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Abstract: An asymmetric actuated 3-PPPS parallel mechanism was analyzed in its application to an aircraft wing
adjustment process. The posture alignment precision at the wing ends was enhanced with a kinematic calibration
method. A constraint equation was built based on a constraint condition that distances among spherical joints of the
mechanism were constant, and further eight groups of analytic forward solutions of all poses of the mechanism
were solved. An inverse equation of the posture alignment displacements of aircraft wing parts was built based on
space vector chains, and a mapping equation of the pose and geometric errors of the posture alignment mechanism
containing 39 error sources was derived by differentiating the kinematic equation of the mechanism. After kinemat-
ic calibration experiments, the maximum position error of the posture alignment platform dropped from 2. 67 mm
to 0. 82 mm, the maximum angle error decreased from 0. 481° to 0. 167°, and the posture alignment precision of
the aircraft wing end was improved.
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0 Introduction

In a modern aircraft assembling process, the
digital flexible automatic assembly system™ is
gradually utilized, which mainly consists of a me-
chanic positioning system, a control system, a
measurement system and computer software.
The posture alignment precision is of significant
importance for the aircraft assembly quality.
However, in actual circumstances, such factors
as existences of errors that occur in the process-
ing, manufacturing, assembling processes, as
well as spherical joint gaps, impose a significant
effect on the aircraft assembly precision and lead
to a low posture alignment precision. In this pa-

per, a method of approaching the theoretical pose

step by step was applied to the posture alignment
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process. After a theoretical pose was determined,
each positioner actuated a certain displacement,
the actual pose of the aircraft wing was measured
by a laser tracker, then a pose difference value
was calculated by comparing the theoretical poses
with the actual ones, then each positioner was a-
gain actuated to align the posture. The whole
process gained a relatively low efficiency.

There are two categories of calibration meth-
ods for any commonly used parallel mechanism,
i. e. , external calibration and self calibration"*®!.
External calibration is a method of using addition-
al high-precision measurement devices to measure
part or all of the pose information at the wing
end. Zhuang measured its actuating displace-
ments and poses of the Steward mechanism with a

theodolite and built a function between the theo-
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retical errors and actual measurement errors of
the actuating lever and finished a kinematic cali-
bration of the Stewart platform™’. Gao did simi-
lar work with a laser tracker’™. Renaud built a
simple parallel calibration system with an optical
visual measurement system. Self calibration is a
kind of calibration which calibrates a mechanism
via such sensors set inside the mechanism as

measure the hinge variablest®,

Wang used a
process hole with certain radius on the upper plat-
form calibration a 6-TPS parallel platform mill-
ing'™. Zhu studied the relationship between error
sources and position and pose adjustment errors
by means of differential change homogeneous
transform™.

The forward solution of a parallel mechanism
is mainly classified into a numerical solution and
an analytic solution according to its form. In
studying the quasi-3-PPPS platform, Behi firstly
proposed a kind of 3-PRPS parallel mechanism" ;
Shim, Cho et al. analyzed forward and inverse ki-
nematics, working space and dynamic operating
characteristics of 3-PPSP"°" Whee et al. put
forward a kinematic analysis method on 3-PPSP
parallel mechanism and also studied its kinematic
and dynamic properties''?.

Chen' defined the end pose uncertainty in
the numerical alignment and marry-up system of
aircraft large parts, and also analyzed the effects
on pose accuracy from different kinds of error
sources in the measurement system by applying
an interval analysis method.

As seen from above, for a currently used
multi-positioner digital assembly system, availa-
ble research papers analyzed error factors that af-
fect the posture alignment accuracy and found
that the corresponding error compensation meth-
ods often focused on compensating a single posi-
tioner and it was hard to identify the structural
error sources in the posture alignment system and
thus the compensation efficiency was not high. In
this paper, data was measured by a laser tracker
and the structural error sources were identified by

an error calibration method based on the forward

kinematics, and the posture alignment precision

was increased through error compensations. Mo-
reover, kinematic calibration was further accom-
plished in the posture alignment simulation sys-

tem of an aircraft wing.

1 Mechanism Description

The posture alignment system of an aircraft
wing is shown in Fig. 1, which mainly consists of
three three-axis positioners, wing parts and the
control systems. Each positioner, which is pow-
ered by a servo motor to provide a linear actuating
displacement, may at most provide three degrees
of freedom (DOF). The three positioners are all
installed on a fixed platform at the same time and
each is connected to the wing that will be adjusted
by a spherical joint. The controller actuates each
positioner according to the posture alignment al-
gorithm and accomplishes the aircraft wing ad-
justment by changing the displacement of the ac-
tuating lever. The posture alignment system on
the whole can be regarded as a 3-PPPS parallel
mechanism. According to the Kutzbach-Gruler
equation, the component number of the mecha-
nism n=11, the kinematic pair number g=12, of
which the relative DOF of a sliding pair is 1 and
the relative DOF of a spherical joint pair is 3. The
DOF of the posture alignment system of the air-
craft wing F is

F=6(n—g—D+ >/, =6 P

i=1

A global coordinate system {O,} is built with
the coordinate axis being the same direction of the
theoretical actuating shaft of the positioner. For
the moving coordinate system {0, } of an aircraft
wing part, the location is determined by the pos-
ture alignment reference point on the aircraft
wing and the vector of its origin in the global co-

ordinate system is p.
1.1 Inverse kinematics

An aircraft wing part is a moving platform
and each positioner is a moving branch of the pos-
ture alignment system. ¢; means the coordinate
vector of the origin of the reference coordinate

system of the ith (i=1,2,3) positioner in the
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Fig. 1 Posture alignment system of an aircraft wing
global coordinate system {O,}. B;, the center of
the spherical joint, is represented by a; in the
Tak-

ing the RPY angle to describe the movement of

moving coordinate system of the part {O,, }.

the aircraft wing, the rotary coordinate matrix R}

of an aircraft wing part in a context of the global
coordinate system is

cacfl  casPsy — sacy

Ry = |sacf sasPsy + cacy

—sp cPsy cfcy

where c=cos, s=sin, thus the vector of the cen-

casfcy + sasy

sasficy — casy

ter of technological spherical joint in the reference
coordinate system of the positioner can be ex-
pressed as
P*=Rja, +p—ec, 2)
and the inverse solution of the displacement of the
No. j actuating shaft of the No. i positioner is ex-
pressed as
[, =Pel  i=1.2,3;j=1.2.3 (3)
where e; is the unit directional vector of the actu-
ation of a positioner, and e; =(1 0 07, e, =
(01 0%, ey;=C0 0 1)'. The above expres-
sion also refers to the theoretical actuating dis-
placement along each axis of a positioner with the
theoretical pose being set during the aircraft wing

posture alignment process.
1.2 Forward kinematics

The single vector chain of the posture align-
ment system is shown in Fig. 2. Based on the
structural characteristics, the forward kinematics
in a close-loop form of 3-PPPS can be obtained by
the following two steps.

Step 1  Solve the position vector q; of the
spherical joint in the fixed coordinate system.,

which requires the solutions of 4,14 514 I3, i.e.

Fig. 2

Single branch vector link of posture alignment

system

displacements of three servo-type linear pairs.
Step 2 Derive the position and pose of the
moving platform from the calculated coordinates
of the spherical joint.
From Fig. 2, the internal coordinates of the
spherical joint in the fixed coordinate system is
q: = (ar. + In sy +lpsar. + hy)
q. = (a,, + I [XZN + Ly saz. L)
q; = (as, + I s A3y + L sas. + L)
In the posture alignment process of an aircraft
wing, the distances between centers of spherical
joints remain a constant, and the distances be-
tween spherical joints are expressed by the dis-
placements of actuating shafts, so the displace-
ment constraint equation of the mechanism is
g —q. | *=di. g —qs | =d,
lq.—q;|°=d;
By expanding the above equation, three equations
of l51s L35 l3; can be obtained and solved.
After the position vector q; of the technologi-
cal spherical joint in the fixed coordinate system
is obtained, the position vector P of the aircraft

wing can be obtained.
P= (g +a.+q) )

Considering the structural characteristics of
3-PPPS, the positive directions of the x axis and =
axis of the moving coordinate system can be ob-
tained as

X, =¢q: —qu (©))
z,=(q, —q,) X (g3 —q,) (6)
Then elements in the rotary transformation ma-

trix R} can be expressed as



No. 3 Chen Lei, et al. Kinematic Calibration of Asymmetricly Actuated 6-DOF 3-PPPS Parallel --- 297

cacf
X»

x, =—%2— = |sac 7

20 7 Il

casfcy + sacy
zp:zip: sasfcy — casy ®
Iz, |
cfey

From Egs. (7), (8), the altitude angles a, B and
y of the aircraft wing can be reversely solved as

a =arctan(x,,/x,) €))
B=arctan(— x5/ /x5 + 35 ) (10)
y =arccos(z,,/ V/ah +25) abn

Egs. (4), (9), (10) and (11) represent the theo-
retical pose of the aircraft wing obtained by a
method of a closed forward kinematics respective-
ly when the actuating quantity of the positioner is

determined.

2  Error Modeling and Calibration
Algorithm

Error modeling constitutes a foundation of
the structural calibration. A single three-axis po-
sitioner can realize moving along x,y.,z directions
respectively. For a single positioner branch i,
presuming that there is an active actuation along
three directions, respectively, the following kine-
matic relation exists as

ley +ley +1lies =Rya, +p—c, (12)
where e;,, e, and e;; are respectively the unit vec-
tor along the direction of each moving axis of the
ith branch of the posture alignment system of an
aircraft wing under a desirable moving circum-
stance. Part processing and assembly operations,
position deviations of the technological spherical
joints and other error factors lead to the difference
between structural parameters and actual parame-
ters in the design process. By differentiating both
ends of the above equation simultaneously, the
error model of the mechanism can be ob-
tained"'"""as

oliey +Lioe,y +dlzen + [:0e, +0lse; +

l;0e;; =0Rya; + Ry da, +6p — oc; (13)

Considering the remaining two active actua-

ting directions of the single branch, two ends of

Eq. (13) are respectively dotted by e} (;=1,2,3)
successively, and the error transmission equation
of three active actuation of the single branch can

be obtained as

T T
1 €€, €163 ol
T T
€261 1 €263 oly |+
T T
€361, €136 1 ol s

T T
0 lyey lzeq oe

lle-lr‘z 0 lse}-z oep | =
T T
Lieys  Lyey 0 oe s
(a 1 ><3H)[ elll eflR;V _efl
, LT R
(a', Xepy) €); -+ el2Rg — €
/ )T T 8]7 TRw T !
(a'; Xep €13 €3IX, €3

14
The posture alignment system may use at
most nine actuation to form a redundant posture
alignment. For a posture alignment system with
servo displacements, six actuations is selected ac-
cording to the 3-2-1 selection principle, and the
remaining three moving pairs move in a servo
manner, which means that the servo moving
mechanism poses no restriction on the DOF of the
end posture alignment and no effect on the final
posture alignment precision. The kinematic rela-
tion for two branches with active actuation is
liey +1lses =Rya, +p—c s
The kinematic relation of the branch with single
actuation is
lees =RYa, +p—ec (16)
By differential perturbing Eqgs. (15), (16) in a
similar way, the forward solution model of the
errors of the posture alignment system of an air-
craft wing can be calculated as
J.ox =J.0u + J, 5l + J,54 an
In the expression of the forward solution of er-
rors, 6x =[50 o&p " € R is the error of the
output pose of the aircraft wing; the coefficient
,6) € R*“! are the po-

sition error along each axis when six active actua-

matrixes ol =8, (i=1,2,+-+

ting displacements are selected for the three bran-
ches; 84 = [ ey, =+ des; |" is the linearity error of
the guide rail of each actuating shaft. The expres-
sion of u=1[6a; dc.](i=1,2,3) € R*¥*! reflects

the position error of the center of a technological
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spherical joint and the position deviation of the
origin of the reference coordinate system of each
positioner.

After the calibration pose is chosen in the
working space of the posture alignment system,
as the error transmission matrix of the posture
alignment platform is non-singular, then Eq. (17)

1s rewritten as

ox =J,0p (18)
where op = [ou o6l o2 1", J, = J.'
(J. J, J:], and J,ER¥"",

Then the generalized least square solution of

Op can be expressed as
op =W, J,) 'J,0x 19
In order to make the calculation results get closer
to the real values, and taking the singularity of
the error transmission matrix J, into account, the
least square iteration method is adopted to make
identifications and the iterative step-length of the

kth step is

Apy =Uid e +ul) ' JAL (20)
where u is adopted to avoid the problem of any
matrix singularity. Al. means the gap between
the actually measured actuating displacement and
the theoretically calculated displacement of the &
th step. Substituting the correction value of
Pii1=p. T Ap, of the kth step structural parame-
ter into the iteration equation, when || Al, || <e,

the iteration stops.

3 Calibration Results

The simulation posture alignment system of

an aircraft wing is shown in Fig. 3.

i

\

Fig. 3 Experiment of posture alignment simulation

Firstly the original position of the auxiliary
measurement point and spherical joint was meas-
ured, then after the positioner moved a theoreti-

cal displacement, the actual position of the auxil-

iary measurement point of the positioner was cap-
tured by the laser tracker.

After the positioner moved 40 mm in a mov-
ing order of /; ({=1,2,++,6), another 40 mm
moving along each axis was finished orderly. The
total displacement was the actual displacement /,,
of the positioner along each axis. During the re-
spective displacement measurement, the positions
of the target joints on three auxiliary measure-
ment levers in the measurement coordinate sys-
tem were also measured. The above 12 measured
poses were selected, and actual measured poses
that correspond to each displacement actuation
and theoretical poses that correspond to the theo-
retical actuating displacements /. were calculated.
The original iteration parameters of the structural
parameter errors were all set 0. After the meas-
urement values of auxiliary measurement points
were obtained, actual poses and theoretically cal-
culated poses of an aircraft part in the simulation
system could be calculated to verify data obtained
from calibration experimental results.

Actual unit direction of each axis was shown

in Table 1.

Table 1 Unit direction of active moving axis

Moving axis Unit direction

1 (0.999 99, 0.000 01, 0.000 03)
2 (—0.000 56, 0.999 99, 0.000 12)
3 (—0.008 26, 0.005 20, 0.999 95)
4

0
0
(0.999 98, 0.004 76, —0.004 00)
0
0

5 (0.008 10, 0.118 86, 0.992 88)
6 (0.036 56, 0.115 59, 0.992 62)

Structural parameter errors after calibration
were shown in Table 2. From Tables 1, 2, due to
the existence of installment errors, there are per-
pendicularity deviations between each positioner
axis. The positioner adopted high-precision linear
guide rails and ball screws in the x and y direc-
tions, so the linearity deviations of the guide rails
were relatively smaller; while in the z direction,
the positioner adopted a turbine worm reducer,
thus comparing with that of x and y directions,
the linearity deviation is relatively larger. It could
be inferred from the parameter identification

results that the main error sources of the posture
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Table 2 Identified structural parameter errors

Error sources Numerical value /mm

Error sources Numerical value / 1077 (%)

Position' dcv.ia'tion of (0.620. 0. 244, —0.922)
spherical joint 1

siti iati {
Position deviation of = 505 o 4g1, —1.022)
spherical joint 2

Positi lati {
osition deviation of =, )5 021, 0,130
spherical joint 3

Positif)n deviation of (0.490. 0.977. —0.624)
coordinate system 1

Posilif)n deviation of (—0.335. —0.119. —0. 980
coordinate system 2

Position deviati f
osttion deviation 0L 502, —0.006, —0.047)
coordinate system 3

Angle error of moving axis 1

Angle error of moving axis 2

Angle error of moving axis 3

Angle error of moving axis 4

Angle error of moving axis 5

(—0.050, —1.137, 6.139)

(—4.205, 0.057 2, 11.003)

(—0.017, —4.134, O

(0.026, 0.381, 3.179)

(1. 397, 0.007, —0.006)

alignment system are attributed to the perpendic-
ularity deviation of the positioner axis during the
installment process, the calibration error of the o-
riginal

Positions of the spherical joints, and the
measurement deviation of the starting point on
the auxiliary measurement lever, among which,
the latter two error sources contributed a relative-
ly larger share. Thus, it is necessary to impose a
higher precision requirement on the shape of the
spherical joints and the original position calibra-
tion. The theoretical poses of 12 groups of meas-
urement points are calculated, such theoretical
poses are input into the structural error calibra-
tion program, the compensations are

madel'™, and the change of || 89 || and | op |

error

i. e. , the angle-position comprehensive precision
of each point after compensations are shown in
Figs. 4,5.

As seen in Figs. 4, 5, through kinematic cal-
ibration, the maximum error of the position pre-

cision of the posture alignment system of an air-

3.0

mm
g
W,

T

201
1.5} o
—— Before calibration
1.0 —e— After calibration

0.5F
0.0

Max position error /

1 2 3 4 5 6 7 8
No. of measure data

9 10 11 12

Fig.4 Position error before and after calibration

—+— Before calibration
—e— After calibration

1 2 3 4 5 6 7 8 9 10 11 12
No. of measure data

Fig. 5 Angle error before and after calibration

craft wing drops from 2. 68 mm to 0. 82 mm, an
increase by 65%, and the maximum angle error
drops from 0. 481° to 0. 167°., Thus the overall
precision of the posture alignment system is im-

proved.

4 Conclusions

(1) Based on the structural characteristics of
a 3-PPPS servo-type parallel mechanism for pos-
ture alignment of an aircraft wing, a two-step
method was applied to simplify six equation sets
with six variables into three equation sets with
three unknown variables, and by solving the
three equation sets, the positions of eight groups
of spherical joints in the fixed coordinate system
were determined.

(2) By differential perturbing the motion dis-
placement equation, an error mapping model con-
taining 39 error sources which had definite physi-
cal meaning respectively was established

(3) By using a single Leica AT901-MR laser

tracker, 12 groups of calibration pose data were
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measured. After calibration, the maximum error
of the positioner position precision dropped from
2.68 mm to 0. 82 mm, and the maximum angle
error decreased from 0. 481° to 0. 167°, respec-
tively, which verifies the effectiveness and feasi-

bility of the calibration method.
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