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Abstract. Large aerospace thin-walled workpieces easily give rise to random
deformation in clamping and machining processes, in which the real-time moni-
toring of wall thickness needs a high-quality normal technology. A high-precision
on-line surface normal measurement and a real-time compensation strategy are
developed in this paper. Firstly, the deviation between the actual normal vector
and the spindle direction of curved workpiece surface is calculated from the data
measured by four eddy current displacement sensors which are installed at the
front end of the spindle; then, the deviation is converted into the compensation of
each axis via homogeneous coordinate transformation and post-processing of
tools. Meanwhile online compensation results get finished on the move. A simu-
lated and experimental platform is established on an A-C five-axis machine tool in
order to measure deviations of sensors at each point position and record the result
of compensation. The application of this method in practical engineering can
greatly improve the efficiency of measurement and control.

Keywords: Aerospace thin-walled workpieces - Normal error - Real-time
measurement and compensation - Kinematics transformation - Post-processing

1 Introduction

In current industrial production, the normal direction plays a practical significance. In
the process of drillings and specific millings, an accurate normal vector needs to be
obtained in order to realize higher machining precision. Moreover, in the measurement
of thickness of parts by the ultrasonic, the right normal ensures the accuracy and
stability of thickness data.

Current computing methods about random normal of curved surface are generally
divided into Cross Product method, Quadric Surface Fitting, NURBS curve method,
Triangulation Algorithm, etc. [1]. The cross product could be easily calculated by
getting points coordinates of measuring curved surface but it has a low accuracy; the
surface fitting is complex and has low applicability of more curved surface though it is
a high-precision method; curve and triangulation have to collect a large amount of data
which is hard to apply to the real-time measurement.
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Moreover, in aviation industrials, normal measurement and error compensation is
applied to drilling and riveting fields and it is divided into three main types, off-line
programming without adjustment, off-line programming in site adjustment and online
programming in site adjustment.

The first sets an example that a normal off-time calibration of the drilling hole
which has a poor accuracy [2]; the second has an application on automatic riveting that
off-time method realizes normal compensation but cannot match workpieces with
complex deformation [3]. Within the limit of application background, most companies
and researchers have conducted a series of research of normal error compensation more
from this aspect. For example, Lin Minqing proposed The Surface-Normal Measure-
ment Method and Micro-Adjustment Mechanism [4] in his article that used Gauss
equations of several points to solve the current normal vector of every drilling hole and
make a micro-adjustment at the same position. Similar applications has existed in
Yuan’s paper [5] where related articles mainly selected many points on the large curved
surface as objects of studies and obtained off-line coordinates of all points so as to
reach the fixed position and realize the independent adjustment without interference;
the last can realize an online normal measurement but real-time continuous motion
compensation has not been completed such as robotic drilling of Electroimpact Inc.
(EI) company [6] and mirror milling equipment for aircraft skin of M.torres in Spain.

However, most large aerospace thin-walled workpieces like skins and aircraft
panels easily give rise to random deformation in clamping and machining processes,
which leads to changeable surface curvature and unknown difficulties of off-line pro-
gramming. On one hand, the reason lies in the processing error of stocks preparation,
on the other hand, it derives from stress release in the milling. What’s more, in the
surface processing of large aerospace thin-walled workpieces, instead of simple points
positions, traditional normal error compensation methods are unable to satisfy rapid
milling of these parts. Thus, a simpler and quicker method of normal adjustment and
compensation is required.

This paper proposes a new normal method which realize a combination of online
measurement and real-time compensation. It is able to acquire real-time normal
direction with complex surface by reading points information in the continuous motion
of tools and implement an adaptive adjustment of errors with the NC numerical control
system. The final aim lies in real-time machining processing of complex curved surface
to further improve processing efficiency and machining precision and solve a series of
industrial problems caused by normal.

2 Real-Time Normal Measurement and Error Compensation

2.1 Real-Time of Numerical Control System

Compared with traditional fixed-point measurement and off-line programming, the
real-time normal error compensation is able to be completed within a period of point
position, which experiences a process of sensors scanning to implementation move-
ment of tools. The finally result is to realize follow-up processes and dynamic online
compensation. Detailed data flow chart is shown as Fig. 1.
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Fig. 1. Sequence flow chart of measurement system

From above, it is easily noted that an entire cycle of normal error compensation
needs only about 10 ms on account of a series of parallel structures from data pro-
cessing and transmission to actuator implementation, in which machine tools can finish
all actions of measurement and compensation. Assume that feed speed of tools is
2000 mm/min and the machine motion just has a movement about 0.333 mm within a
cycle of normal error compensation. It is so tiny that the deviation is negligible and the
real-time measurement and compensation of normal direction is accurate and efficient
in the processing of parts. From above, to completely achieve the real-time of fast
compensation, computation time deriving from algorithm complexity and response
mechanism will decide the efficiency of real-time dynamic compensation of each point
position. Thus, a new strategy is shown as follows.

2.2 Measurement and Compensation Strategy

To acquire random deformation of large and complex curved aircraft parts, the online
normal error compensation with an online measurement needs to adjust all axes of a
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Fig. 2. The deformation of curved surface and comparison of original and target normal
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five-axis machine tool to reach the target normal direction of thickness-measurement
device. At the same time relative coordinate of the tool tip remains unchanged, as
shown in Fig. 1.

During a compensation cycle, the main flow chart of normal measurement and error
compensation is shown as Fig. 2. The displacement deviation obtained from different
eddy current sensors works out the compensated deflection between deformative
curved normal and practical normal to further figure out the compensated angles of
rotation axes by the kinematic transformation of a five-axis machine tool. The target
cutter orientation is finally converted into new coordinates by a series of
post-processing of tools in order to keep the relative coordinate of tool tip unchanged.

2.3 Modeling of Normal Measurement and Compensation

For a five-axis machine tool, the combined action of linear axis X, Y, Z and rotation
axis like A-C or A-B determines the relative position of the measuring head in tools.
On certain large curved randomly surface, data of real-time displacement is measured
from four eddy current displacement sensors and it is supposed to be exactly right
normal direction of this point when all four readings are the same. If there are devi-
ations in any two sensors especially for diagonal ones, these deviations have to be
converted into the compensation of all axes, as shown in Fig. 3. In the cutter coordinate
system, four sensors are distributed on a circle with a radius of R, in which sensor 1 and
3 are located on the Xt axis while sensor 2 and 4 are located on the Yt axis. Their
measured values are respectively 11, 12, 13, 14. On account of the tiny range of sensors
(about 4 mm) in view of their distribution radius, the angle of rotation by the deviation,
o, B can be calculated approximately as follows,

. h -1
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Fig. 3. Online normal error compensation with normal measurement
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With the combination of original plane composed of displacement sensors and
target plane of measuring points, as shown in Fig. 4, the normal vector of original

plane N = 77 is firstly rotated o angle around Xt axis and then f angle around Yt

—> —
axis to form a new normal vector N’ = V'r. This target vector has nothing to do with
the order of the axis of rotation selected because of the tiny compensation angle.
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Fig. 4. Normal deviation compensation modeling

The current original normal vector in the cutter coordinate system, OrXrYrZr,

-~ . . . . .

Vr =[0 0 I]T, is presumptively converted into the target normal vector in this
—

coordinate system by two rotation. The target vector V;. is as follows,

V}{R()f)’ﬂ) ?HR(IEJ) ﬂVT (3)

In the kinematic transformation, it is known that R(Y, o) and R(X, f3) is respectively
regarded as a rotational transfer matrix which is rotated o and 3 around Y axis and X
axis,

cosoe. 0 sina O 1 0 0 0

|:R(Y,oc) 0} B 0 1 0 0 {R(X,ﬂ) O] |0 cosp —sinf 0
0 1| | —sina 0 cosa O]’ 0 1| [0 sinf cosp O
0 0 0 1 0 0 0 1



162 Y. Yuan et al.
According to formula (2), the target vector can be obtained as follows,

T . . T
Vr =[sino —cos asin f cosacos ff] (4)

3 Application of Real-Time Normal Measurement
and Compensation

3.1 Acquiring Target Normal Direction

The Kinematic Transformation of A-C Five-Axis Machine Tool
As shown in Fig. 6, to describe the movement of A-C dual-table machine tool like
Fig. 5, a series of coordinate systems are established [3]. After a homogenous coor-
dinate transformation, the cutter location point is respectively mapped to machine
coordinate system (MCS) OpnXyYuZy [7] from tool coordinate system
(TCS) OrXrYrZr and workpiece coordinate system (WCS) OwXw YwZy.

According to relevant kinematic transformation of A-C five-axis machine tool,
there are two transformation matrix equations as follows,

Mp-MT1Tp

Mp =MTaTSTVP

(5)

Furthermore, £ T shows a transformation from X coordinate system to Y coordinate
system and 20 pose variables are included as follows (Table 1),

Target normal plane

Original plane

Fig. 5. Compensation angle of the normal vector
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Fig. 6. A-C Dual-table machine tool

Table 1. Pose variables of all axes

Pose position | ¥T M AT T

and orientation

Translation (X,Y,2) A C (Lews> Lewy, Lew:)
and ROtation (LA'ICX b LHL')' bl L[IL'Z) (LL'W’I b L(.'VVy 9 LL"’VZ) (Lmux b Lm[l}' 9 Lmaz) (L(IL'X7 Lll('}' 9 LuL'Z )

Consequently, the cutter location in WCS can be expressed as follows,

VP =(x,y2)"=Grer MW TTP =Y1[0 0 0 1) ©)
YV = (i, k) =Gty — W0 0 1 0]

Similarly, an integrated kinematic transformation of A-C five-axis machine tool is
shown,

[V YP|=Fmw(X,Y,Z,A,C)[TV TP]
cosC —cosAsinC sinAsinC M,
sinC cosAcosC —sinAcosC M,
= . ) [TV TP]
0 sin A cos A M,
0 0 0 1

()
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M, = (X + Laex + Lewy) €08 C — (Y + Laey + Lewy) €08 A sin C + (Z 4 Lye; + Lew,) sin A sin C
— Lyex €08 C+ Lyey sin C — Ly

My = (X + Lyex + Lewy) sin C + (Y + Lyey + Leyy) c0s A cos C — (Z + Lye; + L) sin A cos C
— Lyex sin C — Lgeycos C — Ly,

M, = (Y + Loy + Lewy) 8in A+ (Z+ Lye; + Lew;) €08 A — Lyez — Lew,

In general, the transformation formula from MCS to WCS is expressed as follows,

sin A sin C
—sin A cos C
- cos A (8)
0

S = o~

( (X + Lyex + Lewy) €08 C — (Y + Lyey + Lewy) cos A sin C )
+ (Z+ Lye; + Lew,) sin A sin C — Ly €08 C + Lyey $in C — Leyy
_ ( (X 4 Laex + Lewx) sin C+ (Y + Lyey + Leyy) c0s A cos C ) )
—(Z+ Lye; + Lev;) sin A cos C — Lyey 8in C — Lyeyc0s C — Ly
(Y + Luey + Lewy) sin A+ (Z + Lye; + Leyw;) €08 A — Lye; — Lew,
1

— N e =

Target Normal Vector of WCS

—
The assumed target normal vector in TCS is replaced with V; in Eq. 4 from
=0 o 1]

! T : : T
Vy ="V'=[sina —cosasin f cos o cos ff]

According to Eq. 7, the target normal vector in WCS is shown as follows,

Y = [l,m,n])"
I = sin(C) sin(A) cos(a) cos(ff) + sin(C) sin(f) cos(A) cos(a) + sin(e) cos(C)
m = —cos(C) sin(A) cos(a) cos(ff)— cos(C) sin(f) cos(A) cos(a) + sin(C) sin(x)
n = (—sin(A) sin(f) + cos(A) cos(p)) cos(a)

(10)

. WH . ..
Finally, ™ V is unitized as follows,

—>_( [ m n
VETmE 12 VE+m2+n2 VE+m2 2

)" = (k)" (11)
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3.2 Post-processing and Compensation Strategy

Note that a new normal vector (i,J, k)T presents the ideal position. By inversely cal-
culating the (x,y,z,1,j,k) by Egs. 8 and 9 in Sect. 3.1, the compensation of all axes is
respectively computed. As a result, a new position of rotation axes A and C can be
calculated by Eq. 8 at the first. Moreover, other new liner axes positions can also be
worked out.

Nevertheless, according to the Eq. 8, the inverse value of A’ or C' is possible to
exist in multiple solution. To allow for all condition, a special discussion of multiple
solution in five-axis machine tool is expressed as follows:

Firstly, the value of k should be considered as follows,

1. When k=1,
A'=0
12
e (12)
2. When k # 1,
A, = arccos(k)
{ Cl =a tan Z(M;A’ —s{n A) (13)
Or
Ay = —arccos(k)
{e iy "

Then, a tan 2(y,x) represents the azimuth between the origin and point (x, y) which
the range is defined with (-, 7]. And it not only depends on the value of arctan(?), but
also is determined where the point (x,y) is located.

Consequently, there are four kinds of solutions in (C — 2x, C + 27]. To get specific
and unique solutions of A’ and C’, a minimal path of rotation [6, 7] is applied as
follows,

(1) Current rotation position (A, C);

(2) Possible target position (A;, Cy), (A2, C2), (A3, C3), (A4, Cy);

(3) Each Aj, A,, A3, A4 is respectively compared with original A and the minimal
deviation of one or several is reserved, which is the target A’;

(4) Retain the unique one of minimal deviation with original C in step 3). That is the
target C'.

Furthermore, a reverse post-processing in Eq. 9 completed and new target line axis
shows as follows,
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X" = (x+ Lewy) €08 C' + (y + Leyy) sin C — Lo
Y' = — (x4 Leyx) cos A" sin C' + (y + Leyy) €08 A’ €08 C' + (2 + Lacz + Ly sSinA’
+ Luey €0S A" — Lyey — Lewy
Z' = (x4 Lewy) sinA’sin C" — (y+ Leyy) sinA’ co8 C' + (2 + Lyez + Leyw;) cos A’
— Lyey sinA" — Lye; — Loy,
(15)

In the end, within a compensation cycle, a new group of NC code X', Y’ Z' A’ C' is
worked out and the machine tool is able to realize a dynamic real-time compensation

AX=X —-X, AY=Y -Y, AZ=7-Z, AM=A—-A AC=C-C

4 Case Study

4.1 Experiment Setup

To verify the feasibility and effectiveness of real-time normal measurement and
compensation, an experiment is carried out on a 5-axis of A-C dual-table machine tool.
An aerospace thin-walled curved plate (#2250) is used as a model to realize online
normal error compensation when four displacement sensors display the same values
within a margin of error. The experiment platform is established in Fig. 7.
A high-precision MICRO-EPSILON eddy current displacement sensor with a precision
of 0.1% is chosen.

Zr
Yr
Zw
Or Xt
" Yw
ur
Z’\'l
A Zc Xw
Ym Za Ow
N 5 T
Ya Yc
Om X T Xc
~ Oc
Machine tool A Ox Xa

Fig. 7. Coordinate system chains of A-C dual-table machine tool

The model of curved plate and motion is displayed in Fig. 8. The measurement
equipment starts from No. O position and experiences a series of point position No. 1,
No. 2 and so on. A rectilinear motion is completed between two point positions and the
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motion span is set as 100 mm with a feed rate of 1000 mm/min. At the moment, it is
seen from Fig. 9 that the series of original cutter normal vector N{, N have a deviation
with the real normal vector N,, N3. Record values of four sensors before and after
compensation and so Table 2 is shown as follows,

Sensor 1

A-C dual-table

Fig. 8. Experiment platform of normal compensation verification

Before After

Sensor 3, 4

Sensor 1, 2
2250 curved plate

Fig. 9. Experiment planning path
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Table 2. Experimental data of all point positions

Displayed value of sensors | Compensation of machine tool Displayed value of sensors
(before)/mm (after)/mm
A b I3 N AX/mm | AY/mm | AZ/mm | AA/° | AC/° | [ A I A

2.436 | 2.418 | 2.225 | 2.149
2.378 | 2.398 | 2.245 | 2.132
2.576 | 2.552 | 2.305 | 2.207
2.317 | 2.345 | 2.241 | 2.196
2.34312.305 | 2.217 | 2.233
2.340 | 2.371 | 2.139 | 2.067
2.354 | 2.395 | 2.180 | 2.141
2489 |2.428 | 2.192 | 2.138
2.584 |2.520 | 2.193 | 2.180

0.00069 | —0.542 | —0.073 | 0.098 | 2.312 | 2.323 | 2.335 | 2.340
0.00039 | —0.300 | —0.040 | 0.068 | 2.296 | 2.308 | 2.312 | 2.315
0.00181 | —0.654 | —0.087 | 0.132 | 2.343 | 2.295 | 2.321 | 2.319
0.00047 | =0.076 | —0.010 | 0.051 | 2.270 | 2.313 | 2.281 | 2.305
—0.00126 | —0.599 | —0.080 | 0.022 | 2.292 | 2.319 | 2.290 | 2.276
—0.00014 | —0.621 | —0.083 | 0.080 | 2.278 | 2.334 | 2.250 | 2.354
0.00081 | —0.387 | —0.052 | 0.089 | 2.267 | 2.269 | 2.291 | 2.301
0.00072 | 0.869 | —0.116 | 0.124 | 2.278 | 2.286 | 2.302 | 2.273
—0.00023 | —1.305 | —0.175 | 0.142 | 2.297 | 2.307 | 2.292 | 2.293

O 00 NN Nk WIND =
S OO0 o o oo o

Table 3 is shown as a comparison between real normal direction of the plate and
compensated normal vector by error compensation above.

Table 3. Compensated normal vector of each point and deviation with real normal vector

Point | Real normal vector | Compensated normal Deviation/(°)
vector
—100 | 1120.547 | 0.00736 | —0.0812 | 0.9965 | 0.0069
—200 | 1107.079 | 0.00422 | —0.1772 | 0.9920 | 0.0046
—300 | 1084.262 | 0.00543 | —0.2593 | 0.9641 | 0.0101
—400 | 1051.487 | 0.00152 | —0.3497 | 0.9240 | 0.0023
—500 | 1007.782 | 0.00249 | —0.4386 | 0.8890 | 0.0034
—600| 951.643 |0.00348 | —0.5290 | 0.8370 | 0.0037
—700 | 880.695 | 0.00075 | —0.6187 | 0.7930 | 0.0091
—800| 790.964 | 0.00491 | —0.7100 | 0.7010 | 0.0050
—900| 675.001|0.00975 | —0.8103 | 0.6091 | 0.0097

O 0 9 N L AW
=lleolleolleoleoleolollei=)

4.2 Error Analysis

The result of compensation efficiency is listed in Table 2 and the deviation of sensors 1,
3 and sensors 2, 4 readings in each point position is shown in Fig. 9.

What is more, after the real-time normal measurement and compensation algorithm,
proportional displacement errors of sensors has declined from 11.19% and 12.10% to
0.88% and 1.02% in these selected points. In this case, it is able to be regraded that
normal error compensation is successful. What’s more, the deviation angles in Table 3
are least that this method is effective to realize online normal measurement and
real-time error compensation (Fig 10).
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Fig. 10. Error proportion of displacement sensors before and after compensation

5 Conclusion

To acquire real-time normal direction of large aerospace thin-walled surface and reach
the right position in time, this paper proposes an efficient method for automatic normal
measurement and error compensation of cutter bit to adapt any curved surface with a
random deformation. Moreover, the integrated design skillfully turns the deviation of
displacement value from sensors into angles in order to realize rapid response and
improve the manufacturing efficiency. After an experimental verification, this com-
pensation method is valid and the adjusted normal error is less than 0.01°. And this
method simplifies the measurement and compensation processing and is exactly effi-
cient to let the cutter bit reach the right normal with a micron class accuracy. The
contributions of this paper are listed as follows:

1. The algorithm in the paper converts skillfully the normal error into the feedbacks of
eddy sensors values so as to avoid complicated solution processes of real normal
vector. In fact, the axis motion of tools just needs a series of increment value instead
of coordinates while the new normal vector in Table 3 is measured by current eddy
sensors values in the case study. Meanwhile, the method greatly improves com-
putational speed of the CNC system, timeliness and validity of machine tools in
order to provide favorable conditions to achieve real-time compensation.

2. During the dynamic measurement process, the algorithm in the paper is real and
effective where displacement measurements of each measurement point are com-
pensated in place, that is, each point reaches real normal direction. By constantly
changing the machine feed rate, the compensation effect is the same effect and
effective so that the real-time requirement of dynamic compensation is achieved.
The real-time dynamic compensation of normal error fills the blank of the dynamic
monitoring for the process of large aerospace thin-walled workpieces. At the same
time, it lays the foundation of obtaining real-time parts thickness data and other lots
of related technologies and opens up a new application field.
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