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Abstract: To analyze the attitude errors of vertical docking test system of small satellite, the static error and kine-

matic error of test system are considered. The working principle of test system and coordinate of actuator are in-

troduced. The model of friction torque on the joints and torque on docking mechanism are built. Dynamics equation

of actuator is built by the Lagrange equation and the Nielsen equation. Under the condition of 24 different angle

groups, the calculation of dynamics equation is built by using MATLAB/SIMULINK platform and the kinematic

errors of actuator are obtained. The attitude error models of docking mechanism are built. Results shows that the

main angle error sources of yaw, row, pitch are not identical. The attitude error of yaw angle can be decreased by

compensating the angle error around x axis. The attitude error of row angle mainly originates in the system error,

and it can be eliminated by adjusting non-orthogonal degree.
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0 Introduction

Small spacecrafts are widely used in military,
remote communication, disaster prediction and

other fieldsH?,

aircraft are mainly for fuel supplies, transferring

On-orbit dock missions for small

sample in deep-space exploration, failed satellite
service, aided-mechanism expansion, assistant-
orbiting for satellite, etc. All these avoid trans-
porting people and large quantities, and fuel
transport channel need not have big volume. In
terms of reliability, cost and flexibility, small
dock mechanism has enough advantages over
large dock mechanism in the implementation of
small satellite dock missions of small carrying ca-
pacity and limited installation space. Researches
on small dock mechanism with catching charac-
teristics are carried out by space powers, for in-
stance, European Space Agency ( ESA)! pro-
posed to study the robotic geostationary orbit re-

storer. German Aerospace Agency™ supported
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researches on experimental servicing satellite.
Defense Advanced Research Projects Agency
(DARPA) supported a demonstration program
for frontend robotics to enable near-term demon-
stration!,

At present, the dock mechanisms can be
classified into several types: " threejaw” type,
"mechanical arm” type, "cone and pole” type, etc.
Among them, "three-jaw” type dock mechanism!®
has the least impact force, the lowest velocity and
angular velocity in docking. Based on the devel-
oped "three jaw type” dock mechanism, a series of
work have been done to perform the dynamics
simulation of a test system.

In the capture and dock processes of "three

[7] 8]

jaw type’ mechanism!”, the dynamics contact

between locking jaws of the active dock mecha-
nism ( ADM)

(PDM) generates action and reaction forces,

and passive dock mechanism

which will affect test system and attitude angle
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through dock mechanism. In this paper, the er-
rors of attitude angle for docking mechanism are
discussed under the influence of the static error

and kinematic errort®.

1 Composition and Principle of Ver-
tical Dock Test System

The whole vertical dock test system is divid-
ed into a passive test system and an active test
system. As shown in Fig. 1, the passive test sys-
tem is used to install the PDM, thus realizing the
rotation around % axis (yaw), x axis (roll), and
y axis (pitch), as well as the vertical motion
along y direction. The passive test system is
mainly composed of a traction counterweight
mechanism, a moving end, a hanger frame, a
spherical joint bearing, etc. In the active test sys-
tem, the ADM realizes horizontal movement
along x, =z directions. The active test system

mainly consists of double-rail mobile mechanism.

Joint
spherical

o B o |-

bearing

1. Frame; 2. Traction counterweight mechanism;
3. Moving end; 4. Hanger frame; 5. Spherical joint
bearing; 6. Passive dock mechanism; 7. Active dock
mechanism; 8. Double-rail mobile mechanism

Fig. 1 Vertical dock test system

Experiment processes are stated as follows.
Firstly, ADM and PDM are respectively installed
on the counter flange of dock test system. Sec-
ondly, according to the initial conditions, the lo-
cation processes are stated as follows. The bal-
ance of vertical displacement is realized by adding

or reducing counter weight. The balance of the

roll and pitch motion are realized by adjusting an-
gle of spherical joint bearing and controlling rota-
tion of motor to initialize yaw angle and horizon-
tal movement along x, z direction. When initial-
ize settings are finished, test system should be in
the passive mode state and three locking jaw
should be in opening state completely. Finally,
the process of contact and capture of dock mecha-
nism are completed and dock driven by motor is

realized.

2  Dynamics Model of Contact Im-
pact System

Researches "

on space dock dynamics sim-
ulation have been carried out at home and abroad,
which provide subsequent researches with impor-
tant reference value. But most of the present re-
lated researches are concentrated on Stewart sim-

(514 and dock mechanism of

ulation test system
androgynous and peripheral type with differential
cushion damping system. The dock process of
test system studied in this paper is realized by re-
combination processes of several degree of free-
dom motions, which is realized by different mo-
tion modules independently. It is known that the
joint spherical in Fig. 1 plays a crucial role in
transferring acting force. Dynamics model of ac-

tuator is attempted to be built in this paper.
2.1 Introduction to dock process

The dock process of three-jaw dock mecha-
nism is shown in Fig. 2. Before dock, locking jaw
3 is located in envelope zone of PDM. As dock
system meets dock initial conditions, threaded
rod 5 driven by controlling motor rotates. Thread
lifting panel 4 is forced to move down, and three
locking jaws simultaneously shift down and close
gradually. Meanwhile, the PDM is firmly cap-
tured, and attitude deviations are adjusted. Final-
ly, the whole system completes connection loc-
king.

2.2 Coordinate definition of actuator

As illustrated in Fig. 3, the actuator is com-

posed of hanger frame 1, mandrel 2, angle ruler

3, flange 4 and spherical joint 5. This mechanism

has three rotational degrees of freedom, the ran-
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(a) Locking jaw (b) Locking jaw  (c) Completing
maximum down and connection
open radian closure locking

Fig. 2 Dock process

Fig. 3 Coordinate definition of actuator

ges of which are 0—10°.

Oxyz is the static coordinate. The moving
coordinate 0&y¢ is fastened to spherical joint. The
origin point of the Oxyz coordinate is located at
the centre of spherical joint. The ¢ axis is along
the axes of mandrel. In the initial state, the mov-
ing coordinate 0&y¢ coincides with Oxyz, and the
positive direction of &, 5, § are the same with x,
Yy, 2.

In order to obtain the space position of mech-
anism, Euler angles ¢, 0, ¢ are defined as the
generalized displacements. First, the mandrel and
the hanger frame rotate along = axis and reach the
NY,z coordinate. Second, the mandrel rotates
along the N axis and reaches the NY,¢ coordi-
nate. Third, the hanger frame rotates along ¢
axis and reaches the &p¢ coordinate. The coordi-
nate transformation is described as

sinf cosgy singy —  cos; singy cose; +

cosgy costh , o
x sing cos@ singy sing; £
yl=1. singdy sing; sind; T sind; singy sing; —
sing cosf, gising ¢. ¢ 7
¥ OS¢ COSQ; COS(y SIng,
—sinf, cos; sing, €0s¢; costh

(@Y

which is simplified by
P=CP,

2.3 Friction torque of spherical joint

In the process of rotation, the direction of
friction torque between spherical joint and pallet
is contrary to the rotation direction, as shown in
Fig. 4. According to the Hertz elastic deformation
theory, the normal stress p of contact surface is
in accordance with cosine curve, that is p =
pocosa, where p, is the normal stress of point A

and « the angle between ¢ axis and radius of arbi-
trary point on the spherical surface. As EF; =
0,

Q- COS(9:J De e ds :Jal 2nR? p,singcos’ada (2)
I3 0

The normal stress distribution rule of contact
surface is
po =3Qcos0/2xR* (1 — cos’ay) (3
The friction torque is described as

3Qcosl * cosa

M. — _ @ ‘ 2 ing - .
¢ Jﬂp J,e#ZKRZ(l*COSBm)ZTCR sing + da + R

4)
where r is the mandrel radius. Substitute g=
arcsiny/R into Eq. (4).

M, — 3pQR « cosf « (cos2B— cosla;) 5)

4(1 — cos’ay)

Fig. 4 Friction torque of spherical joint

2.4 Contact force and moment

For the three-jaw dock mechanism, when in
the test there exists angular deviation relative to
static coordinate system, gradually-closing loc-
king jaws firmly grasp passive dock mechanism
and adjust posture deviation under the function of

three V-type guide grooves. Finally, the locking



No. 4 Zhang Yuan, et al. Dynamics and Attitude Error Analysis for Dock Test:-+ 375

jaws slip into the bottom of V-type guide
grooves, and PDM is dragged to ADM simultane-
ously.

The contact type is divided in two parts: (1)
turn angle is yaw angle ¢, named the front im-
pact; (2) turn angle is roll angle ¢ or pitch angle
0, named the oblique impact.

Fig. 5 shows the force analysis of PDM in
X'0z'. F,(n=1, 2, 3) is the contact force pro-
jection over X'OZ’, applied by the locking jaw.
F,(n=1, 2, 3) can be decomposed into the force
along groove interface and the force perpendicular

to groove interface.

Fig. 5 Force analysis and motion trail of locking jaw

As shown in Fig. 5, ryc is the total displace-
ment of jaw under X' OY’ coordinate. Assume
that after a few seconds, the jaw reaches point B,
and the mandrel rotates A¢ angle. v, is the radial

velocity of jaw. The torque can be described as

M, =3F, « d,
dy = Uy —v,t) » cos(f — y+ Ap)
Si (6)
7%+acos¢

Lo = tan(f — ¢)
F,=F, «sin(f — ¢+ A
F,(n=1, 2, 3) is mainly determined by
equivalent stiffness and damping characteristics.

F, and ¢ satisfy the following equation

9F% \ ¥
87(16ER2> D
where
11
§7R1+R2 (8)
1 d—pD | A—u)
E-  E + E, €))

Here, R,. R, are the curvature radii on im-

pact point of two objects; E,, E, the material
elasticity moduli; and g >, the material Poisson
ratio respectively.

Impact process is accompanied by energy los-
ses, which is created by damping characteristics.
So this paper adopts a model as

E,=ks" + Db (10)
where £ is the equivalent stiffness, £#=1.0X10°.
8,8 are the penetration depth and the relative
movement speed, respectively. D is the damping
parameter and generally it is (0.1%—1%) &,
here D=100. #n is the stiffness contribution in-

dex, for metal, n=1.3—1.5, here being 1. 5.

2.5 Dynamics model of mandrel and hanger

frame

Under the O&p¢ coordinate, the mandrel ro-
tates around £ axis. Under the Oxyz coordinate,
the mandrel and hanger frame rotate around z ax-
is. Angular displacement is taken as generalized
displacement, that is

U =@, us =¢ (1)

The torque M, around ¢ axis includes M,

Uy :09

and M, , which act on the hanger frame and the
mandrel, respectively.
ps g, r are the projections of absolute angu-
lar velocity vector @ of mandrel, which have rela-
tionships with generalized velocity.
p :¢sinﬁsingp + 5cos§o
q= ¢sin6cosgo — Qsingo (12
r=gcosl + ¢
J. is the rotational inertia of hanger frame
around z axis. A, B, C are the rotational inertias
of mandrel around &, 7. § axes. The kinetic ener-
gy T, of hanger frame and T, of mandrel can be
described as
JTI :%J @
(13)
1T2 — L Ap* LByt + O
The dynamics equation can be obtained by
using the Lagrange equation.
J =M, (14)

T, can be described as
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T, = %A({bsin@singo -+ 9(:0590)2 -+ %B({bsin@cosgo —

sing)* + - Cljeos+ )* (15)

The Nelson equation applied for ¢,0,¢ can be

described as

aT oT
o Pag M
oT oT
0 a0~ M
£_29T2M¢
I¢ de

Dynamics differential equations of mandrel
are obtained from Eq. (15).
(Asin®0+] )= (C—2Asind) pdcosd+
CglOsing+M,—M,cos)
A= (A—C) ¢’ sinfcosf— Cgesingd+M,
ACgsin® 0= @) (ACsind+ ACsinfcos*6—
C?cos’0) — C? ghsinfcosf+ (Asin O+
Ccos*9) M, —CM,cosf

(16)

Define
=i ”
M=M,,M,,M,)"
where
M, =M, — M,
M, =M, — M,

Here, M,, M, are the torques of PDM ap-
plied by the locking jaw. Eq. (16) can be de-
scribed as

F(XDY=g(X,.X,) +h(X) M 1D

where
ACsin*0+J. 0 0
f(X) = 0 A 0
0 0 Asin’f
Asin’f+ Ccos’d 0 — Ccosd
h(X,) = 0 1 0
— cosl 0 1
¢0 (ACsing 4 ACsinfcos® 0 —
v o
2(X,. X)) — Ccos’ ) — C* ¢ sinfcosl

(A — O)¢” sinfcosf — Chesing
(C — 2Asin®) ¢f cosd + Cel sind

3 Simulation Flow

In Eq. (5), x=0.4, Q=60 N, R=0. 04 m,
mandrel radius r=0. 014 m, a; ==x/2. The radial
velocity of locking jaw v, =0. 001 m/s. The angle

of V-type guide groove is 120°, In Eq. (6), a=
260 mm.
In Eq. (13), J.=3. 95 kg * m®, rotational

inertias of mandrel is

37.78 0 0
J= 0 3.75 0
0 0 37.78

The simulation model is built by using the
MATLAB/SIMULINK platform.

obtain the motion errors of different angle, the

In order to

angles of 24 groups are selected, as shown in

Table 1.

Table 1  Angles of 24 groups )
Angle Group
o 2° 1° 6° 10°
0 0 0 0
2 2 2 2
0, 4 4 4 4
6 6 6 6
8 8 8 8
10 10 10 10

Table 2 shows the simulation results of dif-

ferent angles.

Table 2 Simulation results )

0 o — o

2 4 6 10
. ¢ 2.0001 4.0021 6.0016 10.0011
0 % 0.0001 0.0020 0.0032 0.005 3
¢ 2.0001 4.0019 6.0032 10.0025
z 0 2.0025 2.0051 2.0039 2.006 7
i ¢ 2.0031 4.0039 6.0068 10.0036
4 0 4.006 5 4.0032 4.0038 4.005 4
¢ 2.0038 4.0041 6.0057 10.004 3
6° 0 6.009 1 6.0035 6.00414 6.003 9
) ¢ 2.004 0 4.0049 6.0060 10.006 2
8 0 8§.008 3 8.0001 8.0026 8.0041
i ¢ 2.006 3 4.006 7 6.0058 10.005 2
10 % 10.006 5 10.001 4 10.003 1 10.0225

4 Error Analysis of Attitude Angle

Fig. 6 (a) shows the coordinate of gravity
center of docking mechanism. Static coordinate
Ox'y'z" rotates y (yaw), a(row), B(pitch) de-
grees around z/, T; s Y1 axes, respectively to co-
ordinate Ox,y, 2z, » where the three angles are the

corresponding attitude angles. The coordinate
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transformation is described as

—cosysingsind+  cosysinasing+

, cOSyCcosa . .
sinycosf sinycosf ksl
/ . .
Y| = sing c0Sacosy —cosasinf Vi
/ . . . .
z . cosysinf+ —sinysingsing+ | |2
—sinycosa o
Sinysingcosy cosycosp
(18
namely,

P =AP,
The elements in Eq. (1) are equal to ele-

ments in Eq. (18).

y =arctan(tang, -«

cost,
a =arcsin(sing; * cos¢r) (19
_ tang; — tand; sing,
l‘@ arctan( 1 4 tang, tanf, sing,

If tan B: — tanf, sing , B is the associated tilt
angle of , and ¢ .
B=¢ +p
If actuator generates angular error, the atti-

tude angles are

1
cos(0, +A0,)

laZarcsin[sin(ﬁl + A0 ) cos(g AP ]
B= ¢ —arctan[ tan(4; +AG,) sin( +Agy) |

Let ¢ = 0 since ¢ does not influence the

Jyz arctan[ tan(¢ +Adn) * ]

20)

attitude angle error ranges.

Eq. (20) is the formula to calculate actual
attitude angles of docking mechanism under the
influence of angular error. In addition, the non-
orthogonal degree exists in the coordinate Oxyz
caused by normal wear, installation errors, man-
ufacture errors, and so on. As shown in

Fig. 6(b), the angles between z axis and x, v, =’

axes are ©/2+8,, 85, and x/2+0,, respectively.

cosz(%-i—&) + cos’ ¢, _’_COSZ(%_'_SZ) =1

'y
zi Az

x,’ X

(a) Rotation sequence of
Oxy'z’'

(b) Non-orthogonal degree
of actuator

Fig. 6 Coordinates

Eq. (21) can be obtained from the first rota-

tion in Fig. 3.

=01 (1= cosgy )+ , 1
COS¢y Basing sing,
T n
_ |0 0—eosg) T =0, (1= cosgy )+
J dz singy & singy %
i . —8,(1—cosp) + g
I singy 5 Sm] €08y |

@D
Eq. (22) can be obtained from the simultane-
ous equations of Eq. (21) with the other two ro-

tation transformational matrixes.

x &
y|=E|y (22)
2 q

E is the matrix multiplication of the three ro-

tations, whose elements are equal to elements of

Eq. (18).

tany — tang, . 1
T ost, T 1+ e
sing =sinf; * cosf[;l — e 29
tanf=tan(¢p; + )
= singitanf, + ey
tanf = B I — 9
where
er =tand, 6 (1—cos¢r ) /cosg +8, tang,
e, =cosf,[8, (1—cos¢; ) + 8, sing, | o0

163 =01 sing; — 38, (1 —cos¢)
e, =tanf, [ 8, (1—cos¢; ) — 8, sing, |
From Eqgs. (23), (24), for the given §, and
¢1 s €1 and e, attain the maximum values when &,
and §, have the same sign and reach the maximum
value (d) of non-orthogonal degree. Thus the at-
titude angle errors of ¥ and o are maximized.
While e; and e, reach the maximum values when
0) and §, have the opposite sign, the absolute val-
ues are the maximums of non-orthogonal degree.
Therefore, the attitude angle error of g goes for a
maximum value.

e = (tan@l — tanf, tan¢;, — %) d
S¢n
¢y = (cosh, cos¢y — sing costh — 1) d
ey = (1— cos¢y + sing, Dd
¢ = dtand, (1 — cos¢y + sing, )

The attitude angles can be described as
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S[“ Table 3  Attitude errors )
Yy = arctan( 7
cosl, "1 + el N
0
<a = arcsin(sinf;, « cos¢; — ey) (25 ! 2° 4° 6° 10°
tand, sing, + ¢/ Ay  0.0031 0.0030 0.0034 0.003 8
B = ¢ + arctan (— —/> 0° .
1—e, Aa 0.056 4 0.1114 0.1681 0.2863
The maximal attitude angle deviating from a 5 Ay 0.2843 0.3629 —0.3522 0.6827
. . 5 [
nominal value can be obtained by Eq. (20) and Ag  0.0573 0.1123 0.1691 0.2873
. . Ay —0.150 6 —0.1784 0.179 2 —0.354
Eq. (25). The attitude angles can be obtained by 4°
) ) " Aa 0.0601 0.1151 0.1718 0.2901
taking angle errors into Eq. (26), here d = 30", Ay  0.0224 0.0518 —0.0636 0.0833
Table 3 shows the attitude errors of y and a. 6° Ae  0.0647 0.1197 0.176 4 0.294 6
Fig. 7 is the plot of the maximal errors of y, « and Ay 0.9712 1.2062 —1.0758 2.2336
8. 8  ac 0.0711 0.1262 0.1829 0.301 1
1 Ay —0.1075—0.098 2 0.074 3 —0.2125
y=arctan[ 7 + rtan(gi + A ¢) + =] 100 Az 0.0796 0.1346 0.1913 0.3095
a=arcsin sin(f, + A0 cos(g —A ¢) —e ]
tan(f, +ADsin(g +A ¢) +el influence ¥ significantly. The graph of y is similar
= (g1 — A @) —arctan =
i to a sine curve. When ¢ is given, the deviation of
(26 y reaches its maximum at ¢y =2°, §, =8". The at-
34 .
titude angle errors of ¥y can be decreased by com-
Computation value .
1l pensating the error of angle §,. The actual value
Z ) and nominal value of ¢ are virtually equal, which
= Nominal value
32 indicates that the attitude error of ¢ mainly origi-
nates in system error. In this case, if & and &,
31 1 1 1 1 .
0 2 4 6 8 10 can be measured, and the exact value of attitude
0:/¢) angle can be obtained, then the system error can
40 . be eliminated. The attitude errors of g are in-
Computation value
30r I S 1 — 9° 1t
Nominal value versely proportional to ¢,. When ¢, 2%, its
Z 20} maximum value AB=1. 544 9° is obtained.
3
10r 5 Conclusions
00 5I 10 : s
e According to the work principle of actuator,
1
0.0 static coordinate and moving coordinate are intro-
05k duced. Based on the Herz elastic deformation the-
“1otb ory, the model of friction torque on the joints and
: Nominal value . . .
C 15 Computation value torque on the docking mechanism are built. Dy-
= L0 namics equation of actuator is obtained by the La-
25 grange equation and the Nielsen equation.
: L L ' Dynamics simulation model is developed by

=-3.0

6./(%)

Fig. 7 Actual attitude angle

In Table 3, the deviation variation trends of
different ¢ values are the same. In Fig. 7, with

the same non-orthogonal degree, the angle errors

using the MATLAB/SIMULINK platform. The
attitude error model of docking mechanism is
built under the influence of static error and kine-
matic error. Kinematic errors of actuator are ob-
tained. From the calculation results, main error

sources of yaw, row, pitch are not identical. Fi-
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nally, the methods to reduce the attitude errors

are put forward.
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