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Abstract: Multistation machining process is widely applied in contemporary manufacturing environment. Modeling of variation
propagation in multistation machining process is one of the most important research scenarios. Due to the existence of multiple variation
streams, it is challenging to model and analyze variation propagation in a multi-station system. Current approaches to error modeling for
multistation machining process are not explicit enough for error control and ensuring final product quality. In this paper, a mathematic
model to depict the part dimensional variation of the complex multistation manufacturing process is formulated. A linear state space
dimensional error propagation equation is established through kinematics analysis of the influence of locating parameter variations and
locating datum variations on dimensional errors, so the dimensional error accumulation and transformation within the multistation
process are quantitatively described. A systematic procedure to build the model is presented, which enhances the way to determine the
variation sources in complex machining systems. A simple two-dimensional example is used to illustrate the proposed procedures.
Finally, an industrial case of multistation machining part in a manufacturing shop is given to testify the validation and practicability of
the method. The proposed analytical model is essential to quality control and improvement for multistation systems in machining quality
forecasting and design optimization.
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more interest from both the industrial and academic
1 Introduction communities in the last decade.

Error accumulated and propagated phenomena in multi
station manufacturing process were first studied in
automobile assembly process!' *!. In order to detect and
localize the root causes of variation in auto body assembly,
knowledge-based diagnostic approach has been used''.
Furthermore, HU™ concluded that the state space model is
the right way to explicitly and effectively describe the
dimensional errors’ flow and transformation in assembly
lines. This approach is so-called the stream of variation
(SOV) which is employed by series papers for error
analysis in auto-body assembly lines. Later SOV model has
been improved and used to control dimensional variation in
multistation assembly lines by using the assembly station
index as the time parameter in the model **!. Those models
facilitated the incorporation of vast control tools in solving
problems in assembly quality. In general, SOV model is
used for the identification and classification of root causes
of assembly errors ). In addition, assembly errors control
has been achieved by using the model /.

More and more researchers have used SOV model to
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operation number as the time index (21 HUANG, et al[13],

Modern manufacturing systems involve multiple
operations in multistation processes, during which several
fixtures are used and locating datum change may be
necessary. Each machining operation in such systems
introduces machining errors which will propagate in
succedent stations and cause other machining errors with
the flow of the part in multi stations. Therefore, there is a
complex non-linear relationship between final machining
dimensional errors of part and characteristics of those
multistation processes. Dimensional variation in these
systems has been identified as a critical quality issue.
Product-dimensional quality control, which includes
variation propagation modeling, tolerance analysis and
synthesis, and variation reduction during manufacturing
phase, plays a critical role for the success of a
manufacturing activity. However, the inherent complexity
in these processes makes it very challenging to model and
predict the stream of variation. Therefore, the
stream-of-variation analysis(SOVA) has attracted more and
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dealt the variation transmission and diagnosis with the SOV
theory. Similarly, with the use of the model in assembly
lines, strategies of machining errors control have also been
adopted*!",

It should be noticed that although researches related to
SOV model have been conducted in machining error
depiction and control, yet the explicit expression of the
deviation influence of locating parameters and locating
datum on final dimensional errors were not provided. This
is the reason why we rehandle the SOV modeling and give
linear explicit expressions of process characteristics on the
dimensional errors.

The remainder of the paper is organized as follows.
Section 2 gives the linear state space modeling procedures
with special concern about the influence of the errors in
locating parameters and locating datum on the dimensional
variations. The dimensional error calculation methodology
is given in section 3. A simple two-dimensional example is
used to illustrate the implementation of the newly proposed
method in section 4. Manufacturing industrial car gear box
cover is used to validate the procedure in section 5. Finally,
the conclusions of the paper are given in section 6.

2 Linear State Space Modeling
of the Dimensional Errors

2.1 State space modeling

2.1.1 Machining features and its expression

Here three coordinate systems are defined in derivation
of the state space model. They are global coordinate system
(GCS), locating coordinate system(LCS), and workpiece
coordinate system(WCS). GCS denotes global coordinate
system which provides reference for other coordinate
systems and can be chosen arbitrarilyy. LCS denotes
locating coordinate system determined by the position of
fixture elements in each machining station. WCS denotes
workpiece coordinate system which is fixed in the
workpiece and moves with it through different setups. And
each coordinate system is denoted by its origin and three
coordinate axes. The three coordinate axes are determined
by the right-handed orthogonal basis vectors x, y, z,
respectively.

A part feature parameter i, i=1, 2,---, n, in the coordinate
system WCS at the machining station &, k=1, 2,---, N, can
be represented as

X' (k)= (Ct" (k)p," (k)d," (k)"

where n denotes the total number of machined features, C
denotes the type of the feature, N denotes the total number
of machining stations; r denotes the feature orientation
vector, p denotes the feature location vector, and d denotes
the feature dimension parameters vector. The right
superscript W indicates the variable is in coordinate system
WCS. The denotation above is somewhat similar to the

feature representation in general CAD system, and makes it
easy to get data from CAD system. Furthermore, the entire
part feature parameters at station & can be denoted by the
following vector
XB=XV®) XYk - XY R).
So dimensional machining errors after operation k can be
represented by

AXY (k)= X" (k)— X, (k),
where X" (k) denotes the nominal vector of the machined
feature parameters X" (k).

Similarly, errors in the vector of fixture element
positions in coordinate system GCS are defined as:

AL (k) = L% (k) — Ly, (k)
where LY (k) denotes the nominal vector of actual fixture
locating parameter L° (k) in coordinate system GCS. The
right superscript G indicates the variable is in coordinate
system GCS.

During operation, the actual part feature is determined by
cutting tool path which is stipulated in coordinate system
GCS. So the part feature emerged at station & in coordinate
system GCS can be denoted as

X7 (k)= (Ct} (k)p{ (k) (k)"

Accordingly, the part feature representation in locating
coordinate system LCS is

X (k)= (Cz (k)p; (k)] (k)"

where the right superscript L indicates the variable is in
coordinate system LCS. With the representation for
individual part feature, the part can be modeled as a vector
by stacking up all feature vectors, we have

Xk = (X7 (k) X3 (k) X, (k)

X"k = (X[ (k) X, (k) X, (k)
in coordinate system GCS and LCS, respectively.
According to the theory of coordinate transformation, part
feature representation can be transformed from coordinate
system LCS to coordinate system GCS as follows:

X (k) =T (k)X " (k) + R (), (1
where T, (k) denotes the transformation matrix
transforming vector representation in coordinate system

LCS into the coordinate system GCS. R (k) denotes the
representation of the origin of coordinate system LCS in
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coordinate system GCS. In the same way, part feature
representation can be transformed from coordinate system
WCS to coordinate system LCS as follows:

X" (k) =Ty ()X " (k) + Ry (k), )

where T, (k) denotes the matrix that transforms vector
representation in coordinate system WCS into that in
coordinate system LCS, while Ry (k) denotes the
representation of the origin of coordinate system WCS in
coordinate system LCS.

Combining Eq. (1) and Eq. (2) yields

XY (k) =Ty (DT (k)X (k) — 3
Ty ()T (R)RE (k) =Ty (k) Ry, (K),

where Ty} (k), T (k) are inverse matrices of T, (k),
T, (k) and denote inverse transformation of vector
representation from LCS to WCS and GCS to LCS,
respectively.

The above part feature positions are nominal value where
no actual errors are considered. Actually many factors will
cause the deviation of workpiece feature during machining,
therefore, the dimensional errors emerge. The emergence
and stacking up of the dimensional errors can be described
by SOV model. The following sections will give the
derivation of the model.

2.1.2  State space model for MMS

State space model can be used to mathematically
describe the relationship of process characteristics and final
output, during which machining process is reckoned as
discrete time-varying system, while the machining stage is
used as time index and the dimensional errors are outputs.
The model is usually written in the follow form:

AX (k) = A(k)AX (k — 1)+ B(k)U (k) + W (k),

where AX(k) is the dimensional deviation vector of the &
station, while AX(k—1) is that of the k—1 station. A(k) is
the dimensional deviation state matrix which expresses
how dimensional deviation vector AX(k) depends on the
dimensional deviation vector AX(k—1). B(k) shows how
error AX(k) depends on the newly introduced machining
error U(k), and vector W(k) is employed to take into
account the residuals after linearization and un-modeled
effects.

Fig. 1 illustrates the multi-station machining system.
The following sections will show the derivation of the state
space model for multi-station machining system.

x0) X—(IL--X(k'[)X (k Stagekﬂx—(k;[??{(L'J StageN X
0T vl [ (k) U(k+116'(k+1)“ U(N‘ E(N)T

Fig. 1.

Diagram of traditional multistation

machining process

Actually, the position and orientation of coordinate
system LCS in coordinate system GCS are determined by
fixture parameters. In that situation 7T, ,(k)and R (k),
which transform the expression of position and orientation
of coordinate system LCS into coordinate system GCS, are
determined by fixture parameters vector L (k). Therefore,
there exist functions £, (L® (k)) and £, (L® (k)), such that

T (k) = fi(L° (k)), R (k)= f,(L° (k) )

which mean T, (k) and R (k) are determined by vector
L° (k).

It should also be noted that previous machined features
denoted as XV (k —1), especially those features used as
locating datum, may cause a position deviation of
workpiece and the attached coordinate system WCS in
coordinate system LCS in the machining station where
operation k is performed. In that situation X ™ (k —1) will
cause dimensional errors. So X " (k —1) will determine the
transformation matrix T,,, (k) and the vector Ry, (k) which
describe the orientation and position of coordinate system
WCS in coordinate system LCS. Therefore, there exist
functions £, (X" (k—1)) and f,(X" (k —1)), such that

Ty (k)= fi(X Y (k=D), Ry (k) = f,(X " (k=D). (5)
Substituting Eq. (4) and Eq. (5) into Eq. (3) gives

XV (k)= fy(XY (k=D)AL ()X (k) —
Sk =D) £, (L (k) £, (L (k) — (6)
[(XY (e =1) f,(X™ (k=)

Differentiating Eq. (6) yields the variation stream model in
the form of the state space equation:

AXW(k): A(k)AXW(k—1)+B(k)U(k)+£(k), (7)
where

I,

:m[fi(L’(k))X (k) — f,(L° (k) f, (L° (k)) —

A(k)
I,

mfs(x (k—1)),

Li(X Y (k=1)]-

_ o
~ AL(k)

B(k) (XY (k=1)X (k) = fo(X " (k=) x

I,
OL(k)

[o (L (k)] (XY (k=D) £, (L8 (K)),

U(k) = ALC (k),

and vector &(k) takes into account the residuals after
linearization and un-modeled effects.
Eq. (7) is the linear state space model of dimensional
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variation in multi-station machining systems. A(k) is the
state transition matrix and transforms process deviation
AXY(k—1) to state vector AX " (k). While matrix B(k)
shows how error AX ¥ (k) depends on the newly introduced
machining error U(k).

The key issue to establish Eq. (7) is to attain to the four
expressions  fi(LY(k)),  fo(L°(K),  fy(XV(k=D),
fo.(XV(k—1)), which will be formulated under the
procedures in the following sections. According to the
procedure, we can derive the above SOV model for most
machining systems, provided that adequate CAD/CAPP
data about the machining process are available. This makes
the process plan evaluation possible prior to the real
machining process conducted, so that it supports the
optimum of process design.

It should be noted that the model mainly concerns about
the characteristics of fixture parameters errors (locating
parameter deviation), previous station machined features
errors. We can employ the same procedure to establish the
state space model concerning more other process control
characteristics.

2.2 Influence of locating parameter deviation

The positions of the N, locating pins L;, i=1, 2,---, N,, at
the k machining station can be described in the global
coordinate system GCS as

(xf.,'(k) y](i,(k) zLG_[.(k)),izl,2,~-, Np~

Position and orientation of the coordinate system LCS in
the coordinate system GCS at machining station k are
determined by the following vector

L) = (x{,(0) pE (k) 28,00 xC, (028, (k)

which is position of the fixture locating pins in coordinate
system GCS.

According to Ref. [18], the three coordinate axes of
coordinate system LCS X[i, Virs> S Can be expressed
as

Xies =17y (L(K)); Yios =1, (L(K)); 215 = 112 (L(K))

in coordinate system GCS in terms of the fixture
parameters, and the transformation matrix can be obtained
as follows:

T:(l (k)= (xfcs

G G \_
Yics Zics) =

(77 (L(K) 1, (L(Kk)) 77 (L(k)) =

caca, ca . ca, —sa,
sa sa,ca. —casa. sacasa teaca, saca, |,
casaca +sasa, sa, caca,

where o, a,, . denote the orientation angles of coordinate

axes X rg, Yirg» Zins Of coordinate system LCS in
coordinate system GCS, namely, the orientation of
coordinate system LCS. ca means cosa and s means sinc.
The derivation of vectors 77 (L(k)); 77y (L(k)); 77 (L(k))
can be found in Ref. [18].

By the above transformation matrix, the orientation of
coordinate system LCS in coordinate system GCS is
achieved. The vector R (k) represents the origin of
coordinate system LCS in coordinate system GCS and can
be expressed as a function of the fixture parameters as
follows:

Rf (k) = (Ogcs Oy cs) es =
(xg (L7 (k) yo (LY (k) zo(L° (k)" =1, (L% (k)),

wCs

where Ogcs, OLcs denote the origins of coordinate system
GCS and coordinate system LCS, respectively.

M0 e (L°(k)) can again be gotten from the results in Ref.
[18].
parameter L° (k).

So R (k) has been expressed by locating

2.3 Influence of locating datum deviation

Locating datum features used in the k station are
certainly portion of the features machined in k—1 station.
The errors of those locating datum features in the & station
result in the position and orientation deviation of the
coordinate system WCS in coordinate system LCS. Fig. 2
illustrates the relation of coordinate system WCS and the
locating datum feature X Y (k —1).

Workpiece

Locatori

LCS

Fig. 2. Schematic diagram of a fixture-workpiece

As shown in Fig. 2, the position of the ith contact point
between the ith locator and part in coordinate system GCS
can be expressed as

Dy =Ry (k) + Ty, X} (k-1), (8)

where vector Ry, (k) denotes the origin of coordinate system
WCS in the coordinate system LCS; Ty is the same as the
above definition; vector D% denotes the location of the
ith contact point in coordinate system LCS. X (k—1)is
the locating datum feature representation at the ith locator
in coordinate system WCS. In the same way, for the jth
contact point of the jth locator, we have:
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D: =R (k) + Ty, x X (k—1), ©)

where vector R‘fl (k) and Ty, are the same as above
definition. D; denotes the location of the jth contact point
in coordinate system LCS.

For determined location scheme, there are six locating
points for traditional 3-2-1 scheme. By mathematic
deduction, the following equation can be gotten as follows:

TW-L = ((Dr-Lil _D;‘l) (Dr-Liz _Dbz) (Dr-Lis _D[I;S)) X
10
(X3 (k=D = X3 (k=D) (X5 =D~ X, (k—1) (10)
(X35 (k=D — X (k1))
where variations D), DUL.l, D.,, D;z, D, D;3 represent

the locations of 6 locating points in coordinate system LCS
respectively. And X\ (k—1), X} (k—1), X, (k—1),
X;"z (k—1), XY (k—1), X;‘; (k—1) represent the location
coordinates of locating datum features in coordinate system
WCS. Eq. (10) shows the transformation matrix Ty is
determined by locating datum features.

The vector R (k)represents the origin of coordinate

system WCS in coordinate system LCS and is expressed as

RL(k)=D:— (D} —D})x
(11)
(XY (k=D = XY (k=)' x XY (k—1),

which is also the function of XV (k —1). Up to now Ty._
and R} (k) are expressed by XV (k—1).So the functions
of Ty, (k)= fi(XV(k—=1)), Ry (k)= f,(X"(k—1)) are
achieved.

3 Calculation of Dimensional Errors

Dimension of two features is the relative position of
those features, while the dimensional errors result from the
deviation of those features from their nominal position
respectively when machined. So the dimensional errors can
be mathematically expressed as follows

Ad = AX(j)— AX(i),i=1,2,-, N, j=1,2,+, N, (12)

where Ad is a dimensional error of two features. If i=j, then
Ad=0, where the errors from machine tool are not
considered. And

AX (k) = A(k)AX (k — 1)+ B(k)U (k) + W (k),

AX () = (), DAX(0)+ > w(i, HU (),

i=1

AX(0)(i) = G, DAX(0)+ S w(i, HU(),

J=1

dj(la ]): A,'A,'_19”'9Aj+1Aj9 [ 2 ] and dj(]a ]): Aja

W(la ]): A,'A,'_1a”'aAj+1Bjai > ] and W(]a]): Bj'

Where AX(j) denotes the parameter deviation vector of the
features machined at the jth station, AX(i) denotes the
parameter deviation vector of the features machined at the
ith station; AX(0) is the initial deviation vector of the

incoming workpiece.
4 A Simple Two-dimensional Example

A simple 2D example is employed to illustrate the
procedure outlined in section 2. A rectangular part shown in
Fig. 3(a) is machined at the fixture scheme shown in Fig.
3(b). It is assumed that features 1 and 2 have been
machined in previous stations and are used as the locating
datum at this station. Feature 3 is machined in the station
whose locating scheme is shown in Fig. 3(b). Fig. 3(c)
demonstrates the setup of the workpiece and fixture system.
The coordinate systems WCS, LCS and GCS are also
shown in Fig. 3, respectively.

a/2 Y7o
Vi
B C 3 YicsI g c 3
Ve 5
b|? Owes b)) [’CW(:SL1 Ly Owes Dlxwes
2
P 1 Yooy [A 1_E
a E Ores/\ L, Ls/\ Xres OrsNL, AL, zes
Ogeglacy
(a) 2D part example  (b) Setup scheme  (c) Part located into fixture
Fig. 3. A simple two-dimensional example

Fixture parameters in the global frame coordinate system
GCS is labeled as

L (el (k) yii(R), Ly :(x, (k) yi, (k)
Lyt (x5 (k) pis (k).

Therefore, the vector of fixture parameters is given as

Lo (k)= (x(, (k) pl (k) xP,(k) piy(k)
xfs(k) yf_3(k))T,

and the components of the deviation vector of fixture
parameter errors are

ALG(k):(Axf-l(k) Ayf—l(k) Axf-z(k) Ayf-z(k)
Axy(k) Ayl (k)
Orientation and position parameters of the previously

machined part features i=1, 2 expressed in coordinate
system WCS are labeled as follows:

() (k=1) = (% (k1) 7} (k—1),

(p" (k=1)=(p(k=1) p.(k=1).
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And nominally

(2" (k =Dl =[0 —1}.[2;' (k=D],,, =[-1 0].

nom nom

In order to simplify expressions, the positions of
features 1, 2, 3 are labeled by the vertices A, B, C on their
respective features, just as follows:

[P k=D)] = )

nom

bl w B
—5}, [ k=D)] =

a b}
Pl G-n] = [o —%}

where a, b are the length of the features 1 and 2,
respectively.

4.1 Influence of errors in fixture parameters

The calculation of this kind of influence is to establish
the equation of coordinate system LCS denoted by the
position of locating points in coordinate system GCS,
which includes the denotation of the coordinate axes
orientation and the original position of coordinate system
LCS. Changes of position parameters of the locating
elements result in the translation and rotation of coordinate
system LCS, shown as Fig. 4.

A
YGes|
Vies

D KXies
L-1
OICS
L-3
L-2

>
OGcs

»
XGes

Fig. 4. Deviation of coordinate system
LCS induced by errors in fixture

Two orthogonal basis vectors X1, y1. Which determine
the axes of coordinate system LCS, can be expressed in
coordinates system GCS as follows:

X8, (h) = x0, (k)
xo_ [x] GG WO =0y + 0L 00— 3 ()

“ yes ()= yi, (k) ’
V800 =X, (0) + (e () — y2, (k)

LCS-y

e pE (k)
JEE 00— X8, (0) + (7 () — »%, (k)

x5 (k) = x7, (k) '
JE& () = x%, (k) + (C () — pC, (6))’

G
6 |Xres«|
Yies =| 6 =
X

LCS-y

And nominally

G _ X I?C Sx | 1 G _ X I?C Sx | 0
Xies = G - O’chs_ G - 1 .
chs-y chs-y

Following elaboration in section 2, we can get the
transformation matrix from coordinate system LCS to
coordinate system GCS as follows:

G

X
-1 G G -1 LCS~
T o (k)= (xics  Yics) _[ GV

~1
G
Xicsy
—X LCS-y

G
xLCS-x

And nominally
T () = 1 0
S o)

Origin O cs of the coordinate system LCS is at the
intersection of the line passing through the locators L; and
Ly, and the line passing through L;, perpendicular to the
line passing through L, and L,. Position of the point O\ g in
coordinates GCS is given by the vector

Rf (k)= [OGCS OLCS]

GCs

(Xreso (L (0)) Preso (LE () =n, (L°(k)),

where X1, (L% (k)), pieso(LS (k) are the positions of
origin Oy cs, which are given as follows:

xfcso (LG (k)= [Azx&(k) - AB(yf-z (k) — yl(j-l(k)) -
B’x{,(k)]/ (A’ +B?),
yfcso (L° (k)= yf-z - [AB(xf-z (k) — xl(j-l (k) +
Bz(yf-z(k)_yf-l(k))]/(Az + B?),
where 4 = xf-s (k) — xf-z (k), B= yf-s (k) — yf-z (k).

In this condition we can determine
T (k)= f,(L° (k)) and R (k) = f,(L" (k).

functions

4.2 Influence of errors in locating datum feature

The previous machined features will influence
machining errors when they are used as locating datum
features, because errors in locating features cause the part
and the attached coordinates system WCS to translate and
rotate with respect to its nominal position and orientation.
Modeling of this influence can be fulfilled by denoting the
position and orientation of coordinate system WCS in GCS
coordinates with the previous machined feature’s
expression. Fig. 5 shows the rotation of coordinate system
WCS induced by errors in locating datum features.

As shown in Fig. 5, the vectors xycs and xcs determine
the x axes of coordinate systems WCS and LCS,
respectively. And 6,, which denotes the angle between the
vector xwcs and the vector x| cs, is expressed as

0.=0, -6,
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where Oy is the angle between the feature 1 and the vector
Xwcs; Op is the angle between the normal vector 7" (k—1)
of the feature 1 and the vector x;cs. Since the feature 1
keeps contact with locating pins L, and L;, the normal
direction of feature 1 should be consistent with that of the
line determined by locating pins L, and L;. So 6 is
determined, and then we have

x\I;/CS-x (k)
x\LNcs-y (k)

k=Dt (k=D -t (k—Dr}, (k—1)
T (k=D (k—1)+ 1 (k= Dz (k—1)

x&/cs(k) :[

n(z) (k=1))=n(X" (k-1),
y&/cs-x (k)
y\I;/CS-y (k)

o (k=Drp (k=D + 7 (k—Dr (k=1
T k=Dt (k=) =7} (k—Dri (k—1)

y&/cs(k) =

n(z, (k=) =n(X" (k1)

A
Yies

Olc.v *
\'1‘ 0,

7y (k-1)
Fig. 5. Rotation of coordinate system WCS induced
by errors of locating datum features
The transformation matrix transforming vector

representation from coordinate system LCS to coordinate
system GCS can be written as

\chs-x k \chs.y k
Ty, (k)= (¥hea () phos (hyy=| vess®) ()]

7x\L’;/CS-y(k) x\chs-x(k) '

To express the position of the origin of coordinate system
WCS in coordinate system LCS, the following procedures
can be used. Origin of coordinate system WCS can be
denoted by the vector

Ri;\/ (k) = [OL OW ]L = (xéwcs yéwcs )T :

. . L L
As shown in Fig. 6, x, —andy, can be expressed

as follows:

L L w L w
Xoyes — Xwesa Py — Xwesy Pra —

W rlv_z_(k—1)r¥x(k—1)—rr’y(k—1)r¥y(k—1)
eV (k=D (k=D =1} (k=T (k1)

Lo L w L w
Yoy = Xwesy Proy T Xywesa Prs-

4
VGes

4

@) Ges

Ll
XGes

Fig. 6. Translation of the coordinate system WCS
induced by errors of locating datum feature

The detail deviation is shown in appendix at the end of
the paper. By now we also get the expression
T,, (k) and Ry(k). So the functions T} (k)=
£i( XY (k—=1))and Ry, (k) = f,(X " (k —1)) are formulated.

5 An Analytical Case

The model derived in this paper is validated in the
machining of a gear-box cover shown in Fig. 7. The part is
machined according to the actual process plan in a factory.
The process and locating datum features are identified in
Table 1. After the last machining operation, all features
were measured.

-
F5 ] (

F4 |

/_ F9

| -
F3
F2 N
F8
F1

Fig. 7. Gear-box cover used to verify the model

Table 1. Process plan for machining of the cover

Setup No.  Locating datum surface
1 Surfaces F1, F2, F6, F7
2 Surfaces F9, F1, F6

3 Hole F8, surfaces F9
4

Hole F8, surfaces F9

Operation
Milling Cover face F9
Drill the 4 holes F8
Mill face F3, Drill hole F4
Mill face F5

As many as n=5 features were machined in N=4
machining operations shown in Table 1. Coordinate system
WCS is determined by surface F6, axis of shaft F10 and
Hole F4 of the part. Planes were described by a unit vector
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defining its orientation and one point in the plane defining
its position, two orthogonal vectors defining its contour
parameter. For hole feature, a local coordinate system is
used that consists of three orthogonal unit vectors (e;, ey,
and e;) and an origin. Those are somewhat like the feature
definition in general CAD system.

The calculation of the example is operated in this way:
first, workpiece parameters are extracted from CAD model
established in CAD software Pro/Engineer by means of the
developing tool Pro/toolkit. Then mathematic software
MATLABS.5 is used to fulfill the calculation.

Tables 2 and 3 show machining results of the cover.
One cover was machined with all process parameters set to
the nominal. The second cover was machined with 2 mm
deviation of one of the fixture elements in setup 3. All the
two machined parts were measured on a coordinate
measurement machine(CMM) and the measurement results
were compared with the model predictions. As can be seen
from those tables, the results match well with the
parameters of the actually measured features.

Table 2. Experimental result for the cover machined
with all machining parameters set to nominal mm
Machining Orientation Position
feature Measured Predicted Measured Predicted
0.449, 1, 0.458, 1, —26.8,24.0, —27.55,23.5,
Surface F7
0.93 0.888 —14.01 —14.21
0.449, 1, 0.458, 1, —26.8,24.0, —27.55,23.5,
Hole F8
0.93 0.888 —14.01 —14.21
0.93,0.07, 0.40, -26.70,  0.00, —27.00,
Surface F9 1,0,1
0.95 0.00 0.00

Table 3. Experimental result for the cover machined
with a error set for a fixture

Machining Orientation Position
feature Measured Predicted Measured Predicted
0.462,0.95, 0.459,1, —26.85, —26.50,
Surface F7
0.891 0.889 23.70, —13.93 23.58, —13.70
0.462,0.95, 0.459,1, —26.85, —26.50,
Hole F8
0.891 0.889 23.70, —13.93 23.58, —13.70
0.98, 0.05, 0.50, —26.78, 0.71, —26.95,
Surface F9 1,0,0.978
0.954 0.90 1.05

6 Conclusions

In this paper, a general procedure to derive stream of
variation(SOV) is presented for dimensional machining
errors in  multi-station machining system. Main
contributions of this research can be summarized as
follows.

(1) A general procedure for modeling the effect of
machining process characteristics on part feature
dimensional errors during the multi-station machining
process is presented.

(2) The linear state space form of the SOV model for
multi-station machining system is formulated in which the
influence of locating errors including deviations of locating
parameter and locating datum errors are considered.

(3) The emergency and propagation of process
characteristics induced error is explicitly depicted by the
derived mathematical model.

By this way, process design verification is feasible in
terms of error accumulation and transformation when the
part passes the whole process, provided that the
CAD/CAPP data are available.

These procedures are essential in derivation of the SOV
model of dimensional machining errors. However, the
modeling developments and researches are still in the
academic period. Many more key control characteristics
(KCC), such as the measure datum errors, force induced
errors should be considered. Furthermore, based on the key
product characteristics(KPC), KCC sensitive matrix should
be formulated, which is out of the scope of this paper and is
in next research step.
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Appendix
Here we provide the detail derivation of the translation

of the coordinate system WCS induced by errors of
locating datum feature. Redraw the Fig. 6 as Fig. 8.

4
VaGes

>
Xies

»
OGcs

»
XGes

Fig. 8. Translation of the coordinate system WCS
induced by errors of locating datum feature

As shown in Fig. 8, point 4 represents the point of
feature 1 in coordinate system WCS, whose coordinate
is (x:;", yZ") and the angle between the feature 1 and xwcs is
6. Those two parameters are known. From Fig. 8 we have

yOV\CS = (y:;’)Z + (XY)ZSin(p,
yL
xOV\cs = (y:?])z +(XY)ZCOS(/)——9.

Ll
tan

where yLL1 is the coordinate value of locator 1 in coordinate

system LCS. 6 is the angle between the feature 1 and
feature 2. ¢ is the angle between feature 1 and the line
connecting point 4 and original Owcs.

@ =6,+6, can be derived from the geometry in Fig. 8, so
sinp =sin(8, +6,) =sinb.cosd, +cosb sinf, =
(z)y (k=D (k=) —7,, (k=17 (k—1)x
w
@M kDl D)+
(i) +(x;)

w
xA

) (k=D (k—1) —E——,
) +(x))

where 7" (k—1), Tl‘f‘; (k—1), 7/ .(k—1) and z'lL_y (k—1) are
feature 1 orientation in coordinate system WCS and LCS,
respectively. And

0=0,—0,,

where 6, and 6, are the angles of feature 1 and feature 2
with the vector x|, respectively. So

tand = tan(d, — 6,) =

e (k=1 (k—1)— 7Y (k=) (k—1)
oY (k=D (k=) =7} (k—)z)" (k—1)

We can get
Xpo. = @ (k=D (k=D +7 (k=Dr (k=D)y) —
(i (k=D (k=D =7, (k=D (k=D)xy -

o e k=Y (k=1 =7 (k=D (k—1)
P k=Y (k=D -7 (k=D (k1)

According to the definition of feature, we have

W _ pW
x, =P

1x 2
yy = Plya

and
Xyes =T (k=D (k=D +1" (k—Dr ) (k—1),

Veves = Tl‘f‘; (k—Dz| (k—1)— TlL_y (k =Dz (k—1).

So
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Lo L W L W L _ L w L w
X500 = Xweso Py — Xwes, P YVoyee = Xyesy Py + Xyes P -

i o k=DeY (k=)= (k=D (k—1)
PN k=D (k=D -z (k—Drl(k—1)

L L .
Then x, y,  can be expressed as shown in the
WCS WCS

paper.



