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Abstract: For the rigid impact and flexible impact in space operation tasks, impact dynamic models
between two objects are established in this paper, laying the model foundation for controlling or
suppressing the impact. For the capture task between a grapple shaft and a rigid body, the impact
dynamic model is established based on the Zhiying-Qishao model. Moreover, by introducing a fric-
tion factor into the original impact model, an improved dynamic model between two rigid bodies
is proposed. For the capture task with flexible impact, an impact dynamic model between the grap-
ple shaft and a flexible wire rope is established based on the dynamic model of the flexible wire
rope. The ground experiments and simulations are carried out with two objects on an air flow table.
The experiment results validate the impact dynamic model proposed in this paper.

Keywords: impact dynamics; friction influence; experimental testbed; flexible impact

1. Introduction

In recent years, with the deepening of space exploration, many space operation tasks
need to be completed, such as satellite acquisition, cabin docking and assembly, load han-
dling, and so on. In this process, the active object inevitably impacts on the operation tar-
get. Unlike the ground environment, the space target is located in a weightless environ-
ment [1]. It moves freely under the reaction force and moment generated during contact
and impact. Sometimes, a small external impact influences the whole system significantly,
affecting its posture and stability and even causing the failure of the capture task. There-
fore, it is necessary to study the impact between space operation objects, which will lay
the foundation for controlling or suppressing the impact.

In the process of contact and impact, the capture device contacts directly with the
target load, whose structural characteristics have a direct influence on the capture task.
Capture devices can be divided into rigid capture devices, flexible capture devices, and
rigid flexible coupling capture devices, according to their contact characteristics [2]. A
capture device with rigid parts is called a rigid capture device, which has the advantages
of a simple structure design, relatively mature technology, easy control, and high connec-
tion rigidity [3]. A device using flexible parts for capture is called a flexible capture device.
Compared to the rigid capture device, the impact of the flexible capture device is smaller
due to the contact of flexible parts. Meanwhile, the flexible capture device can easily
achieve a wide range of capture and has a strong tolerance. These characteristics reduce
the accuracy requirements of the relative pose between the capture device and the target
load. The flexible capture device mainly contains three flexible wire ropes, which can re-
alize flexible capture and rigid connection at the same time, and the operation is relatively
simple. It has been widely used in the typical space manipulators, such as the SSRMS [4]
in Canada and the JEM Remote Manipulator System (JEMRMS) [5] in Japan. It is more
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suitable for a task with a noncooperative target, such as space debris cleaning and waste
satellite recovery tasks [6]. Through reasonable structural design, it perfectly inherits the
advantages of the rigid capture device such as a high connection stiffness, and owns
unique advantages such as a strong tolerance and a small impact. The reduction of impact
will reduce the influence of external impact on the combined system, increasing its stabil-
ity and decreasing the possibility of capture failure.

An impact between two objects is a complex phenomenon that occurs in a very short
period when two or more bodies collide. During the impact period, a high force is applied,
causing a quick change of the objects” velocity and kinematic restoration, release, and
transfer to another object of kinematic energy. To study this, the impact period is divided
into a compression phase and a restitution phase [7]. When the objects start to contact, the
compression phase begins. This phase terminates with the normal relative velocity of the
contact objects going to zero. Then, the restitution phase begins until the objects separate.

There are two different approaches for impact analysis. The first approach is called
impulse-momentum or discrete method, which assumes that the interaction between the
objects occurs in a short time and the outside force can be ignored. To simulate the process
of energy transfer and dissipation, a restitution coefficient is employed, which can be de-
fined by Newton’s model [8] and Poisson’s model [9]. However, these methods have been
confined primarily to an impact between rigid bodies [10]. The situation is complicated in
some more general cases that involve multiple contacts and intermittent contact.

Therefore, the continuous method was proposed since the interaction forces act con-
tinuously during the impact. There are three important continuous impact models based
on the penetration depth [9]: Kelvin-Voigt model, Hertz model, and Hunt-Crossley
model. The Kelvin-Voigt is the simplest model, which simulates the force with a parallel
spring-damper element [11]. Meanwhile, there are three common problems with this
model: first, the damping force is not zero upon initial contact; second, the forces between
the objects exhibit tension property before leaving contact; third, determining the coeffi-
cient of restitution depends on experience [12,13]. The Hertz model [14,15] increased the
accuracy of the stiffness portion of the impact force by approximating the stress distribu-
tion in the contact region based on the theory of elasticity. Based on this model, Liu [16]
and Qiao [17] studied the dynamics of a space robot when capturing a floating target.
Kosenko [18] proposed an invariant form for the force function, which depends on the
geometric properties of an intersection for undeformed rigid bodies’ volumes; therefore,
this model was called volumetric model. It can realize the computational reduction. How-
ever, the Hertz model is still limited to an impact with elastic deformation and its original
form does not include damping. To overcome the disadvantages of the Kelvin—-Voigt
model and to retain the advantages of the Hertz model, Hunt [19] proposed an alternative
model for energy dissipation, which includes a non-linear damping term. From Hunt and
Crossley’s model, many other nonlinear damping models were proposed, such as that of
Gonthier [20] and Zhiying—Qishao [21]. However, the only difference between them was
the definition of the damping parameter. Recently, Andre [13] extended Gonthier et al.’s
work by proposing an alternate damping model based on material properties. The ad-
vantage was that the damping factor was a constant internal material property, which
depended only on the material and not on the impact velocity or the contact geometry.

All the literature surveyed above considered an ideal environment, which ignores
the interference of friction. However, when the impact occurs at a low velocity, the friction
cannot be ignored. As a result, this paper introduces a friction parameter into the nonlin-
ear model, extending it to the normal condition. Though the influence of friction does not
exist in real space capture task, it cannot be eliminated or ignored in ground experiment.
To fit the condition of ground experiment, a friction parameter was introduced to the im-
pact model. Moreover, based on the experimental testbed, some experiments were carried
out, and the experimental data were compared with theoretical result, which can verify
the advantage of the improved nonlinear model.
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The research of discrete impact dynamics and continuous impact dynamics focuses
on the impact between rigid bodies but does not consider the flexible impact between
flexible objects such as flexible wire ropes. Aiming at the impact problem of the flexible
wire rope, the impact model becomes very complex. The discrete impact dynamics can
only be successfully applied for flexible wire ropes when the duration of impact, the
change rule of impact force with time, the contact velocity and the depth of the contact
zone can be calculated. These parameters cannot always be calculated especially when the
dynamic model is very complex, so continuous impact dynamics is more suitable for im-
pact modeling of flexible ropes than discrete impact dynamics. It is necessary to modify
the continuous impact model with the help of the dynamic model of the flexible wire rope.
For the dynamic modeling of a flexible wire rope, Russel et al. [22] regarded the flexible
wire rope as a discrete model composed of several rigid rods, which had a concentrated
mass and were connected by pins. Aiming at the motion of tethered satellite, Carter et al.
[23] used the lumped mass model to divide the tethered satellite into several small seg-
ments. The mass of each segment was concentrated at the end point, and the adjacent
particles were connected by a retractable spring damper. Tan et al. [24] proposed a plane
bending flexible wire rope model based on a torsional damping spring. Through adding
a driving force at the end of the flexible wire rope, they established the force and torque
balance equations of the system. This method simplified the modeling process of a flexible
wire rope, but the tensile characteristics of flexible wire rope were not considered. Pan et
al. [25] discretized the flexible wire rope into a group of element beam models. The adja-
cent elements were connected by six-dimensional force/moment to fully consider the de-
formation characteristics of the rope, such as tension, shear, bending, and torsion. Based
on this, the relation between the force and relative displacement of each discrete segment
was established. The existing research on the impact modeling of a flexible wire rope is
scarce, and most research works directly regard the contact action with a flexible wire
rope as a collision pulse or known force [26,27]. With the establishment of the dynamic
model of a flexible wire rope in [25,28], the Hertz contact theory was directly used to ob-
tain the impact force model. However, because the impact between an object and a flexible
wire rope is accompanied by large flexible geometric deformations and local micro defor-
mations of the flexible wire rope, the expression results of this method are insufficient.
Besides, the existing studies about continuous impact modeling of a flexible wire rope
mainly consider the impact between two single bodies. This kind of method rely on the
initial position and velocity of the two objects, and there is a conflict between the calcula-
tion speed and calculation accuracy. Meanwhile, the existing related studies have offered
few clear standards on choosing a model to describe the impact of a flexible wire rope.

According to the above investigation, the current research on the impact between
objects is mainly divided into discrete impact dynamics and continuous impact dynamics.
Discrete impact dynamics mainly depends on the classical theory of coefficient of restitu-
tion, which is simple and efficient. The dynamic model of continuous impact mainly de-
pends on Hertz’s theory, which can display the impact force. In addition, there are few
studies on the impact force model of a flexible wire rope with large flexibility at present.
The existing methods of impact modeling of a flexible wire rope are mainly based on con-
tinuous impact modeling. Such methods usually assume impact between single bodies
rather than multiple bodies, and there is a conflict between calculation speed and accu-
racy. The existing research also offers few clear standards on what model to choose for
impact modeling of flexible rope wires. As a result, how to derive the impact force model
of a flexible wire rope based on the existing contact impact theory needs further research.

This paper is organized as follows. In Section 2, based on Zhiying and Qishao’s non-
linear model, the impact dynamic model between a grapple shaft and a rigid body is es-
tablished. Then, friction is introduced into the impact dynamic model of two objects, mak-
ing it close to actual impact cases. In Section 3, the impact dynamic model between a grap-
ple shaft and a flexible wire rope is established. In Section 4, the ground experimental
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testbed is first constructed, and impact experiments and simulations of the two satellite
simulators are then carried out. Section 5 is the conclusion.

2. Impact Dynamics between Grapple Shaft and Rigid Body

In this section, an impact dynamic model between a grapple shaft and a rigid body
is established to simulate the case of a rigid capture device capturing a rigid body object.
As mentioned in Section 1, a continuous impact dynamic model is suitable for general
impact cases and the interaction force during the impact acts in a continuous manner. As
a result, the continuous impact dynamic model was applied. Generally, the continuous
impact dynamic model includes three types: linear damping model, Hertz model, and
nonlinear damping model. The nonlinear model not only absorbs the advantages of Hertz
model, such as the relatively accuracy in the stiffness portion of the impact force, but also
considers the energy loss during the impact process. Therefore, this section adopts the
nonlinear damping model to establish the impact dynamic model of two objects without
friction. In addition, since the capture target may be affected by friction in actual space
capture tasks, the friction is then introduced into the impact dynamic model.

2.1. Impact Dynamic Modeling of a Rigid Body

For two objects, their impact dynamic model based on the nonlinear damping model
is:

F=kS" + 155" (1)

where F is the normal impact force, 0 is the deformation, 4 is the damping parame-
ter, 7=15,and k is the stiffness coefficient of the rigid body.

The damping parameter 4 can be constructed by some models, such as Gonthier’s
model, Flores’s model, and Zhiying and Qishao’s model. In this paper, the Zhiying-
Qishao model is introduced to construct 4, which is shown as follows:

3(1-c*)e?™

AT 0

)

where ¢ is the restitution coefficient. The value of stiffness coefficient k is decided by
the Poisson ratio, Young’s moduli, and the contact radius:

4 RR 1/2
k= L2 ®)
3nt(h, +h,)| R, +R,

where Ri (1=1,2) s the contact radius of the impact objects, and hy=(1-¢ )/ nE, , Where

S is the Poisson ratio and Ei is Young’s moduli.
According to the equivalent mass and Newton’s second law, we have:

mé =-28"6—ko" )
m, +m
o ®
1772
where ™ and ™. are the impact objects’ mass.

As the relative contact velocity v=0, combining with Equation (4), we have:

do _ do/dt
ds  ds/dt

. ,1 (6)
_ 0 _(w+w)s

(Y (Y
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where @=—A/m,o=—k/m
Integrating Equation (6) from the initial contact velocity, the relation between & and

v can be derived as follows:
} )

where Yo is the initial contact velocity during the contact phase. Since there is no defor-
v

av+w

oM = n—tl{a(v—vo)—wln
a

av, +w

mation at the initial moment, we can set 0 =0 to obtain
Equation (6) is derived as:

0.

_do_ do

dt=—=———
o  (av+w)x"

(8)

Substituting Equation (7) into Equation (8), the relation between contact time { and
relative contact velocity v is:
}} 9)

i do
In the actual space capture task, the capture target may be affected by friction. Ac-
cording to Equation (4), the friction force is introduced into the impact dynamic model:

av+w

(av + a)){ntl{a(v—vo)—wln
a

av, + @

2.2. Impact Dynamic Modeling of a Rigid Body Considering Friction

mé =-A8"6 —ko"+f (10)
Compared with Equations (6) and (10), it can be transformed as follows:

d_v:é::M (11)
do v mo

3. Impact Dynamic between Grapple Shaft and Flexible Wire Rope

In this section, to study the case of a rope capture mechanism that is used in a flexible
capture device, the impact dynamic model between a grapple shaft and a flexible wire
rope is established. The flexible capture device can achieve a wide operating range and
have strong tolerance, as well as a small impact during a space capture task, which can
reduce the possibility of causing plastic deformation on the object. Therefore, flexible cap-
ture devices are widely used in actual space capture cases while a rope capture mecha-
nism is applied in such capture devices. Because the flexible wire rope is the main execu-
tive element of the rope capture mechanism, the impact problem is essentially aimed at
the impact between the flexible wire rope and the target, which is assumed to be a rigid
body. Therefore, this section mainly focuses on the impact dynamic modeling of the flex-
ible wire rope. The basic dynamic model of the flexible wire rope is first established. In
this stage, the flexible wire rope is first separated into a sequence of nodes and the kine-
matic relation is obtained with the help of an inertial coordinate system, a fixed coordinate
system, and a moving coordinate system. Then, the dynamic model of the flexible wire
rope is established with Newton’s second law. Based on the dynamic model, the con-
straint of the space snare capture is introduced, and the modeling and analysis of the im-
pact between the flexible wire rope and the rigid body object is achieved.

The space snare capture is mainly composed of three modules: a rope catching mod-
ule, a dragging module, and a locking module, as shown in Figure 1. The rope capture



Aerospace 2021, 8, 381

6 of 26

module is to capture the target and limit its free movement in space. This module is in-
stalled on the support shell and consists of a fixed ring, a rotating ring, and three flexible
wire ropes. For each flexible wire rope, one end is installed on the fixed ring (called fixed
point), while the other end is connected with the rotating ring and rotates with it (called
moving point). When the driver drives the rotating ring to rotate, three flexible wire ropes
begin to move with it, and the closed capture area gradually shrinks and finally locks the
target payload. The exact capturing steps are as follows:

Step 1: The space manipulator carries the space snare capture device near the target
load, locating the target load within the capture zone of the three flexible wire ropes.

Step 2: The rotating ring begins to rotate, making the capture zone shrink and the free
movement of the target load is gradually limited. During this step, several impacts will
occur between the target load and the flexible wire ropes.

Step 3: When the shrinking of the capture zone is finished, the target load is fixed in
the center of the capture device. The position and posture of the target load will be ad-
justed by the dragging module. When the target load fully fits the capture device, the
target load is locked by the locking module.

Fixed ring _ Rotating ring

Capture rod /
/

o
-

Flexible wire rope

Target load

Figure 1. The space snare capture.

3.1. Dynamic Modeling of the Flexible Wire Rope

In a microgravity environment, the impact between the flexible wire rope and target
becomes complex. To obtain the impact force between the grapple shaft and the flexible
wire rope, it is necessary to establish a dynamic model of the flexible wire rope first.

3.1.1. Basic Motion Equation of the Flexible Wire Rope

The flexible wire rope is separated into a group of nodes connected in sequence in
space. The node number is increased from one end of the rope to the other (

B,,B,, B, By ), and the adjacent nodes are connected by a mass-free tensile spring,
which shows the tensile characteristics of the flexible wire rope, as shown in Figure 2.

17727

Figure 2. The discrete model of the flexible wire rope.
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The external force on the flexible wire rope is concentrated on each node, and with
the linear density through the lumped mass method, the mass of each node is determined
as:

1 A i
EplinAili ifi=1
1 A A i
m; = Eplin (Ai—lli—l + Aili) ifi=2~N-1 (12)
1 A o
EplinAi—lli—l Ifl =N

where p, is the linear density of the flexible wire rope, and A, and Z are the cross-

sectional area and original length of the ith section on the flexible wire rope, respectively.
If the mass of the flexible wire rope is evenly distributed and the length of discrete section
is equal, the mass of each node can be calculated simply as follows:

m,, . .
—% — jfi=lori=N
e
m; = (13)
Mot s
¢ ifi=2~N-1
N-1 f

where "t is the total mass of the flexible wire rope.

To describe the motion state of the flexible wire rope, we establish the inertial coor-

B

dinate system O—-XYZ, fixed coordinate system °i ~*Y% and moving coordinate sys-

tem B ~¥YZ  The establishment of the coordinate system is shown in Figure 3. The mov-

ing coordinate system B, —xyz
nate system B, —xyz

B, —xyz

i

can be obtained by the following steps. First, the coordi-
overlaps with B ~*YZ ; then, rotate the fixed coordinate system
around the z-axis with angle 4, obtaining a middle coordinate system; finally,

rotate the middle coordinate system around the X -axis with angle %i. % and % are
used to describe the deflection and pitching motion of the flexible wire rope, respectively.

Figure 3. The coordinate system of the flexible wire rope.

Set the rotation matrix of the dynamic coordinate system B =XyZ relative to the
fixed coordinate system B ~X¥Z atnodeias Hi. The rotation matrix #. is the product
of the basic rotation matrices around the z-axis and X -axis.

The basic rotation matrix around the z-axis is:

cd -s4 0
Rz 9)=|s8 <8 0 (14)

0 0 1
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where the parameters c and s represent the operator cos and sin, respectively. The basic
rotation matrix around the X -axis is:

1 0 0
R(x,90)=|0 cop -so (15)
0 sp co

We consider that the two rotation matrices move around the moving coordinate sys-

tem B _m, which is not a fixed coordinate system. Therefore, the rotation matrix is the

result of the product of two rotation matrices from left to right, as shown as follows:
cd -sdcp  sIse
H, =R(z,19,.)R(f,¢7i) =|s& cdcp, -cIse, (16)
0 sQ, co,

Since H

follow [29]:

i is continuously differentiable in time, its derivative can be expressed as

JH, 17)
where S(wi) is the angular velocity operator matrix, which can be obtained from Equa-
tion (17):
0 _gi (bis'gi
s(wi):HiHi-l = ‘9, 0 —¢cd (18)
-ps8  @cd 0

T
Let 9~ [w**’ Dy s w"ZJ . Since the angular velocity operator matrix is antisymmetric,
we define it as follow:

0 _wiz wiy
S(w)=| o, 0 -0, (19)
_a)iy ix 0

Combined with Equations (18) and (19), the rotational angular velocity of the moving

B B, —xyz

coordinate system *i ~XYZ relative to the fixed system “i can be obtained as fol-

lows:

o =[pc8,059,9] (20)

1

The acceleration of the rotation angle can be derived from Equation (20):
@, :[(bic'gi _lgigbisgi’q'jis'gi +L9i¢iCL9i’L9;]T (21)

Define the length vector of the ith section on the flexible wire rope as li . Then, the
velocity vector can be expressed as:

ji = l:Z +o, <1, (22)

In Equation (22), the first and second terms on the right of the equation are the speed
change caused by the length change and the rotation change of the discrete section, re-
spectively.

By deriving Equation (22), the acceleration vector of the ith section on the flexible
wire rope can be obtained as follows:
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lr = lj; +2iiwi Xfi +1o, X-,_.i+liwi X(wi x Z) (23)

The motion equation of the flexible wire rope is established from the perspective of
kinematics, and its motion characteristics are described from the perspective of dynamics.

B, B,

First, the stress on nodes i+1 is analyzed, as shown in Figure 4.

Figure 4. Force analysis on nodes B,, B

i+1°

According to Newton’s second law, the relation between the acceleration of the ith
section on the flexible wire rope and the external force is obtained as follows:

. (7;41 +I;+l'+E+1) (I: +I;'+E)
I= - (24)
m m.

i+1 i

i

F:[P E F

where "¢ ix’ iy iz:|T and F,u,] :|:F F

T
_ _F. ]
(+Dx7"(i+ly 7Dz | gre the external forces exerted on

B and B, respectively. LT and T 1ot arethe pulling forces exerted on

B and B, respectively. According to Newton’s third law, they meet the fol-

the nodes

the nodes
lowing constraints:

Ti’ =-T_,, Ti+1’ =-T (25)

T;' = ktesAli + Ctesii (26)

where T is the amplitude of the vector T, , Kees is the stiffness coefficient of the tension
spring, Al; s the change of the length of the ith section on the flexible wire rope, and s

is the damping coefficient of the tension spring.
In the ith moving coordinate system, Equation (24) is also expressed as follows:

(BT FL) (THTE)
l,:

i+1 i+1 _ (27)
mi+] mz‘
) ) -1
H_ =HH_ =H_ :<Hi ) H,_, (28)
Hi+1 :HiHiin :>Hfi+1 :(Hi)il Hi+1 (29)

According to Equations (28) and (29), the following relations can be further obtained:
S(‘gi -8, ) CPia
T ,=|s¢_s¢+ C(‘gi -8, )C ¢ o |T, (30)
5@, CP — C(‘gi - 191‘-1 )C(pi—l 5
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_S("giﬂ - ng )C(D,url
Tiﬂ =| s@;sp,,+ C(‘QM - ‘91) PLP, Ti+1 (31)
CP 8P _C(‘gm _'9i) P CPii |

c$F +s3F
F =|-s3cpF +cScpF +spF (32)

1

sdsp.F —cIspF +cpF

c19iF( " +s9F

(i+1)y

e

= —sgiC(piF(‘_” +C19,.C(01.F( ) +so.F (33)

+1 (i+1)z

sSisgoiF( ) —c&.srp}.l—"( ) +C(pl,FH)V
Combining Equations (23) and (27)—(33), the dynamic equation of the flexible wire
rope with deflection angle &, pitch angle #, and tensile length of discrete section ! as

state variables can be obtained as follows:
Hrjér+Cr (x.r’xr)—i_l’r(xr):F (34)

T
where ¥ =L % li] is the state variable of the flexible wire rope, and
are the inertia matrix, nonlinear term, potential energy term, and equivalent external force
term of the flexible wire rope system, respectively.
As a result, the motion equation of the flexible wire rope has been established.

H,C,P(x,)F

r

3.1.2. Capture Constraint Analysis of the Snare Capture

As shown in Figure 5, we assume that the fixed ring and the rotating ring are located

at the same plane whose radius is R In the initial state, the end A of the flexible wire
rope AA’ isinstalled on the fixed ring, and theend A’ is connected to the rotating ring.

The initial angle between the adjacent discrete segments is Bir By Bra which s initially
in a static equilibrium state. To obtain the initial state of the flexible wire rope, a stress
analysis is carried out, as shown in Figure 6.

Figure 6. The stress analysis of the flexible wire rope at initial state.
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According to Figure 6, the following equilibrium equation for each node can be ob-
tained as follows:

T AT+ FyF 4y, =0 (35)

i-1,i i+1,i

T,/ T, are the elastic tensions generated at the i-1th and ith section on the flexible

wire rope, respectively, and FiFiiFi are the equivalent structural forces of the tor-

sion spring generated at nodes B, B.i, and B, respectively.

Since Equation (35) can be divided into two groups of scalar equations in direction y

and z, a total number of 2(N B 2) static force balance equations can be established. In
addition, from the perspective of geometric constraints, since the flexible wire rope only

moves in the plane yoz, let 4 =0 and the following two geometric constraint equations

can be established simultaneously:

where

{ll cp +lco, +. 4l cp, =d, 6)
Lsp, +Lsp, +...+1 sp, , =0
where %« is the distance between the beginning and end of the flexible wire rope. Its

value range is defined as follows:
(1) When the flexible wire rope is located at the initial position AA’(as shown in

Figure 7), the minimum value of 4. can be calculated according to the following for-
mula:

dse = 2Rcm sin 7AA' (37)

where 7aa" represents half of the center angle corresponding to the arc AA'.

(2) When the flexible wire rope is located at AA", the maximum value 2Ry of 4
is taken. Therefore, the reasonable range of the distance between the two ends of the flex-

. € [ZRcm siny,,,2R__
2(N-1)

ible wire rope is d,
So far, a total of equations have been established, and we have

A, =(¢H _(0") . Since the number of basic unknown variables (Zf’(pf) is Z(N_l), the
equation composed of Equations (35) and (36) can be solved. Then, the tension and bend-
ing preloads in the initial state can be obtained as follows:

l
T;'O = ktes (lz - NtilJ (38)

M, = ktor (ﬂx _ﬂio) (39)

I

where ‘ot is the total length of the flexible wire rope.

A

%

AII
Figure 7. Determination of the distance range between the beginning and end of the flexible wire
rope.
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3.2. Impact Modeling and Analysis
To simplify the impact modeling process, some assumptions are made below:

1. The impact force only acts on the node. If the number of nodes is large enough, this
could be realized.

2. The relative velocity between the grapple shaft and the flexible wire rope is low
enough. Based on this, we assume that the velocity-dependent term makes no con-
tribution to the force equilibrium equation. For the space capture task, the relative
velocity between the target object and the capture device at the beginning of contact
is controlled at a low level to reduce the impact force. The maximum of this relative
velocity is about 0.1 m/s in most cases [29-31]. At this velocity level, even if this ve-
locity is considered in the impact dynamic model, the result of the calculated impact
force does not vary significantly from that of this paper, considering the difference of
mass of the target object [32]. As a result, this assumption is reasonable and able to
simplify the calculation process.

3. Considering the small deformation caused by contact, the impact force direction
stays the same during the contact process and only a single point contact happens.

When the flexible wire rope is subjected to external force, we assume that there is a
virtual spring between the flexible wire rope and the support shell according to its reac-
tion state. One end of the spring is connected to the node of the flexible wire rope while
the other end is connected to the support shell. Because the stiffness coefficient of the vir-
tual spring is not constant, the contact impact force cannot be simply calculated according
to the Hertz damping model. In fact, the stiffness coefficient of the virtual spring is related

to the pressing depth 9, and the distance %« between the beginning and end of the
flexible wire rope. The pressing depth is defined as the distance that the flexible wire rope
moves in the contact direction from the initial position to the current position, which is
shown in Figure 8.

— A’ Virtual spring

Figure 8. Virtual spring impact model of the flexible wire rope.

We assume that the contact occurs on node # of the flexible wire rope, and the force

condition is shown in Figure 9. The static force equilibrium equations for node ZN(N - 1)
can be established as:
F-T_ +T+F +F_  +F,  =0ifi=n
' ' ' (40)
T +T+F +F_  +F, =0 else

where F. is the external force applied on node n.
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Figure 9. Force analysis of the flexible wire rope (including impact force).

By combining Equation (40) with Equation (36), the equilibrium equations of the flex-
ible wire rope in the presence of an external force can be obtained. When a group of F,

and % is given, the corresponding indentation depth 9, can be obtained. In a sense,
the contact condition of the flexible wire rope can be compared with that of a spring. How-
ever, the difference is that the stiffness of the flexible wire rope in the contact process is
not the only constant. It is related to the pressing depth and the distance between the
beginning and end of the flexible wire rope. The stiffness coefficient of the virtual spring
is defined as the ratio of the normal pressure at the contact point to the corresponding
pressing depth, which can be solved by the following steps.

d,eld,. d F e[F,. F

(1) The initial ranges for min’“max | and min’“max | are set first. The

range of 4. is determined by the constraints of the institution. However, the range of F,
is set through a tentative process. The minimum value is 0 and the maximum value is first

settobe a.
. Ixm
(2) A set of start-end distances [2Rcm SNy sy g, 2R, } €R with
. Ixn
2R, siny, <d, <d,<..<2R, and [0,E,,F,, - F ]eR with

0<F,<F,<<F are given. By substituting these values into Equations (36) and (40),

the corresponding indentation depth S, € R of these values can be obtained. Then,

the high-order polynomial is used to fit the surface of the calculation results, and the fol-
lowing functional relation can be obtained as follows:

E.=f(s,)+g(d.)+h(s,,d.) (41)

where (5\/) and g (dse) are the polynomial functions of J, andd, respectively, while

h(5V’dse) represents the coupling function with variables 9,4y If the precision of

curved surface fitting is not high enough, the method of piecewise fitting can be used.
According to the definition, the expression of the virtual spring contact stiffness co-
efficient can be obtained as follows:

_E f(8)+g(d,)+n(s,4,)
s 5

v v

k

(42)

(3) In the process of capturing, when the pressing depth and the distance between
the beginning and end of the flexible wire rope are known, the contact stiffness coefficient
of the virtual spring can be obtained through Equation (42). The detailed calculation pro-
cess of the contact stiffness coefficient of the virtual spring is shown in Figure 10. Further-
more, the dynamic contact impact force between the target and the flexible wire rope can
be calculated according to the Hertz damping model:

E'=k6,+cd, (43)

where 9 is the relative compression velocity in the contact process.
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It is notable that the proposed polynomial function fitting method can be used to
calculate the contact stiffness coefficient of the virtual spring of the flexible wire rope,

which has a certain scope of application, that is d,. € [dmin s | and Fe €[ Foins Fmax] .In
the process of capturing, the calculation accuracy can only be guaranteed when the above

two variables are within this range. If the static impact force Forax=KOimax at the maxi-

mum compression position Omax is greater than the upper limit value of the fitting range

Fy, the upper limit value Fy should be reset to such a value s > Femax, and the above

calculation process should be repeated until the calculation results meet the constraint

conditions. To avoid similar repetitive work, we can set the upper limit of F as large as
possible in the initial stage. However, it will cost more time in the data fitting stage.

[ -@ Initial position of flexible wire rope

@®——® Force balance position of flexible wire rope

A

A

A 2R, siny,p A’

When dsc = 2Rcm Sin 7AA’
for F,~F, for F, ~F, °ee for F, ~F,
obtain §,, ~ 4, obtain &, ~ &, obtain & ,~5,,
b1 O O
) K
.21 2n e iRmxn
5m1 6m2 5...“

[0,Fy, Fproe Fy | € R

501>

[2R,, siny, .. dy,dy, 2R, | € R

s1> ¥

\,1 surface fitting

| F=7(5)+2(d.)+h(s,.d,) |
JL

f(&v)\;g(dse)nth(&v,dse)
s,

v

v

k=t
6\’

Figure 10. Fitting process of contact stiffness coefficient of the flexible wire rope.
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4. Experiments

To validate the impact dynamic model, ground experiments and simulations were
carried out with two objects on an air flow table.

4.1. Experiments of the Impact Dynamic Model Analysis of a Rigid Body
4.1.1. Ground Experiments

An experimental testbed on ground was constructed. It includes four parts: the air
flow table, the active satellite simulator, the passive satellite simulator, and the collection
system. The general scheme of this testbed, the two satellite simulators with the impact
pole and cone installing are shown in Figures 11-13, respectively. The air flow table was
made of tempered glass, which was polished to reduce friction. The air bearings were
NEW WAY 5108001 air bearings with a diameter of 80 mm and working air pressure of
0.4 MPa. The air flow was supplied by two 5 L nitrogen gas bottles whose initial pressure
was 30 MPa. The active satellite simulator was fixed to the air flow table, while the passive
satellite simulator was able to move and be accelerated manually to simulate the random-
ness of the motion state of the target object in a space capture task.

laser range finder L

Impact pole \

Mini-Pc Power A/D

The active satellite The p?.lSSive satellite
simulator 1 force simulator
sensor
systerm
/

Air flow
table

Air feet

wireless
router

1

Figure 11. The general scheme of the ground experimental testbed.

Figure 12. The passive satellite simulator.
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Figure 13. The active satellite simulator.

By virtue of the gas power system, the satellite simulators could float on the air flow
table. Therefore, the friction force was largely reduced. The DT50-P1113 laser range finder
was used to measure the relative position of two satellite simulators. The measuring range
of this laser range finder was 10 m with a measuring accuracy of +1mm and a repeated
accuracy is #2.5mm. The linear velocity can then be derived by data processing software
by calculating the first derivative of the change of relative position over time. The MTi
gyroscope was used to measure the angle of the passive satellite simulator, and the ATI-
Nano17 six-dimensional force sensor was used to measure impact force. The measuring
range of the MTi gyroscope was 0 to 360 degrees clockwise and counterclockwise with a
linear error of 0.1 degree and nonlinear error of 0.1% FS. The ATI-Nanol7 force sensor
was 0.907 kg in weight, 17 mm in diameter, and 15 mm in height, which is small and light.
The maximum measurable axial load was 480 N and *1.8 Nm. The best resolution for
this force sensor was 1/320 N and 1/64,000 Nm. This force sensor can measure six forces,
which are along the positive and negative direction of the x, y, and z-axis of the Cartesian
coordinate system. In this experiment, only the force along the impact direction is meas-
ured. The relative contact velocity and the impact force were derived and analyzed ac-
cording to the experiment recorded data on the working PC.

In Section 2, the impact dynamic model between the grapple shaft and the rigid body
was set. To verify the validity of the model, impact experiments were carried out. The two
simulators moved relative to another, and then the impact occurred between the impact
pole and cone. Meanwhile, the relative displacement and impact force were recorded,
which are shown in Figures 14 and 15, respectively. The relative contact velocity was de-
rived by the displacement, as shown in Figure 16.

600

T T r
—Fitting displacement
. |="— - Original displacement
Ay

H i 1 i
15 2 25 3 35
Time (s)

Figure 14. Relative displacement.
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Figure 15. Impact force during the impact period.
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Figure 16. Relative contact velocity.

From 0 s to 1 s, the two simulators move relative to another, so the relative displace-
ment keeps decreasing until the impact occurs. After 1 s, the two simulators separate, then
the displacement gets continuously increased. The red marked line in Figure 15 shows the
relative velocity during the impact period. It is obvious that the relative contact velocity

at the initial time and the detached time is v =-94.83 mm/s and Yo = 57-48 mm/ S re-
spectively. Figure 16 shows the actual impact force is F=214.6 N,

4.1.2. Simulations
(1) Simulations without considering friction

According to the impact dynamics above, a simulation based on MATLAB was run.
The initial parameters (all the parameters were set according to the experimental testbed

from Section 4.1) included: the mass of the two impact objects ™ =384kg ang

m, =21.85Kg the initial relative contact velocity ?=-94.83 mm/s  the contact planar
radius =18 mm , and the restitution coefficient ¢=0.55. For the Zhiying-Qishao
model, when the value of the restitution coefficient was between 0.5 and 0.6, the value of
the input restitution coefficient was closest to that of the output restitution coefficient,
meaning that the model had the highest accuracy in this interval [32]. It is reasonable to
take the middle point of this interval as the value of the restitution coefficient ¢, which

was €=0.55 Figures 17 and 18 show the relative contact velocity and the impact force,
respectively. At the detached time, the theoretical velocity of the two objects is

Uy =62.87 MM/S 3 the theoretical impact forceis F'=201.5N |
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Figure 17. Relative contact velocity.
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Figure 18. Impact force.

Comparing the theoretical data with the actual ones, we can get the relative contact
velocity error and the impact force error as:

v v
= P Zoul L 100% = 9.22% (44)

out

error

error

= @x 100% = 6.1% (45)

To make the data more credible, we carried out several full experiments. All the data
are shown in Table 1.

Table 1. The comparison between theoretical and experimental results.

Physical Data Ist 2nd 3rd 4th 5th  é6th
Initial velocity v (mm/s) —94.83 -124.5 -81.2 —204.2 -173.8 -101.6
Theoretical detached Velocity v, (mm/s) 62.57 8254 53.83 1354 1152 67.36

Actual detached velocity v , (mm/s) 57.48 7221 46.28 1224 100.8 60.6

out

Velocity error v, = (%) 922 143 163 10.6 14.28 11.15
Theoretical impact force F' (N) 2015 2794 1673 505.8 4169 218.9
Actual impact force F (N) 214.6 300.2 1954 4682 450.8 250.4
Forceerror F__ (%) 6.1 692 1438 803 752 1257

error

The data in Table 1 show that the average velocity error was Zeror = 12.64% | and the

— 0,
average force error was F,.,. =925%

(2) Simulations considering friction
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(a) The friction experiments

Although the satellite simulators float on the table, they still have some resistance.
We speculated that the error in section 3 was caused by the table friction. To verify the
conjecture, we designed an experiment. The passive simulator got an initial velocity by
applying an instantaneous force on it. As there was still a relatively small friction on the
table, the satellite would stop itself.

According to satellite kinematics and Newton's second law, the friction factor can be
derived. Figure 19 shows the displacement data of the satellite simulator from the first
experiment. The original displacement is discrete point sets collected by the laser range
finder. To derive smooth velocity and acceleration curves, the original displacement was
fitted by a polynomial, and the red curve in Figure 19 represents the fitting result. Figure
20 shows the satellite simulator velocity, derivative of the fitting displacement. Further-
more, Figure 21 shows the acceleration of the satellite simulator. During the 0 s to 0.5 s
period, the satellite simulator speeds up to the maximum velocity by thrust. Then, it
moves freely on the table with only the table friction, and at 4.1 s, the satellite simulator
stops.

: : : Fitting displacement
900 |+ Moo bl — - Original displacement
850} A frares sty Lo L

X (mm)
~
8

i H H i ; i i i
0 0s 1 15 2 25 3 35 4 45
Time (s)

Figure 19. The simulator displacement.
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250 i i i i i i H
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Figure 20. The simulator velocity.

t-Accelerate

2 Accelerate

Acceleration (mm/s?)

i H H i . i H H
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Figure 21. The simulator acceleration.
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We can see that the acceleration from 1 s to 3 s is @=0.088 m/s* Ag a result, the
friction applied by the air flow table on the passive simulator is fi=ma=33792N

addition, according to the Coulomb’s friction law, the friction factor # = f,/m,g =0.0088 .
To make the data more credible, we performed six experiments in total. All the data
are listed in Table 2.

Table 2. The data of friction experiment.

Physical Data 1st 2nd 3rd 4th 5th 6th
a (m/s*) 0.088 0.089 0.095 0.092 0.09 0.089

Calculating the average acceleration in Table 2, the expected friction factor is
41 =0.00905

The mass of the active simulator is "2 =21-85k8 ¢4 the total friction force during
the impact is f=w(m, +m,)g =54526N
(b) The impact dynamic model with friction

As differential equations of inseparable variables, Equation (11) is solved by the
odel5s function in MATLAB. Using the same initial parameters as in Section 3.1, Figure
22 shows the relation between relative contact velocity and deformation. We can see that
v =57.22 mm/s

the relative contact velocity at detached time is “out_f

According to Equation (1), the impact force of every step can be calculated. In addi-

tion, based on the formula Af= AU/ o , the time interval between each step is obtained.
Therefore, Figure 23 was plotted to show the relation between impact force and time. The

maximum impact force during the period is Fy=220.1N

60 m——==T T T T

X: 3.587¢-06 i == -Velocity
Y5722 ~———

Deformation (m) 4
Figure 22. The relative contact velocity.
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Figure 23. Impact force.



Aerospace 2021, 8, 381 21 of 26

Introducing the initial velocity from Table 1 into the improved impact dynamic
model, the output data were compared with the experimental ones as shown in Table 3.

Table 3. The comparison between improved theoretical result and experimental ones.

Physical Data Ist 2nd 3rd 4th 5th  é6th
Initial velocity v (mm/s) -94.83 —-124.5 -81.2 -204.2 -173.8 -101.6

Theoretical detached Velocity v, . (mm/s) 5722 7921 47.22 131.8 1075 64.41
Actual detached velocity v, (mm/s) 5748 7221 4628 1224 100.8 60.6

Velocity error v, . (%) 045 9.69 203 768 742 629
Theoretical impact force F; (N) 220.1 2868 1855 463.3 4258 2402
Actual impact force F (N) 214.6 300.2 1954 4682 450.8 250.4
Force error F_ . (%) 28 446 51 107 554 3.99
According to the data from Table 3, the average velocity erroris Cemor_s = 5.59% ,and

the average force error is Forr s =383% Compared with the results from Table 1,
Uy =5:59% <0, = 12.64%/ F, ;=383%<F, =925% |iis obvious that the im-

proved impact dynamic model has advantages over the former, especially when the im-
pact objects contact with the environment. These errors caused by the nonlinear model
itself or the acquisition precision of the sensor are hard to avoid, so these errors are rea-
sonable.

According to the above ground experiments and simulations, the impact dynamic
model considering friction established in this paper is more accurate than that without
taking friction into account. The value of the friction in this experiment was relatively high
for air flow table experiments, and the upgraded impact dynamic model derived here is
dedicated to microgravity simulators with a high friction

4.2. Experiments of the Impact Dynamic Model of a Flexible Body

We used the capture rod installed on the end of the manipulator and the flexible wire
rope attached on the target star to carry out the impact experiments for a flexible body.
The diameter of the flexible wire rope was 3 mm, the maximum load was 571 kg, the ef-
fective length was 0.30 m, the linear density was 0.0365 kg/m, and the initial total bending
angle was 26 degrees. The flexible wire rope was divided into 30 sections, and the instal-
lation distance between the head and end was 0.26 m at the impact time. The target star
structure with the space snare capture is shown in Figure 24, the physical figure is shown
in Figure 25, and its dynamic parameters are shown in Table 4. The control variable
method was used to evaluate the dynamic modeling accuracy of the contact impact be-
tween the target load and the flexible wire rope.

Table 4. The dynamic parameters of the star target.

Mass (kg) Centroid (m)
41.7 -0.040931 0.00137 0.342138
Rotational inertia (kg-m?)
Ixx I vy Izz Ixy I yz sz

3.40766 3.15477 1.61416 0.00353 0.02253  -0.08852




Aerospace 2021, 8, 381

22 of 26

nyg|
w

Y —

)
A\

i
\

800 mm

=

L\

Figure 25. Physical map of target satellite.

(1) Contact at the same point with different contact velocity

We set the joint angle of the manipulator at the impact time as

[0.8727,-1.7453,0.8727 |(rad) , as shown in Figure 26.

(b)

Figure 26. Capture configuration of the manipulator. (a) The 3D simulation drawing and (b) phys-
ical map.

First, the polynomial fitting method described in Section 3.2 was used to fit the rela-
tion between the compression and the impact force at the 16th node of the flexible wire
rope. Since the installation distance between the head and the end was determined, the
unitary polynomial was used to fit the compression, and the fitting result was as follows:

F.=4.13x105,2 +20895, ~8.79x10™ (46)

where the coefficient of determination is close to 1 and the fitting accuracy is close to 100%.

The actual impact force data between the end capture rod of the manipulator and the
flexible wire rope were collected by the six-axis force sensor. According to the actual pa-
rameters, the initial value of the theoretical calculation was set. Based on the theory pro-
posed in this paper, the contact stiffness coefficient of the flexible wire rope virtual spring
was calculated by Equation (46), and the theoretical contact impact force was calculated
by the Hertz damping model. It was compared to the actual impact force data. As shown
in Figure 27, the three plots show that the capture rod of the end of the manipulator con-
tacts the 16th nodes of the flexible wire rope at the relative speed of 0.06 m/s, 0.08 m/s, and
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0.10 m/s, respectively. The black point represents the actual sampling value of the six-axis
force sensor, the blue curve is the fitting curve of the actual impact force based on the
sampling value, and the green curve is the theoretical contact curve based on the method
proposed in this paper. The maximum values of the actual impact force are 2.76 N, 3.77
N, and 5.23 N, respectively. The peak value of the impact force increases with the increase
of the relative contact velocity, which proves the theory of reducing the peak value of the
impact force by reducing the relative contact velocity proposed in this paper.
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Figure 27. Contact with the flexible wire rope at the same point at different speeds. Relative speed:
(a) 0.06 m/s, (b) 0.08 m/s, (c) 0.1 m/s.

It is worth noting that the peak value of the impact force and impact pulse are two
major standards to analyze the effect of the impact force. The peak value of the impact
force is the maximum impact force during the entire impact process. If this peak value is
too large, the manipulator and the target object will be damaged or destroyed. The impact
impulse is the accumulated effect of the impact force over the entire impact process. It is
the accumulated effect over contact time. This impulse will cause a disturbance to the
capturing process and the target load (mainly on posture and motion state), causing more
difficulties for the capture task [33-35]. For the flexible capture, the capturing device has
a strong tolerance on the motion state and posture of the target load. Thus, the disturbance
caused by the impact impulse is not more significant than the potential structural damage
or destruction caused by the peak value of the impact force in this case. As a result, this
paper compares the peak value of the impact force in the following parts.

(2) Contact at different points with the same speed

Let the capture rod at the end of the manipulator impact with the 5th, 10th, 20th, and
25th nodes on the flexible wire rope at the same contact speed of 0.06 m/s. The obtained
impact force curve is shown in Figure 28. Under the same contact speed, the peak value
of the impact force generated at the 5th and 25th nodes are relatively large, while that at
the 10th and 20th nodes are relatively small. Among them, the maximum value is 6.22 N,
and the minimum value is 2.66 N. The maximum value is approximately 2.4 times greater
than the minimum value, which proves that the peak value of the impact force is larger
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when the flexible wire rope is close to the installation position, and the peak value of the
impact force is smaller in the middle area.
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Figure 28. Contact with the flexible wire rope at different points with the same speed. (a) Impact

with the 5th node, (b) impact with the 10th node, (c) impact with the 20th node, (d) impact with the
25th node.

(3) Analysis of the experimental results

To calculate the accuracy of the theoretical model of the flexible wire rope proposed
in this paper, the accuracy equation was established as follows:

F

p_max t_max

&=1- x100% (47)

t_max

where To_mo/Fi_max are the peak values of the impact force obtained by actual data fitting
and theoretical simulation, respectively.

Table 5 summarizes the repeated experiments. For the 5th, 10th, 20th, and 25th node
on the flexible wire rope, positive impact occurs at the speed of 0.06 m/s, 0.08 m/s, and
0.10 m/s, respectively. Comparing the fitting curve of the six-axis force data sampling
points with the theoretical simulation results, we can find that the maximum accuracy is
89.70%, the minimum is 73.18%, and the average accuracy of the model is 81.61%. To a
certain extent, the impact force of the flexible wire rope is predictable. At the same time,
the following common features can be seen from the above figures:

(1) In general, the peak value of the impact force calculated by the theoretical simulation
is larger than that of the numerical fitting curve of the six-axis force collected data.

(2) The contact time between the end capture rod and the flexible wire rope of the actual
manipulator is significantly longer than that of the theoretical simulation.

(3) The fitting curve of the actual impact force sample points obviously fluctuates.

(4) The theoretical simulation results show that the impact force reaches its peak quickly.
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Table 5. Accuracy of impact force model for the flexible wire rope.

Speed 5th Node 10th Node  16th Node  20th Node  25th Node
0.06 m/s 78.15% 84.83% 89.70% 81.29% 73.68%
0.08 m/s 73.18% 83.81% 81.78% 89.68% 82.89%
0.10 m/s 76.81% 81.47% 84.70% 85.27% 76.88%

5. Conclusions

Impact dynamic models between two objects were established in this paper. For the
capture task between a grapple shaft and a rigid body, its impact dynamic model consid-
ering friction factor was established based on the Zhiying—Qishao model. For the capture
task with a flexible impact, an impact dynamic model between a grapple shaft and a flex-
ible wire rope was established. The ground experiments and the simulations were carried
out with two objects on an air flow table. For the impact of rigid bodies, the experiment
results proved that the impact dynamic model considering friction was more accurate
than those without taking friction into account. For the impact of flexible bodies, the
ground experiments and simulations verified the effectiveness of the impact dynamic
model. Finally, to a certain extent, the contact force of a flexible wire rope can be predicted
with the impact dynamic model.
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