves the
effectiveness and feasibility of the proposed adaptive sensing docking strategy.

INDEX TERMS Orthogonally distributed, docking device, adaptive sensing, fractional-step docking
strategy.

I. INTRODUCTION
Docking technology for an on-orbit cooperative target
exhibits broad application prospects in tasks including space
station container docking, on-orbit services, and module
docking [1]–[4]. Given the rapid development in commercial
space travel, reusable low-cost docking devices have become
a popular research topic. Modularization, miniaturization,
and scalability are new requirements for docking devices.
The level of tolerance determines the success or failure of
container dockingmissions, and is also an important indicator
of the performance of a docking device. A few previous
studies have examined several schematic and docking dynam-
ics on traditional docking devices, and a few ground tests
and on-orbit demonstrations have been conducted [5]–[8].
To achieve reliable locking of the container during the
launch phase and orbit, and a second docking and lock-
ing of the returning supplies upon return to the ground,
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Japan’s H-II Transfer Vehicle (HTV) places a repeat HTV
cargo attachment mechanism between the container and pal-
let, which can resist the acceleration impact caused by vibra-
tions during launch and a change in orbit [9]. In 2009, the U.S.
launched the space shuttle Endeavour to carry the test tools
and platforms required by astronauts to work on the Interna-
tional Space Station (ISS). The repeated docking and sepa-
ration device applied between a container and space shuttle
realized an accurate connection through a jaw and v-groove,
and a repeated docking lock of the container was finally
realized [10]. In 2007, the United States launched the Orbital
Express spacecraft with the aim of validating on-orbit service
technology [11]. With the assistance of a space manipulator,
a target spacecraft was docked by the tracking spacecraft
through an interlocking triangular cross-docking mechanism
to provide space support for on-orbit services [12], [13].
In [14], Orbital Recovery Corporation initiated the SMART-
OLEV system in 2007 to dock a target spacecraft using
a ‘‘cone-rod’’ docking mechanism and provided services
including propulsion, navigation, control, maintenance, and
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fueling. Furthermore, the use of a Shuttle Remote Manipula-
tor System (SRMS) and the Japanese Experimental Module,
Remote Manipulator System (JEMRMS) on the International
Space Station have also been discussed [15], [16]. Docking
devices are unsuitable for reusable docking of containers
given the large-size wire rope used to tighten the docking
rod. China, the United States, and the former Soviet Union
conducted multiple cabin docking missions using a cone-
rod docking device and an Allomorphic peripheral dock-
ing device in [17]–[19]. Aiming at an SRMS end-effector,
Akira Tsuchihashi completed the design of a torque sensor
and a positioning sensor based on a micro-stroke switch, and
proposed a terminal effector docking operation strategy [20].
Jiegao Wang conducted a contact dynamics simulation of
an SRMS end-effector for a robotic arm docking operation
used in the maintenance of the Hubble space telescope and
a derailment service robot system, and proposed an on-orbit
autonomous docking strategy for a robotic system [21], [22].
Yisong Tan developed a set of devices made up of a large
robotic arm end-effector for the space station, and proposed
the docking strategy of a loop/contact transport module [23].
Fei Feng studied the docking strategy of the end-effector
according to the results of the identification of the parameters
of the on-orbit container for the mixed inertia of the target
mass and the positional relationship between the docking rod
and end-effector [24]. According to the dynamic parameters
and a deviation of the container, different docking strategies
were selected to improve the efficiency and smoothness of the
docking performance. According to the measurement results
of the docking device sensor, Yu Zhang adopted a force
control strategy, speed strategy, and blind exploration dock-
ing strategy to enhance the docking capability of the target
aircraft nozzle and improve the docking success rate [25].
Some scholars improve the performance of equipment by
introducing neural network and optimal control. A neural
network-based adaptive control method can provide effec-
tive control for both actuated and unactuated state variables
based on the original nonlinear ship-mounted crane dynamics
without any linearizing operations [26]. An energy-optimal
solution for transportation control of double pendulum cranes
is proposed [27]. By applying the presented approach,
the transportation objective, including fast trolley positioning
and swing elimination, is achieved with minimized energy
consumption.

The device used in docking and robotic arm docking
missions has applied a cone-rod, an allogeneic isomorphic
perimeter, wire rope folding, and a three-finger docking
mechanism. Research into docking strategies considers all
these types of symmetrical centralized docking devices to
control the overall docking speed, contact damping, and
docking torque as a whole. When compared with a traditional
central symmetric centralized docking device, the orthog-
onally distributed docking device is more complicated in
terms of the structural layout, and hence it is more difficult
to devise a docking strategy for it. At present, no studies
on docking strategies suitable for such devices have been

found in the public literature. This paper proposes an adaptive
sensing docking strategy for orthogonally distributed docking
devices, which effectively improves the tolerance. The contri-
butions of this paper are as follows: (1) The adaptive docking
strategy for orthogonal distributed container docking device
is proposed. (2) The dynamic model of orthogonal distributed
docking device is established, and the tolerance of adap-
tive docking strategy is determined by simulation analysis.
(3) The prototype of orthogonal distributed docking device
was developed and a docking test platform was built. The
experimental verification of the proposed adaptive docking
strategy is carried out. The advantage of using fractional-step
adaptive docking strategy is that the tolerance capacity of
docking devices has been significantly improved compared
with that of using synchronous docking strategy.

The remainder of this study is divided into the following
six sections: Section I introduces the different types of tra-
ditional docking devices and the docking strategy. Section II
introduces the orthogonally distributed docking device and
describes the tolerance capability analysis method applied.
The proposed docking strategy based on adaptive sensing is
and elaborated upon in Section III. Section IV analyzes the
tolerance capacity of the docking devicewhen using the dock-
ing strategy. Section V describes the experimental platform
established to test and verify the tolerance capability under
the adaptive sensing docking strategy. Finally, Section VI
summarizes the advantages of the adaptive sensing docking
strategy.

II. ORTHOGONALLY DISTRIBUTED DOCKING DEVICE
AND ITS TOLERANCE ANALYSIS METHOD
A. ORTHOGONALLY DISTRIBUTED DOCKING
DEVICE AND ITS WORKING PROCESS
Space stations are used by astronauts for long periods of
time, to carry out a large number of scientific research
experiments. During the operation and maintenance of a
space station, the living materials and experimental equip-
ment of the astronauts need to be continuously supplemented,
updated, and maintained. A specific implementation plan of a
replacement mission for space station materials is as follows:
(1) The materials and equipment needed for the space station
are loaded into the exposed facility (EF) payload container.
The EF payload container is then locked onto the experi-
ment logistics module-exposed section (ELM-ES) through
the docking device, and the ELM-ES is carried in the cargo
bay of the space shuttle. (2) The shuttle carrying the ELM-ES
launches into a predetermined orbit and docks with the ISS.
(3) The EF payload containers in the ELM-ES of the space
shuttle and the EF payload containers on the exposed equip-
ment platform of the ISS are swapped using a robotic arm
and the docking device, completing the replacement of the
supplies and equipment of the ISS. (4) The shuttle then
returns to the ground with the ELM-ES and the replaced EF
payload containers, and the failed equipment in the container
can be repaired, as shown in Fig. 1.
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FIGURE 1. EF payloads container replacement in the ISS.

FIGURE 2. Structure of the docking device.

The main function of the docking device involves complet-
ing a pose adjustment and the docking and locking of the con-
tainer with the assistance of a robotic arm. Both the robotic
arm and the docking device are fixed to the operational plat-
form of the space station, as shown in Fig. 2(a). Prior to the
operation of the docking device, the end effector of the robotic
arm locks the container handle to form a unitary body and car-
ries the container to the docking area of the device. Given the

joint error and deformation of the robotic arm, a certain pose
deviation of the container exists relative to the ideal docking
position, as shown in Fig. 2(b). If the pose deviation e of the
container corresponds to (1x,1y,1z,1α,1β,1γ ), then
the actual pose of the container is translated as 1x,1y,1z
relative to the ideal pose along the xe, ye, and ze axes, and
is rotated as 1α,1β,1γ around the xe, ye, and ze axes,
respectively, at the end coordinate system of the robotic arm.

During the operation of the docking device, the joint of the
robotic arm is affected only by the viscous damping associ-
ated with the joint speed and not the motor drive torque. This
state is termed a zero-force control state. In the control state,
the robotic arm can move if the force at the end of the robotic
arm is more than Fe0. The docking device is composed of
four docking unitsUa,Ub,Uc, andUd . The docking unit uses
a hook-frame structure as the docking execution component,
as shown in Fig. 3. The docking hookmoves at a certain speed
on the docking unit, and the docking frame is fixed at the
bottom of the container. The direction of the two adjacent
docking hooks is orthogonal, and this layout allows for more
reliable docking of the containers. The docking hooks in the
four docking units Ua, Ub, Uc, and Ud are called Ha, Hb, Hc,
andHd , and the docking frames are called Fa, Fb, Fc, and Fd .

FIGURE 3. Docking component layout.

B. TOLERANCE CAPABILITY ANALYSIS METHOD
The docking tolerance refers to the ability to allow pose
errors at the handle of the container while ensuring reli-
able docking. The larger the allowable error is, the larger
the tolerance of the docking device will be. In the case
of synchronous docking of the docking hook, the toler-
ance capacity of the docking device is known to be T0 =
[±10mm,±10 mm,±10 mm,±1◦,±1◦,±1◦]. According to
the working characteristics of the orthogonal distributed
docking device, a tolerance capacity analysis method is pro-
posed, as shown in Fig. 4, the key steps of which are as
follows:
(1) The synchronous docking tolerance is T0, the adaptive

docking tolerance is T = T0 + n1T , and the initial value of
n is 1.
(2) The tolerance capacity T is converted into k types of

limit poses that can be validated.
(3) The k types of limit poses are simplified into j types.
(4) The changes in the container pose for j limit poses

during the docking process are predicted, and it is deter-
mined whether the docking is successful. If all dockings are
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FIGURE 4. Flow chart of the tolerance analysis method.

successful, the tolerance capacity of the device becomes
greater than or equal to the tolerance T . If n = n+1, proceed
to step (1). If not all docking procedures are successful,
the tolerance of the docking device is T = T0 + (n− 1)1T .

1) TOLERANCE DOMAIN TRANSFORMATION
AND CLASSIFICATION
The ability of the tip of the docking hook to pass through
the docking frame is used as the basis to determine a reli-
able docking. The larger the pose error at the handle of the
container, the greater the distance from the actual position
to the ideal position of the docking frame, and the smaller
the docking domain through which the docking hook tip
can pass. If the tolerance domain corresponds to Tm =
[±xm,±ym,±zm,±αm,±βm,±γm], the docking device can
then dock the container when the pose error e at the container
handle is within the range specified in (1) as follows:{
−xm ≤ 1x ≤ xm,−ym ≤ 1y ≤ ym,−zm ≤ 1z ≤ zm,
−αm ≤ 1α ≤ αm,−βm ≤ 1β ≤ βm,−γm ≤ 1γ ≤ γm

(1)

The limit error eli can be obtained by taking the maxi-
mum or minimum value of each parameter of pose error e
within the tolerance domain Tm. Because the limit error eli
contains six parameters, a total of K = 26 = 64 different

limit errors eli can be obtained. The limit pose of the container
corresponding to each type of limit error eli corresponds to
limit pose peli. If each parameter of el1 is themaximumwithin
the value range, it can be expressed as follows:

el1 = [xm, ym, zm, αm, βm, γm] . (2)

whereEL denotes the set of limit error eli, and the correspond-
ing limit pose set of the container is PEL . Specifically, EL is
expressed as follows:

EL = [el1, · · ·eli, · · ·el64] (i = 1, 2, · · ·64). (3)

Evidently, if the container is docked under the condition of
all 64 limit errors eli, it proves that the container is docked
within the tolerance domain Tm. Thus, the tolerance domain
of the docking device is determined by checking the dock-
ing result of the limit pose peli corresponding to the limit
error eli.

If all limit poses corresponding to the 64 limit errors have to
be validated, the analysis is extremely complicated. Instead,
the 64 limit poses are classified into four types based on the
contacting order of the four docking unit components. Given
the symmetrical structural characteristics of the orthogo-
nally distributed docking device, one type of limit pose is
selected to represent all limit poses. The pose prediction
and docking determination during the docking process of the
selected type of limit pose are used as the basis for tolerance
determination.

2) ROBOTIC ARM-CONTAINER COMBINED
BODY CONTACT DYNAMICS MODEL
Before the docking process starts, the robotic arm carries the
container and stabilizes it for a period of time, making
the container and the docking device relatively static. During
the docking process, the docking component moves slowly
and the contact force is small. Since the mass of the aircraft is
much larger than that of the container, the influence of small
contact force on the pose of the spacecraft can be ignored.
So we can treat the spacecraft platform as a fixed base, and
just analyze the movement of the target container relative to
the docking device.

The robotic arm in the study exhibits seven degrees of
freedom and consists of seven links. Themotion of the robotic
arm-container combined body is determined via its dynamic
characteristics. Thus, the dynamics analysis of the combined
body corresponds to the basis for the pose prediction and con-
trol strategy. A simplified dynamics model of the combined
body was constructed to analyze the dynamic properties of
the combined body. The end effector and the container are
consolidated into a rigid body, and thus the kinematic model
of the combined body is identical to that of the robotic arm
as shown in Fig. 5. The centroid and moment of inertia of
the last link varies in the dynamic model of the combined
body when compared with the dynamic model of the robotic
arm [28].
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FIGURE 5. Model of the robotic arm-container combined body.

The coordinate transformation of the robotic arm links is
expressed as follows:

iAi+1 =


cθi −sθicαi sθisαi aicθi
sθi cθicαi −cθisαi aisθi
0 sαi cαi di
0 0 0 1

 (4)

The transformation matrix from the base of the robotic arm
to any link is as follows:

Ti =0 A1 · · ·i−1 Ai (5)

We consider the robotic arm-container combined body as
the analysis object, and the Lagrange second equation is used
to establish the dynamic model. We define the Lagrangian
function as L, E denotes the kinetic energy of the system,
V denotes the potential energy of the system, and 9 denotes
the energy loss of the system. The Lagrangian equation is
expressed as follows:

d
dt

(
∂L
∂ q̇

)
−
∂L
∂q
+
∂ψ

∂ q̇
= Q

L = E − V
(6)

where Q denotes the generalized force matrix, and q denotes
the generalized coordinates of joint.

The generalized coordinates are selected as follows:

q = [θ1 θ2 θ3 θ4 θ5 θ6 θ7]T (7)

With respect to each generalized coordinate, the generalized
force is defined as follows:

Q = [τ1 τ2 τ3 τ4 τ5 τ6 τ7]T (8)

The position vector of a particle in the global coordinate
system is obtained from the position vector of a particle in
the body-fixed coordinate system:

ri =0 T i
ir (9)

where ir denotes the position vector of a particle in body-
fixed coordinate system, and ri denotes the position vector
of a particle in the global coordinate system.

The position vector of a particle on the ith link on the
robotic arm in the global coordinate system is given by
generalized coordinates as follows:

ri = ri(q1, q2, q3, q4, q5, q6, q7) (10)

The homogeneous velocity of the particle is defined as
follows:

ṙi =0 Ṫ i ir =

 i∑
j=1

∂0T i
∂qj

q̇j

 ir (11)

Therefore, the kinetic energy of the particle is as follows:

dEi =
1
2
ṙi · ṙidm =

1
2
diag(ṙiṙTi )dm

=
1
2
diag

 i∑
j=1

i∑
k=1

∂0T i
∂qj

ir irT
∂(0T i)T

∂qk
q̇jq̇k

 dm
(12)

Thus, the kinetic energy of the link i is as follows:

Ei =
∫
i
dEi=

1
2

∫
i
diag

 i∑
j=1

i∑
k=1

∂0T i
∂qj

ir irT
∂(0T i)T

∂qk
q̇jq̇k

 dm
=

1
2
diag


i∑

j=1

i∑
k=1

∂0T i
∂qj

J i
∂(0T i)T

∂qk
q̇jq̇k


(13)

where Ji denotes a symmetric constant matrix that completely
describes the mass distribution of the link i.
The kinetic energy of the combined body includes the

kinetic energy of each link and that of the container. The
seventh link of the robotic arm and the container constitutes a
rigid body, and the kinetic energy of the container is contained
in the seventh link. The kinetic energy of the combined body
is expressed as follows:

Ei =
7∑
i=1

Ei

=
1
2

6∑
i=1

i∑
j=1

i∑
k=1

diag
(
∂0T i
∂qj

J i
∂(0T i)T

∂qk

)
q̇jq̇k

=
1
2
q̇TD(q)q̇ (14)

where D(q) denotes the inertia matrix of the robotic arm.
The robotic arm-container combined body works in space

in a microgravity environment. We ignore the change in
potential energy of the combined body, and thus V = 0.
The kinetic energy is inserted into the Lagrangian function,
and the partial derivatives of the generalized coordinates are
calculated as follows:

∂L
∂ q̇j
=
∂E
∂ q̇j
=

7∑
k=1

dijq̇k (15)
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d
dt
∂L
∂ q̇j
=
∂E
∂ q̇j
=

7∑
k=1

dijq̈k +
7∑

k=1

ḋijq̇k (16)

∂L
∂qj
=
∂E
∂qj
=

1
2
q̇T
∂D
∂qj

q̇ (17)

The energy loss of each joint of the robotic arm is expressed
as follows:

ψ =

7∑
i=1

ψi =
1
2

7∑
i=1

fiq̇2i (18)

∂ψ

∂ q̇
=

7∑
i=1

fiq̇i (19)

where fi denotes the viscous damping coefficient of the
ith joint.

We substitute equations (15), (16), (17), and (19) into the
Lagrangian equation as follows:

7∑
k=1

djk q̈k +
7∑

k=1

ḋjk q̇k −
1
2
q̇T
∂D
∂qj

q̇+
7∑
j=1

fjq̇j

= τ j j = 1, · · ·, n (20)

This is also simplified as follows:

Dq̈+H q̇+ f q̇ = τ (21)

where D denotes the system positive definite inertia matrix.
Additionally, H denotes the coefficient matrix containing
Coriolis force and centrifugal force, and f denotes the viscous
damping matrix.

We substitute Fp into the Lagrange equation as follows:

Dq̈+Hq̇+ f q̇ = JpFp (22)

where Jp denotes the motion Jacobian matrix associated with
contact points.

The pose trajectory of the container is predicted from the
initial conditions and equation (22). If the docking frame
is always in the docking domain of the docking hook, then
it is determined that the docking is successful. Conversely,
the docking fails if the docking frame escapes the docking
domain of the docking hook.

III. FRACTIONAL-STEP ADAPTIVE DOCKING STRATEGY
Repeated docking devices and robotic arms are required to
operate for an extended period while in orbit. A robotic arm
repeatedly carries out docking tasks in a harsh space environ-
ment, and the target container having a relative speed to the
robotic arm will make the robotic arm bear the impact force.
Long-term impact forces deform the robotic arm joint and
arm, thereby reducing the control precision. The dimensional
accuracy from the handle to the docking frame reduces in the
harsh environment of alternating heat and cold in space when
the target container is operated in orbit for a prolonged period.
In these cases, the tolerance of the original docking device is
unable to meet the higher level of tolerance required by the
docking task. In the case of a fixed structure and size of the

docking device, an adaptive docking strategy is proposed to
improve the device tolerance.

A. FRACTIONAL-STEP DOCKING STRATEGY
A matching strategy for four docking hooks applied during
the docking process was studied in order to improve the tol-
erance. Based on the system perception information, the spe-
cific docking parameters of the four docking hooks were
developed, including the docking speed, docking sequence,
and starting time.

1) DIAGONAL DOUBLE DOCKING HOOK
ACTION MATCHING
The four docking units of the docking device are orthog-
onal in the distribution. In one group, two docking hooks
Hb and Hd along the diagonal are matched face to face, and
in the other group,Ha andHc along the diagonal are matched
back to back to complete the docking operation, as shown
in Fig. 3. Therefore, research on the matching of two docking
hooks along each diagonal is the basis of the research on
the docking strategy of the docking device. Two face-to-
face docking hooks, Hb and Hd , were taken as examples for
research, and the positional relationship is as shown in Fig. 6.

FIGURE 6. Positional relation of two face-to-face docking hooks.

Considering the overall structural characteristics of the
docking device, it was found that the movement of the dock-
ing frame at the bottom of the container in the directions
of the x axis and z axis was limited by the four docking
hooks, and the movement in the direction of the −y axis was
limited by the base of the docking unit, and thus the escape
direction was only in the direction of the +y axis. Aiming
at the escape direction of the docking frame, the docking
strategy and tolerance enhancement were studied.

Analysis is performed using an example of a docking
frame that escapes from the docking hook during the docking
process, as indicated in Fig. 7. The positioning shaft Sb is
located below the vertex trajectory of the docking hook Hb.
In the docking process, one of the docking hooks Hd always
makes contact with the positioning shaft Sd first and forces
the container to move slowly under the contact force fd . The
other positioning shaft Sb produces postural changes owing
to the overall movement of the container. When the input
parameters of the model, such as the container posture are
determined, the motion trajectory of the positioning shaft Sb
can be solved using the contact dynamics model proposed
in section II. However, when the robotic arm has errors and
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FIGURE 7. Movement direction of the docking component.

does not carry a camera, the initial conditions for the calcu-
lation of the dynamic model cannot be determined, and thus
the contact dynamic model cannot be used for a trajectory
prediction or docking judgment.

In the absence of a basis for judgment, a sub-case discus-
sion was conducted. The movement direction of the posi-
tioning shaft Sb can be divided into three cases, as shown
in Fig. 7. The direction of db is along the direction of the
−z axis, namely, the horizontal direction. The direction of da
is between the −z axis direction and the +y axis direction,
and the direction of dc is between the −z axis direction and
the −y axis direction. When the positioning shaft Sb moves
in the direction of db and dc, as the docking continues, the
docking hook Hb will gradually restrict the positioning shaft
Sb to move in the escape direction (the +y axis direction),
and finally the docking is successful. When the positioning
shaft Sb moves in the da direction, the positioning shaft Sb
may escape from the docking domain of the docking hook
Hc and move in the escape direction (the +y axis direction),
eventually leading to a docking failure.

FIGURE 8. Movement direction of the docking component.

A step-by-step matching docking strategy for a diagonal
double docking hook is proposed targeting the situation lead-
ing to a docking failure. Before the docking hook Hd pushes
the positioning shaft Sd , the docking hookHb is made tomove
into contact with the positioning shaft Sb, as shown in Fig. 8.
Then, under the condition that the docking hook Hb prevents
the positioning shaft Sb from moving in the escape direction,
the docking hooks Hd and Hb jointly carry out the docking
action, greatly improving the reliability of the docking.

2) FRACTIONAL-STEP DOCKING STRATEGY
OF FOUR DOCKING HOOKS
The docking device consists of two pairs of diagonal docking
units, each of which adopts the docking strategy proposed in
section III A1. By considering the coordination problem of
four docking units comprehensively, the docking strategy of

the entire device is obtained. Let Xha, Xhb, Xhc, and Xhd be
the displacement of the four docking hooks Ha, Hb,Hc, and
Hd , respectively. When the positioning shaft Sa first contacts
the docking hook Ha in the docking unit Ua, the numerical
value of the displacement Xha is xca. Similarly, xcb, xcc, and
xcd are the displacement values ofXhb,Xhc, andXhd , when the
corresponding docking components in Ub, Uc, and Ud make
first contact. The total displacement of each docking hook is
the same, namely, xc.
During the process of adaptive sensing, the slider drives

the four docking hooks uniformly at the same speed. The
hooks Ha, Hb, Hc, and Hd were closed in order, and stopped
when the docking hook and docking frame were in con-
tact. Considering that there may be no contact between a
docking hook and the corresponding docking frame in the
whole movement track, in the adaptive sensing stage, if the
docking hook moves to the displacement xcl and still does
not touch, the docking hook will stop in the displacement xcl .
In the adaptive docking stage, the four docking hooks are
closed simultaneously according to the speed shown in Tab. 1,
and moved simultaneously until docking is achieved. The
adoption of this docking strategy can ensure that both pairs of
docking hooks match according to the diagonal docking hook
matching strategy proposed in section III A1 and improve the
docking tolerance and reliability.

TABLE 1. Fractional-step docking time and travel of docking hook.

B. ADAPTIVE SENSING
Adaptive sensing is an important aspect of the fractional-
step docking strategy. The meaning of adaptive sensing is:
in the case of uncertain position and posture of the container,
four docking hooks are respectively controlled to contact the
corresponding docking frame. The position of four dock-
ing hooks in contact with the corresponding docking frame
is sensed by a six-dimensional force sensor, which could
be used as the basis for the selection of docking strategy.
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The specific implementation method of adaptive sensing is:
in the case of uncertain position and posture of the container,
docking hookHa starts docking first. When docking hookHa
contacts docking frame Fa, the six-dimensional force sensor
will sense the contact force, and the controller will stop dock-
ing hook Ha after receiving the force signal. The position of
docking hook Ha at this time is recorded. Similarly, the posi-
tions of the other three docking hooks and corresponding
docking frames when they first contact are recorded. There-
fore, when each docking hook moves independently, the first
contact time tca, tcb, tcc, and tcd with the docking frame can
be obtained. In this way, the displacements xca, xcb, xcc, and
xcd and their order based on size can be calculated to provide
a basis for the selection of docking strategies. The workflow
of the system is shown in Fig. 9.

FIGURE 9. Flow chart of adaptive fractional-step docking strategy.

IV. TOLERANCE CAPABILITY ANALYSIS
To verify the correctness of the proposed contact dynam-
ics model and the effectiveness of the docking strategy,
a dynamic model was established to simulate the robotic arm,
the container, and the docking device. The proposed docking
strategy targets docking devices with orthogonal distribu-
tion characteristics, which have modularity and expansibil-
ity. During specific tasks, docking devices can be expanded
and contracted according to the actual size of the container.
To verify and test the mathematical model, the dimensions of
the simulated robotic arm, container, and docking device are
appropriately reduced. The systemmodel is shown in Fig. 10.

D-H parameters of the robotic arm are shown in Tab. 2.

TABLE 2. D-H parameters of the robotic arm.

Dynamic parameters of the robotic arm-container
assembly are shown in Tab. 3.

FIGURE 10. System model.

TABLE 3. Dynamic parameters of robotic arm-container assembly.

The docking mission is successful under the condition in
which the docking hook tip passes through the rectangular
docking frame. The length of the docking frame in the z direc-
tion increases and the height in the y direction decreases,
as shown in Fig. 11. The main factor affecting the docking
result during the docking process corresponds to the height
of the docking frame. Therefore, key points are selected in
the height direction for analysis. The midpoint of the upper
border of the docking frame is denoted by A, the center of
the locating shaft below is denoted by B, and C denotes
the docking hook tip. To observe the docking process more
intuitively, the three-dimensional structure is simplified as a
two-dimensional figure. The docking component and posi-
tion of each key point in Fig. 11, as viewed from the positive
z-axis direction, are shown in Fig. 12(a).

With respect to the entire capture device shown in Fig. 10,
the positions of the four capture frames simultaneously vary
during the capture process, and should be observed simulta-
neously. The capture units Ua and Uc should be observed in
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FIGURE 11. Key points of docking components.

FIGURE 12. Positional relationship of the docking components
corresponding to the limit pose set PEm.

the main view, and the capture units Ub and Ud are observed
in the left view. We consider the example of the limit error
set E0 corresponding to the tolerance domain T0, and the
error domain of the capture frame key points caused by the
64 limit errors is shown in Fig. 12. The layout of the positional
relationship of the four capture units in Fig. 12 correspond to
the layout of the capture units, as shown in Fig. 10.

The 64 limit poses are divided into four types. Accord-
ing to the symmetry characteristics of the orthogonal dis-
tributed docking device, we can only analyze 16 limit poses
in the first type. The corresponding limit errors are shown
in Tab. 4.

By observing the 16 limit errors in the first type, it was
found that eight limit errors in the −y axis direction are

TABLE 4. 16 limit poses in the first type.

−10mm, and the other eight limit errors in the y axis direction
are 10 mm. Because the −y axis direction is the escape
direction of the container, it is necessary to test the eight limit
errors of 10 mm along the+y axis direction. The limit errors
corresponding to eight typical limit poses are shown in Tab. 5.

TABLE 5. Limit errors corresponding to eight typical limit poses.

The tolerance capacity can be obtained based on the
docking determination of the eight typical limiting poses.
Similarly, T + 1T can be simplified in the same way. The
analysis is carried out according to the tolerance capacity
analysis method proposed in section II B. Owing to the
size constraints of the structure, the tolerance can only be
improved in the −y axis direction, and thus let 1T =

[0mm, 1mm, 0mm, 0◦, 0◦, 0◦]. A continuous increase in T
increases the corresponding eight limit errors, and the cor-
responding limit poses are judged for docking. Through
the simulation and theoretical analysis, it was concluded
that n = 10. The y axis direction tolerance capacity is
increased by 50% from −10 to 20 mm, that is, the toler-
ance capacity reaches up to T = [±10mm,−10 ∼ 20mm,
±10mm,±1◦,±1◦,±1◦]. The eight limit errors correspond-
ing to the tolerance capacity T are shown in Table 5, and
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FIGURE 13. Positional relation of docking components corresponding to
the first limit pose.

FIGURE 14. Positional relation of docking components corresponding to
the second limit pose.

the eight limit poses corresponding to the limit errors are
all successfully docked during the docking simulation pro-
cess. Owing to space limitations, only the first four limit
poses were graphically expressed during the docking process,
as shown in Figs. 13–16.

Observation of the trajectory of the corresponding docking
components under the four limiting poses showed that the
positions of the four positioning shafts continuously change,
and finally enter the positioning groove of the docking unit

FIGURE 15. Positional relation of docking components corresponding to
the third limit pose.

FIGURE 16. Positional relation of docking components corresponding to
the fourth limit pose.

base, thereby indicating the successful docking of the docking
device to the container. The docking of the device to the
container under the eight limit poses was successful, and
the tolerance capacity of the docking device achieved was
T = [±10mm,−10mm ∼ 20mm,±10mm,±1◦,±1◦,±1◦].

V. EXPERIMENT
A. EXPERIMENT SYSTEM
In combination with the orthogonal distributed docking
device described herein, a docking experiment system was

100876 VOLUME 7, 2019



G. Wang et al.: Docking Strategy for a Space Station Container Docking Device Based on Adaptive Sensing

designed and developed. The docking experiment system is
composed of a six degree-of-freedom (6-DoF) pose adjust-
ment system, a 7-DoF simulation robotic arm, a 3-DoF
matching centroid system, a simulated container, a 6-DoF
force sensor, an orthogonal distributed docking device, and
a control system, as shown in Fig. 17.

FIGURE 17. Docking experiment system.

The 6-DoF pose adjustment system is connected by three
translation platforms and three rotating platforms in accor-
dance with specific positional relations. After connecting
with the container handle, the initial pose of the simulated
container can be adjusted. The 7-DoF simulated robotic arm
is composed of a simulated arm and a joint damper. During
the docking process, the joint damper can generate damping
proportional to the motion speed, effectively simulating the
robotic arm in a zero-force control state during the actual
docking process. The counterweight method is used to simu-
late the microgravity environment in space, and the suspen-
sion at the center of mass of the container can effectively
simulate the floating state of the container in space. The
3-DoF counterweight aligning system can change the spatial
position of the suspension point through an adjustment of the
bolts. The centroid of the simulated container can be accu-
rately found by adjusting the suspension point when errors
occur during the processing and assembly of the simulated
container. To reduce the counterweight load, a simulated
lightweight container was developed. The envelope size of
the simulated container is exactly the same as that of an actual
container, although the quality is less than that of the actual
container. The 6-DoF force sensor is installed at the end of
the simulated robotic arm. When the docking hook comes
into contact with the docking frame, the sensor will sense the
force signal and feed it back to the control system, providing
a basis for the selection of the control strategy.

During the adaptive docking experiment, the motion cap-
ture system is used to detect the pose of the container. It uses
four cameras to monitor the positional changes of the four
targets and obtain the motion trajectory of the centroid of the

simulated container. The camera layout and target positions
are shown in Fig. 17.

After calibration of the four cameras used in the motion
capture system and the overall coordinate system, the coor-
dinates of the four targets can be monitored. Through the
automatic transformation and a later calculation of the control
software, the change in trajectory of the coordinates of the
centroid of the container can be obtained. The target images
received by the four cameras and the positions of the cameras
in the control software are as shown in Fig. 18.

FIGURE 18. Target images and positions of four cameras.

B. FRACTIONAL-STEP ADAPTIVE DOCKING EXPERIMENT
The docking experiment platform and motion capture system
were used for the adaptive docking experiment. The four
limit poses analyzed in Section IV were adopted, along with
the adaptive docking strategy applied in the corresponding
docking approach described in section IV. The centroid dis-
placement curves of the four sets of docking experiments as
compared with simulation are shown in Figs. 19–22. CDE
indicates the centroid displacement of the experiment, CDS
is the centroid displacement of the simulation, and TFPCD is
the theoretical final position of the centroid displacement.

It can be seen from the comparison of the centroid dis-
placements obtained through the adaptive docking test and
the simulation analysis that both the centroid displacement
curves approach the theoretical final position of centroid
displacement. In the first group of docking tests, the largest
displacement error of the centroid is in the z direction, and
the displacement error of the centroid relative to the sim-
ulation analysis is 1.8%. In the second group of docking
tests, the largest displacement error of the centroid is in the z
direction, and the displacement error of the centroid relative
to the simulation analysis is 7.7%. In the third group of the
docking tests, the largest displacement error of the centroid is
in the y direction, and the displacement error of the centroid
relative to the simulation analysis is 2.6%. In the fourth group
of docking tests, the largest displacement error of the centroid
is in the x direction, and the displacement error of the centroid
relative to the simulation analysis is 9.3%. There are errors
in the two curves because the simulation analysis is an ideal
analysis process, and some error factors appear in the test
verification, such as an error in the machining accuracy of
the experiment system, a contact stiffness error, or a damping
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FIGURE 19. Centroid displacement curve of docking experiment compared with simulation for the first limit pose.

FIGURE 20. Centroid displacement curve of docking experiment compared with simulation for the second limit pose.

FIGURE 21. Centroid displacement curve of docking experiment compared with simulation for the third limit pose.

FIGURE 22. Centroid displacement curve of docking experiment compared with simulation for the fourth limit pose.

error in the simulated robotic arm joint. The change trends of
the two curves during the docking process are the same, and
the values are similar, which proves the correctness of the

simulation analysis and the test verification, and proves the
feasibility of the adaptive docking strategy in improving the
level of tolerance.

100878 VOLUME 7, 2019



G. Wang et al.: Docking Strategy for a Space Station Container Docking Device Based on Adaptive Sensing

VI. CONCLUSION
This paper described a study on a docking strategy for
an orthogonally distributed docking device. The following
conclusions were obtained:

(1) An adaptive docking strategy for an orthogonally dis-
tributed container docking device was proposed, which can
significantly improve the tolerance of the docking device.

(2) The dynamic model of the orthogonally distributed
docking device was established, and the tolerance capacity
of the adaptive docking strategy was determined through a
simulation analysis.

(3) A prototype of the orthogonally distributed docking
device was developed, and a docking test platform was built.
An experimental verification of the proposed adaptive dock-
ing strategy was carried out, and a comparison between the
simulation analysis and the experiment verification proved
the feasibility of the adaptive docking strategy in improving
the tolerance capacity.
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