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Abstract: The aeroengine industry has set strict upper limits for assembly errors in rotor-connecting
processes, because assembly errors significantly affect aeroengine stability. Applications of multi-axis
mechanisms have the potential to solve the low efficiency of traditional manual connection processes.
However, multiple error sources are simultaneously introduced. Thus, an accurate prediction
method of rotor assembly error considering multiple error sources is of vital importance, by which
the applicability of the new mechanism to rotors can be tested. In this study, a new prediction
method for rotor assembly errors is proposed based on the use of a novel multi-axis measuring and
connecting mechanism. First, the error propagation among the rotor errors, measurement errors,
mechanism errors, and mounting errors is analyzed. Second, reasonable characterization models for
these error sources are established using homogeneous transformation matrices. Third, based on
the abovementioned error models, a new rotor assembly error prediction algorithm is constructed.
It is highly consistent with the actual connection processes. Finally, verification experiments are
conducted. The experimental results show that deviation rates of the average values of six types of
assembly errors relative to the predictions are all lower than 14%. The proposed prediction method
has acceptable accuracy and practical significance.

Keywords: aeroengine rotor; assembly error; error prediction algorithm; multi-axis mechanism;
Monte Carlo method

1. Introduction

The assembly error of an aeroengine rotor assembly (e.g., compressor and turbine)
refers to the relative deviation or deflection between the specific structures on different
rotor parts after the connecting processes [1]. Manufacturing enterprises have set strict
upper limits for rotor assembly errors, because they significantly affect the wear, vibration,
and aerodynamic performance of the final assembly [2,3]. However, manual operation
using simple mechanisms is still widely used. Each assembly error is guaranteed to be
lower than the corresponding upper limit through multiple trial connecting processes and
repeated measurements, because the qualification rate of a single trial connecting process
is only lower than 50%. To address the low quality and efficiency of the traditional manual
method, an automated six-axis numerical control (NC) mechanism for rotor position and
pose adjustment and connection, as well as a three-axis coordinate measuring machine
(CMM), can be applied in modern aeroengine assembly lines. Servo linkage axes can
completely replace manual measuring and connecting motions on multiple spatial degrees
of freedom with higher motion accuracy [4]. However, a key issue is introduced: to verify
the applicability of a newly designed multi-axis measuring and connecting mechanism
to rotors with different accuracy levels, an accurate prediction method of rotor assembly
errors is highly necessary.

Studies have been devoted to proposing prediction methods for assembly errors using
various mathematical models [5-10]. Sun et al. used a particle swarm optimization neural
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network to propose a prediction method for the concentricity and perpendicularity of
aeroengine multistage rotors [11]. Ding et al. predicted the overall concentric performance
of rotors with optimized connection angles based on the Jacobian Torsor model [12]. Zhang
et al. predicted assembly errors by mainly considering the plane geometric form errors
of multiple parts based on the kernel function [13]. Their studies achieved reasonable
accuracy in predicting assembly errors, but only considered a specific type of main error
source in the assembly process.

However, owing to the use of complex multi-axis measuring and connecting mech-
anisms, different types of error sources are introduced into the assembly errors. The
characterization and propagation of the error sources should be clarified in the prediction
method to improve the prediction accuracy. The main error sources include: (1) the shape
and position errors of the rotors [14-17]—the errors at the flange end faces and rabbet
joint structures affect the relative position and pose between adjacent rotors. The errors at
the positioning structures for other functional parts (e.g., bearings, couplings, and sealing
discs) have direct impacts on the assembly errors; (2) measurement errors [18-21]—there
are errors in the fitted geometric features owing to the deviations between the measured
points and their nominal locations when measuring the connection structures and position-
ing structures; (3) mechanism errors [22-24]—there are relative motion and static errors
between each two adjacent axes in the six-axis mechanism for adjusting and connecting
rotors, which cause the position and pose error of the end fixture relative to the fixed
base after the connection motion; and (4) mounting errors [25-27]—there are errors of the
clamped rotor relative to its nominal position and pose in the clamping fixture on the
six-axis mechanism.

Thus, the rotor assembly error prediction algorithm should integrate and simulate
multiple types of error sources. The construction of the prediction algorithm faces two
difficulties. First, a unified mathematical model should be used to characterize different
errors, as well as to describe the error propagation among them. Second, various error
sources include a lot of random error items. The initial conditions of connecting processes
are also random. The prediction algorithm should be able to calculate different statistical
inputs and outputs. In addition, the prediction algorithm flow should be highly consistent
with the actual connection processes.

To solve the first difficulty, general homogeneous coordinate transformation ma-
trices could be used as the unified mathematical model to represent different types of
errors. A general 4 x 4 homogeneous coordinate transformation matrix 2T clarifies
the relative spatial relationship between the coordinate systems A and B in two geo-
metric features [28,29]. The column matrices ?n, ?o, and ’gu in ?T represent the pose
of B relative to A, and the column matrix 4p represents the corresponding relative po-
sition. The error propagation can be described using the error transformation matrix
AD = 4T 1(5T + d4 T). In addition, the homogeneous matrices are also convenient for
the operation in a complex algorithm [30].

In previous studies on modeling different types of errors, homogeneous coordinate
transformation matrices show universality. (1) With regard to shape and position errors,
Whitney et al. applied homogeneous coordinate transformation matrices to represent both
the nominal relations between parts and variations caused by shape and position errors
allowed by the tolerances [31]. Wu et al. used homogeneous coordinate transformation ma-
trices for the position calculation of geometric features in assembly tolerance analysis [32];
(2) With regard to measurement errors, Zhang et al. established an error transfer model
of an aeroengine rotor measuring machine using homogeneous coordinate transforma-
tion matrices [33]. Zhou et al. used homogeneous coordinate transformation matrices to
illustrate the common points and control points for measuring aerospace components [34].
Similarly, the measured and fitted geometric features relative to their nominal position
and pose can also be expressed by homogeneous coordinate matrices [35-37]. Calvo et al.
proposed a new minimum zone fitting algorithm for sphericity according to the measuring
points containing measurement errors using homogeneous coordinate transformation
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matrices [38]; (3) With regard to mechanism errors, the relative position and pose with
errors between each two adjacent axes in the multi-axis mechanism can be expressed by
the multiplications of homogeneous coordinate transformation matrices under a specific
law, and the actual position and pose of the terminal fixture containing all mechanism
errors is obtained after multi-axis transmissions. The spatial mechanical error can be
accurately determined using the modified D-H method, which comprises homogeneous
coordinate transformation matrices with multiple parameters [39,40]. Zhou et al. proposed
a general mathematical model for analyzing the forward kinematics and errors of a six-axis
platform based on the D-H method with multiple geometric parameters [41]. The error
differential matrix dT, based on the D-H method in the multi-axis mechanism, clarifies
the value and direction of the synthetic error between the two axes [42,43]. Chen et al.
regarded the error of a single motion axis as a differential movement and then calculated
the tool pose error in a four-axis mechanism using error differential matrices [44]; (4) With
regard to mounting errors, the error of the rotor relative to its clamping fixture on the
six-axis mechanism is a static position and pose error, which can also be calculated using
homogeneous coordinate transformation matrices [45-47]. In general, it can be seen that a
specific type of error could be described using the corresponding modified homogeneous
coordinate transformation matrices. However, only a few studies have applied them to
model various errors in an assembly process. Homogeneous coordinate transformation
matrices and error differential matrices have the potential to compose the unified error
characterization and propagation mathematical models in the rotor assembly prediction
method, when using a complex multi-axis measuring and connecting mechanism.

To solve the second difficulty, the Monte Carlo method is applicable to numerical
simulations of various types of statistical inputs and outputs of errors [48-50]. There
are system and random error items in each error source during the rotor-connecting
processes. In practical applications, system errors are determined through repetitive
experiments, and removed through accuracy adjustment or NC compensation [51,52].
However, random errors fluctuate within certain ranges according to the accuracy of the
corresponding processes or mechanisms [53,54]. An accurate error value and direction
cannot be determined before each connecting process. Therefore, the Monte Carlo method
can be used for the statistical characterization and simulation of random errors [55,56].
Tang et al. introduced the positioning, straightness, pose, and axial errors of each axis of
a six-axis mechanism into the Monte Carlo method to analyze the error sensitivity [57].
Liu et al. presented an error propagation analysis method to estimate the final integrated
error of an H-drive stage using the Monte Carlo method, in which a variety of error sources
including straightness, thermal, deformation, and bearing gap change errors are sampled
from their distributions as the inputs respectively [58]. Thus, the Monte Carlo method
could be the main process framework of the prediction algorithm for rotor connection
processes, in which several types of errors are input, calculated and output. Furthermore,
in contrast to existing studies, the algorithm process should simulate the actual measuring
and connecting processes when using an automated multi-axis mechanism. For example,
the new position and pose of the last connected rotor are measured by the CMM to guide
the connecting motion of the next rotor. The flow of the prediction algorithm should be
consistent with these corresponding actual processes to ensure simulation accuracy.

In this study, a systematic investigation was carried out to propose a prediction
method of the rotor assembly error considering multiple error sources, based on the use of
a novel multi-axis measuring and connecting mechanism. First, four main error sources
that affect rotor assembly errors were investigated. The error propagation among them
was indicated by the general homogeneous coordinate transformation matrices and error
transformation matrices. Second, the characterization models for the four error sources
were established. The rotor shape and position errors at the flange end faces, rabbet
joint structures and positioning structures were modeled, and they were related to the
corresponding tolerances. The measured point coordinates affected by the measurement
errors were generated when measuring the annular end faces and cylindrical faces on
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the rotor connection and positioning structures. Then, the position and pose matrices
representing the measured geometric features were derived. The errors of the six-axis
rotor connecting mechanism were derived based on the modified D-H method with
five parameters, and the mounting errors were modeled using the differential matrix.
Subsequently, the rotor assembly position and pose errors were derived. Third, a rotor
assembly error prediction algorithm was constructed based on the abovementioned error
models using the Monte Carlo method. The algorithm procedure was highly consistent
with the actual connection processes. The measured errors, or errors sampled from their
distributions, as well as the initial conditions, were input into the algorithm. The outputs
were used to analyze the applicability of the new multi-axis mechanism to the rotors with
different accuracy levels. Finally, connection experiments were performed using three
aeroengine rotor assemblies to verify the proposed prediction method.

This paper is organized as follows. In Section 2, the propagation of the error sources
of rotor assembly errors is derived; in Section 3, the specific mathematical models of the
different error sources are established; in Section 4, a rotor assembly error prediction algo-
rithm is constructed, and the results are analyzed; in Section 5, the verification experiments
are performed; and in Section 6, the conclusions are presented.

2. Classification and Propagation of the Error Sources in Rotor Connecting Processes

The main error sources that affect the final assembly errors in the rotor connecting
processes include: shape and position errors, which are related to the connection structure
of the rotors; measurement errors when measuring rotor initial position and pose, as
well as final assembly errors; mechanism errors of the six-axis mechanism for adjusting
and connecting rotors; and mounting errors of the rotor clamping fixture on the six-axis
mechanism, as shown in Figure 1.

With regard to the propagation of these four types of errors, the shape and position
errors of the rotors are direct influencing factors. This is because assembly errors are
defined by the relative positions and poses of some specific positioning structures on
different rotors. The shape and position errors directly determine the deviations and
deflections of these specific positioning structures relative to the geometric references.
In addition, the shape and position errors on rotor connecting structures, for example,
flanges and rabbets, lead to deviations and deflections between adjacent rotors. At the
beginning of the connecting process, the initial position and pose of the rotor should be
measured, that is, the flange end face, center of the rabbet joint structure, and center of
the datum connection hole (for threaded fasteners, dowel pins, etc.). In the measurement
processes, owing to errors in the acquisition of point cloud coordinates, the fitted geometric
features deviate and deflect from the actual features. These fitted geometric features with
measurement errors are input into the NC system of the six-axis mechanism to guide the
clamped rotor to make the adjusting and connecting motions. At the end of the connecting
process, the relative positions and poses of the specific structures of the different rotors
should be measured. The measurement errors are introduced into the assembly errors
again. When the six-axis mechanism receives the linkage motion NC instruction, the
static and motion errors between adjacent axes are transmitted from the fixed base of
the mechanism to the end fixture. In addition, there is a mounting error in the clamped
rotor relative to its nominal mounting position and pose. The mounting error and six-axis
mechanism error together cause a synthetic error between the final actual position and pose
of the clamped rotor and its target position and pose determined by the NC instruction.
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Figure 1. Schematic of error classification and propagation in rotor connecting processes.

Error propagation is described by position and pose representation matrices and error
transformation matrices based on homogeneous coordinate transformations. The assembly
error can be expressed using the relative position and pose transformation matrix E;‘j]]: T,
which represents the transformation from the ja-th positioning structure on the aft ip-th
rotor to the jp-th positioning structure on the fore ip-th rotor.

Eigjaqn _ B, Bp—1

Eigje L~ Eigje | Biajal 7 )
where E‘?jT is the transformation matrix from B to Eij, superscript B represents the basic co-
ordinate system; and subscript Eij represents the j-th positioning structure on the i-th rotor.

E]iSjT is derived as follows:

i—1
Br_ B AJi Fli v | AJi
Eijl = anT| | L T i) e T @)
1=
where the subscripts (or superscripts) FJi and AJi represent the fore and aft rabbet joint
structures on the i-th rotor, respectively.
Shape and position errors of rotors are introduced into Equation (2).

AJin _ AJNip AJi
FJi T= FJNi T'F]i D (sha) ®)
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AJimn _ AJNim AJi
Eij T= ENij T'EijD(sha)r 4

where ?]]iiD(sha) and Sl-]jiD(sha) represent the shape and position error transformation matrices
from AJi to FJi and Eij, respectively.

The matrix A](:]l’)T in Equation (2) indicates the transformation in the connecting
process of adjacent rotors. Several errors are included in b,

AJ(i+1)
First, the influence of measurement error is analyzed. The reference coordinate system

is converted from the basic coordinate system B, to measurement coordinate system M,
using BT. There is a measurement error transformation matrix %D(mea) when mea-
suring the initial position and pose of FJi. After measurement and fitting, the obtained
transformation matrix from M to FJi is shown as Equation (7).

M By By 1
il = gilwmT (5)
i1
Bp _ B o AJl FJi o AJ(i+1)
FJi _AllT'FllT(HA}(iH)T'F](iH) T) ©)
i=
M M M
i L (fit) = Fi LD (mea)- @)

The measured and fitted position and pose of FJi are transformed by rotation with the
connecting circumferential angle ¢; and translation with the anti-collision clearance Ap. ¢;
can be determined by several circumferential connecting methods, for example, random
angle connection with high efficiency, high- and low-point matching that takes into account
the connection quality, or ¢; solved by a global optimization algorithm [59]. Ay < 0.005mm
was used to prevent the rotor end faces from colliding. Subsequently, the NC instruction
guiding the (I + 1)-th rotor mounted on the six-axis mechanism is generated, that is, the
target matrix Al(i +f') T(tar>.

A](i+¥) Tiar) = I}\?/][iT(ﬁt)'I\]?IT‘R"t(OFJi —z,¢;) Trans(0,0, —Ax), ®)

where Rot(OF]i -z, qbl-) is the rotation transformation matrix of ¢; around the coordinate
axis Opj; — z; and Trans(0,0, —Ay) is the translation transformation matrix of —A along
the new coordinate axis O — z after the last transformation.

Second, owing to the influences of the six-axis mechanism error transformation matrix
?,D (mec) and mounting error transformation matrix Al(i +;/)D (mou) the actual position and
pose of the rotor clamped on the six-axis mechanism deviate from its target position
and pose.

B _ B B Y
AJ(i+1)T - AJ(i+1)T(tar)' (YD(mec) 'A](i+1)D(mou))’ ©)
where subscript y represents the y-axis clamping fixture on the six-axis mechanism.
Subsequently, Al(i EI)T is derived as:
Fip _ B Bp-1
Al T = aien Tl (10)

After the connecting process, the measurement error is introduced again when mea-
suring the positioning structures for assembly errors, as shown in Equation (11). The final
Eipja T

matrix Eirji

(fit) contains the information of assembly errors.

El‘A']‘A T _ EZIA']‘A T_EiAjAD

Eigjr © (fit) — Eipjr = Eipjg — (mea)” (11

3. Modeling of the Error Sources in Rotor Connecting Processes
3.1. Modeling of the Shape and Position Errors of Rotors

The rotor shape and position errors that affect the assembly errors are mainly located
at the flanges, rabbet joint structures and positioning structures, as shown in Figure 2.
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These errors include end face run-out (SRO) of the flanges, concentricity of the rabbet joint
structures, concentricity and axis parallelism of positioning structures, and dimensional
deviation. The relative position and pose of different geometric features in a rotor, as well as
the corresponding shape and position errors, are characterized by homogeneous coordinate
transformation matrices. The position and pose transmissions between the two rabbet joint
structures on the end faces of the i-th rotor are derived using Equation (12).

AJi-p_ FFip FENi AFNi AFNip—1 AFip-1

Fi ' T Hi 1 FFi 1 FENi © AFi AJi
N dFEN; 0 AsROFi 0
100 %lpﬁ NN VN cpri —s¢ri 0 0
B 01 0 % 0 1 0 0 S(PFi C(Pl:l' 0 0
- . A i .
001 0 ——OSRORL___ 0 __TENi___ g — 0 0 1 —hni
0 0 0 1 v dtenit+A3rori v/ eni+Odrori 0 0 0 1
0 0 0 1 (12)
. ) -1
2 dAFNIz 0 - zASROA]z 0 Acaicai |1
\/ @arNi TSRO \/ DarNi TA5ROA 1 0 0 ==
0 1 0 0 0 1 0 Acaisyai
AsRroAi dAFNi z
Ta o 0 Tr o 001 0
\ @arNi TASROA V FAENi TA5R0A 0 0 0 1
0 0 0 1

where the subscripts (or superscripts) FFi and AFi represent the fore and aft flange end faces
with SRO = Agrori and Agrpa;i on the i-th rotor, respectively; ¢p; represents the deflection
angle between the SRO high points on the fore and aft flange end faces; FFNi and AFN:
represent the nominal fore and aft flange end faces without any shape or position errors,
respectively; Acp; and Acy; are the concentricity of the fore and aft rabbet joint structures,
respectively; p; and 1P 5; represent the deviation direction of fore and aft rabbet centers,
respectively; hy; and h; are the nominal and actual distance between fore and aft flange
end faces, respectively; dgpn; and dapn; are the nominal diameters of the fore and aft flange
end faces, respectively; and “s” and “c” are the abbreviations of sin and cos, respectively.

The position and pose transmissions between the j-th positioning structure and the aft
rabbet joint structure in the i-th rotor are derived using Equation (13).

Alip AFNiT_AFNiT—l,ﬁ}?iiT—l

Eij ~ — Eij AFi
CPp;jcdOij  —S¢Eij —CPr;jSOOk;; 7ACEU;¢M
— S‘PEijC66Eij C‘PEij —S(PEZ']'SéeE,‘j 7ACEiés¢Ei/ QIENZ T-1.AFiT-1 (13)
569}51']‘ 0 C‘SeEij 7hEij ' All
0 0 0 1

where Acg;;j is the concentricity of the j-th positioning structure on the i-th rotor, ¥g;;
represents the deviation direction of the positioning structure center, hg;; represents the
distance between the positioning structure and the nominal aft flange end face, and 0;;
and ¢g;; represent the transformed angle value and direction of the parallel error of the
positioning structure axis, respectively.

The initial position and pose of the 1st rotor fixed on the fixture (separated from the
six-axis mechanism) are derived using Equation (14). When the 1st rotor does not contain
a rear rabbet joint structure, the coordinate origin of AJ1 is set at the center of the rear
end face.
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E B, 1 ANI
A]I%T =10 ANtP 1 AP ‘RPY(pa1,0a1, A1)
CPa1COa1  CPA1SOA1SPAL — SPAICPAL  CPA1SOAICPAT + SPAICPAL AN]%px + jﬂ”px (14)
sPA1C0A1  SPA1SOA1SPAT + CPaICPAT  SPA1SOATICPAT — CPATSPAL ANle +4 A{\I
—s6a1 cOa15Pa1 cfarcdal ANGPz T4 ATl p,
0 0 0 1

where ,\2p is the column matrix that represents the nominal position of the aft end face of

the 1st rotor relative to B, and 2}\1]1 p represents its random initial position deviation; RPY

is the matrix of rolling, pitching, and yawing, which represents the random initial pose
deflection of the 1st rotor.

Fore rabbet joint
structurc

Positioning structure ~ Aft rabbet
Onni=x! ‘ joint structure
A sre »}r (Prmcctgd to Okini ‘C\’) ! A sRoai
2\ | i =
\\ Oarvi-x —1‘ ()}“_X
Deei=X “\,_OFW{'X L ANC
C]l'l;!\
\r\‘lfl)\ ()“T\'
)
Oy | 1O
= e )| >
iy _| 1= Fore ﬂange ‘
- end face | I

i B
R S \}\/)

/ ‘t Transto ()r
\ i ‘
| " [ O -V

(Imn\ln()r i ,3. 1

J‘_y /()n /Onr« ‘t ,'

f" (Tmmlody “- -
Q/Oﬂn -y /
Pi (enlarg,ed view) P2 (enlé&r‘d Vlew) P3 (enlarged v1ew)

Figure 2. Schematic of the rotor shape and position errors related to the assembly error.
3.2. Modeling of the Measurement Errors of Rotors

The transformation from the basic coordinate system B to the measurement coordinate
system M is shown in Equation (15).

1 —M0Y ﬁgﬁ I\ZIPx +A1§1Px
dy 1 —moa Py + Ayp
B _ M M MFy MFPy
T = , (15)
M —Mof  wmdx 1 Gp 4+ Adp.
0 0 0 1

where the matrix elements \jp,_ fysz T ASp. /y,= Tepresent the position of the measurement
coordinate system; Soa, 568 and B8+ represent the triaxial angle errors.
The measuring objects include the position and pose of the last fixed rotor (i.e., 1g\]/fT)

the initial position and pose of the clamped rotor (i.e., AJ(i+1) MT), and the position and pose

of the positioning structure (i.e., El\/[i]-T). There are two types of geometric features. One is
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the annular end face of the flange or positioning structure. Its normal vector is fitted to
derive the pose column matrix Ma, as shown in Equation (16). The other is the cylindrical
face of the rabbet, the datum connection hole, or the positioning structure. The measured
points are projected onto the corresponding datum end face. Subsequently, the cylindrical
face center coordinates are fitted. The pose column matrices Mn and Mo, and the position
column matrix Mp are obtained.

My _ [ Mn a p
T= o o o 1 I (16)
The errors in the measuring processes are CMM mechanism errors, force deformation
errors, thermal deformation errors, detection errors, etc. [60]. However, it is difficult to
model these errors separately. Affected by a variety of system errors and random errors, the
measured coordinates of each axis show a normal distribution with Mpx syt Amsy/y/z as
the mathematical expectation y, and Ayjry/y/./6 as the standard deviation ¢, as shown in
Figure 3b. Apis and Apr represent the system errors and random errors in measurement
errors, respectively. When Ay in the triaxial directions are uniform, the spatial distribution
of the possible locations of a measuring point is within the spherical range centered on
the measuring point with only system error, as shown in Figure 3c. Generally, Ayg are
easily pre-compensated in the CMM NC system by means of repetitive measurements
and accuracy adjustments. Thus Ay; = Apr represents the comprehensive measurement
accuracy of a CMM system.

Tlange end face
Actual points

Measured points
Fitted plane

(a)

OxeNl

SR
\ C w5l

\
-1M
C pilyi

C : B oreaeiees |
( (&\) T ': ® Possible locations
St Q ® Nominal location
6/(V2rAygr,;yi.) g , ® Location with only
B W vl system errors
: N | |

M

Probability density on O-x/y/z &

|

Figure 3. Schematic of the measurement errors on the flange end face: (a) the actual flange end face
and its fitted plane based on measured points; (b) normal distribution of measurement errors on each
axis; and (c) spatial distribution of possible locations of the measuring point.
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3.2.1. Measurement Errors on the Flange End Faces

Because the end face of the flange or positioning structure is annular, Nyjr measuring
points are evenly distributed on | concentric circular paths, as shown in Figure 3a. The
nominal coordinates of the k-th measuring point yp..p i on the j-th circular path of the i-th
rotor are derived using Equations (17) and (18).

T ' T
[ MEPj 1 } _}\z‘/IT'{ROt(O]i_ZIQMFk)’{ {\I/IFip}rl 1 } }

cOvrr  —sOmrc 0 0 R (17)
_ Mg | SOvre  cOvpe 0 0 0
T 0 0 1 0 0
0 0 01 1
2(k—1)m

OmrEr = N /] (18)

where Oy is the circumferential angle of i p ik and Ry, is the radius of the j-th circular path.

Under the influences of comprehensive measurement errors, the coordinates of the
measured points are shown in Equations (19)—(21).

MYiPxjk(mea) ~ N [Ml\lé[ipxjk + Amsx, (AM/6)2} (19)
2

MEiPyje(mea) ~ N [Ml}?/[ipyjk + Awmsy, (Am/6) ] (20)

MEPjk(mea) ~ N MiPj + Ouisz, (8 /6)?]. (21)

The fitted plane model with parameters a3, a5, and a3 is given by Equation (22).

Mp, = a1 +ayMp, + a3~Mpy. (22)
The least-squares method can be used for plane fitting, that is, solving the minimum
value of f; in Equation (23).

2
fa= 21 kzl (611 + aZMl}:/[ipxjk(mea) + a3'M1\1§ipyjk(mea) - Ml\lé[ipzjk(mea)) : (23)
j= =

Because the angle between the coordinate axis Op;-z of the flange end face and the
measurement coordinate axis Oz is set to less than 71/2, Ma, > 0. Thereafter, the pose
column matrix %/}a( fit) is obtained, as shown in Equations (24) and (25).

—
%gar(rﬁt) = OFi — Z(ﬁt) = [—kuﬂz _kﬂa3 kg] (24)

ko =1/\/a3+ a5+ 1. (25)

3.2.2. Measurement Errors on the Rabbet Joint Structures

When measuring the cylindrical face of the rabbet (or datum connection hole, position-
ing structure), N\;y measuring points are evenly distributed on the cylindrical face around
its axis. Subsequently, the measured points are projected onto the fitted plane Og;-xy/giy).
The center Oy; (gy) is fitted, as shown in Figure 4.
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Figure 4. Schematic of measurement errors on the rabbet joint structure.

The nominal coordinates of the j-th measuring point y ;;;p j of the i-th rotor are derived
using Equations (26) and (27).

T ; T
[ e 1] _}\fT-{Trans(o,o,hM]j)Rot(oﬁ—z,eM]j)-[ ipd 1]

CQM]]‘ _SGM]]' 0 0 RM] (26)
_ MT SGMJ]‘ CGM]]‘ 0 0 0
Ji 0 0 1 Iy 0
0 0 0 1 1
2 —1)m
M= "Ry (27)

where GM]]- is the circumferential angle of MiiPjr Ry is the radius of the cylindrical face, and
hyyyj is the vertical distance between ; p j and end face.

Owing to the influences of measurement errors, the possible locations of the measuring
points are within the normal distribution ranges of the triaxial coordinates of the points
with only system errors. The projection coordinates of the measured points are given
by Equation (31).

Ml\fipx]'(mea) ~ N[Ml\?ipr + Bmsxs (AM/6)2} (28)
MEPyimea) ~ N |\iPy & Bnisys (Awi/6)?] @)
WP men) ~ N[Whp + Avise, (i /6)°]. (30)
M a (a1+azM“ﬁij(mea>+“3M“14i”yf<mea>‘ﬁ?i”zﬂmea))
MJiPxj(mea) ~ g +a3+1
MIPjmea_proi) = | \YPyjomen) — (alHZMhﬁpxﬂmea)Zfﬂj(m)Mhﬁpzfz(mea)) ey

M M
M a +a2M]ipxj(mea) +a3MJipyj(mea) _M]ipzj(mea)
M]ipzj(mea) ad+a3+1
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The fitted spatial circle on Og;-xy sy with parameters by, by, b3, and by is given
by Equation (32).

2 2
Mpz = \/b42 - (Mpx —b1)" = (Mpy - b2> + b3 . (32)
MPZ =a+ QZ'Mpx + a3'Mpy

The least-squares method can be used for fitting the center of the circle, that is, solving
the minimum value of f; in Equation (33).

NM]
_ M _ 2 M. 2 M .2 M .2
fo= El (Mﬁpxﬂmea,proj) + MJiPyjmea_proj)  MiiPzj(mea_proj) ~ 2MJiPj(mea_proj)’1

(33)

2
M 2 M 2 2 2 2 2
_ZM]ipyj(mea_proj) by _ZM]ipzj(mea_proj)b3 +bi + b5 + b5 — b4)

Similarly, the datum connection hole in the flange is measured, projected, and fitted.

The coordinates of its center y;p (fit) are (b, b, brys)- The pose column matrix %’}n( fit) is
obtained as shown in Equations (34) and (35).
-
Jinfay = O — Xy = [ kn(bem — 1) kn(bpz —b2) k(s —bs) | (34)
— 2 2 2
kn = 1/\/(le —b1)” + (b2 — b2)" + (buz — b3)". (35)

Therefore, the position and pose transformation matrix of the rabbet joint structure (or
positioning structure), including the measurement errors, is given by Equation (36).

kn(bai —b1)  knka(—bsy + by — asbpys + asbs) —kaay by
kn(bap —ba)  knka(=by + by + agbyz — agbs)  —kaaz by
kn(bus —b3)  knka(—azby + asbyy — axbpy +axby) ko b3

0 0 0 1

(36)

3.3. Modeling of the Six-Axis Mechanism Errors and Mounting Errors

A novel automated six-axis mechanism for rotor connection was designed and man-
ufactured. The errors in the six-axis mechanism include manufacturing errors, assembly
errors, NC errors, etc. [26] However, these large numbers of influencing factors are difficult
to separately quantify. Thus, the mechanism error is attributed to the accumulation of the
relative comprehensive position and pose errors of each two adjacent motion parts.

The modified D-H method with five parameters clarifies the relative position and pose
with mechanism errors between the two adjacent parts. The D-H coordinate system is set
at the joint of each motion execution part. The joint is used to connect with its upper part,
as shown in Figure 5. The position and pose transformation of the upper part relative to
the lower part is regarded as a combination of five consecutive rotations and translations:
the D-H coordinate system rotates 6 around the original axis O-z, translates d along the
original axis O-z, translates a along the new axis O-z, rotates « around the new axis O-x,
and then rotates ¢ around the new axis O-y. The transformation matrix 5T from the lower
to upper part is shown in Equation (37).

LT = Rot(OL — z,0)Trans(0,0,d) Trans(a, 0, 0)Rot(Onew — x, &) Rot(Onew — ¥, 9)
cpctd —saspsd  —casfl  cOsp + cpsasd  ach
cpst +saspcd  cacd  sOsp — cpsacld asd (37)
—cas@ sa cace d
0 0 0 1



Machines 2022, 10, 387

13 of 26

@ Linear drive il Motion execution | | Rotor with nominal
) ] axis L. position and pose
g Linear guide

O E Rotary joint

Indirect drive axis( d/o Motion parameter of
or auxiliary axis motion execution axis

Xy
L— 7~Z’/
Atle?
= o
P Xa
i ’Z‘Z(l

ZY
| XY

- Zp | yx

Figure 5. Schematic of the D-H coordinate systems of the six motion execution parts.

The position and pose transmission in the six-axis mechanism is from the basic coor-
dinate system B to the Z-axis part, X-axis part, 3-axis part, Y-axis part, «-axis part, and
finally to the y-axis clamping fixture (i.e., the nominal position and pose of the aft rabbet
joint structure of the clamped rotor). The transformation matrix is given by Equation (38).

B L BZX Y
BT =T1bT = Sr4Ts 18 TY TS T. (38)

The D-H parameters and their corresponding errors are listed in Table 1. dz + Adyg,
dx + Adx, 0g + 00, dy + Ady, 04 + 804, and 0 + 50, represent motion variables with
motion errors of the six axes. Motion errors are the main factors affecting the final com-
prehensive position and pose errors of the six-axis mechanism. Under the condition that
the system errors are compensated through the NC system, the remaining random errors
obey normal distributions. The deviation of each normal distribution is determined by
the positioning accuracy of the corresponding axis. The other 24 errors are static errors
representing the static relative position and pose among the axes, for example, d¢ and
d¢- represent the parallel errors between the corresponding adjacent motion axes. These
errors can be compensated through mechanism precision adjustment processes, or through
the NC system.

Table 1. Five D-H parameters with errors of the six-axis rotor connecting mechanism.

Lr a o d 0 17

Br Aay /2 + day dz + Ady /2 + 507 57
T Aay /2 + dax dx + Adx /2 + 50 dgx
)éT Ix1 + Aag dag Adg 0 +00g d¢p
[YST —lz1 + Aay /24 doy dy + Ady /2 + 86y Sy
T Ady /2 4 Sty Ixo + Ady 0x+066« 3¢
ST Aay davy Izo + Ady, Oy +86y dpy

The mounting error of the (I + 1)-th rotor on the clamping fixture is indicated in
Equation (39). The mounting error matrix is used in Equation (40) when solving the
position and pose forward solution. On the premise of ignoring the measurement error, the
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acquisition method of the mounting error is as follows: move the six axes to their calibrated
zero points where the mechanism errors have been corrected through precision adjustment,
that is, ETO. Subsequently, the initial position and pose of the clamped rotor are measured

by the CMM to obtain i] (i+1) T,,. The mounting error is derived using Equation (41).
Y Y Y
1y ~Asi+1)Y7 A](i+1)y5ﬁ A](i+%/)Apx
AJ(z‘+IY)T = AI(i+1)j7 1y _A](i+1)5“ A](i+ly)Apy (39)
“Ai)OP Ay O 1 Ali+1) APz
0 0 0 1
B _B Y
A](i+l)T - vT'A](z‘H)T (40)
Y — B Bp—1
Al L = ajien ToyTo (41)

3.4. Modeling of the Rotor Final Assembly Errors

The assembly errors are defined by the relative positions and poses of the positioning
structures on the different rotors, as shown in Figure 6.

OEiaja-z

OEiaja-z OEirjr-OEiaja OEirjr-OEiafa
OFie\ 2 VORI [2 "OEiiria® OFitjrz0
‘ | O(‘i\/' |
P ﬂ"'_‘c‘?i_ SN ()],l\:/'m-\" A I
T RN\ W /N e N S L - VAT ™
Nk f VA7 i OFinja-y
I." J» | |7 (i . i) O M M=, \ : 7 0 ‘.‘
| O b | ) = I Ak
. £y [l o YT S ,',__,*L,—
| ZNir R ol - ® '.:IL o ¥ T Trmed € | |
. oo(.) | Ol‘r"‘/}l‘()}"”‘/i | ee ZN,‘Ml‘ ~ )\L 3 ZNiA ()l‘i\/'« ()||l ; ‘5‘ h
il -X 4 N VIAJASL
‘,‘[”/} '\\, "5 P [ \Ii OEivju { “‘/
\ \ ) | !
\ Rk i 9]
) s Vil VA \ (| f ———J q
Fore = N\ S\ & Aft
| ()('u/\-}' R

(ia~im)-th rotors

(im~ir)-th rotors

Figure 6. Schematic of rotor assembly errors in the connecting processes.

If the measuring objects of the assembly error are located on the positioning struc-
tures of two rotors, the assembly position error of the ig-th positioning structure on the
fore ip-th rotor relative to the ip-th positioning structure on the aft ix-th rotor is de-
rived using Equations (42)—(44). The corresponding assembly pose error is derived using
Equations (45) and (46).

1/2

OE%]E‘;;A =2 {(Eip]%px - EiAEA Px — kleiA?Aﬂx)z + (Eip]Epy - EiA?Apy - kleiA?Aay>2 + (EiF]Epz - EiA?Apz - kleiA}gAaz>2:| (42)
ke = [EiA'anx. (Eip}i TN px) + iy (EiF}i Py — e, py) + gD (EiF}i P~ pz)] Jko (43)

ko = EiAl]?A ai + EiAI;A a; + EiAI;A a% (44)

ggﬁjjﬁ:zzé = aI‘CCOS( Eip]]‘iux'EiA]jsAax + EiFjBFax'EiA]?Auy + EiFjBFax'EiA]?Aaz /v ksst3) (45)

ks = EiF]I'Zaazc + Eip}?ﬂ; + EiFjBFag' (46)

If the measuring objects of assembly error are located on the positioning structures
of three different rotors, that is, the original points of two positioning structures form
a common reference line, the assembly position error of the iy-th positioning struc-
ture on the middle iy-th rotor relative to the common reference line Og;,.;.-Og;, ;, is de-
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OEipjr—OEipja ¢
OEingjvi— » 0 = arccos

rived using Equations (47)—(49). The corresponding assembly pose error is derived using
Equations (50) and (51).

OEigpjp—OEiaj B B B
o OEIM?N?A 2{ [EiMjMpx - EiFjpr - kcl (Ez’AjApx Eipjp px)} +

B B B

{EiM]’MPY ~ Eigje Py — ka (EiAjA PY ~ Eigjr Py)} 1"/'2 (47)
2
B B B
{EiMjM Pz = EigjePz — ke (EiAjA Pz = Eigjp Pz)} }
_ B B B B B B B B
ke = {(EiAjApx - Ez‘F]'FPx> (EiMjMPx - EiFjpr) + (EiAjApy - EiFjpr) (EiMjMpy - EiFjpr) + )
B B B B
(Ez‘AjA Pz ~ Eigje Pz) (EiMjMpz - EiFjFPz)} /ke2
2 2
B B B B B
ke2 = (EiAjAPx - EiFjpr) (EZA]AP]/ EiFjFPy) + (EiAjAPz - EiFjsz> (49)
B, .( B B, _ B
Eiyjiv x (EiAJ'A Px — EZF]F ) lM]M y (EiA]'A Py = Eigje Py ) T (50)
B B
EiM]‘Maz' EiA]‘Apz Ezp]ppz ‘ keokes

2 B 2

ks = EiM]'M”x + EiMjM“y + Eigju Tz (51)

4. Construction and Application of the Rotor Assembly Error Prediction Algorithm

The Monte Carlo method is used to propose a rotor assembly error prediction al-
gorithm based on the models of rotor shape and position errors, measurement errors,
mechanism errors and mounting errors. In the prediction algorithm, the initial condition
parameters, system errors, and random errors (sampled according to their related processes
or mechanism accuracy) are input. Subsequently, multiple virtual rotor assemblies are sim-
ulated based on the actual connecting processes. Finally, the distributions of the assembly
errors are output and analyzed.

4.1. Procedure of the Prediction Algorithm

The procedure for the rotor assembly accuracy prediction algorithm based on the
Monte Carlo method is illustrated in Figure 7. In this procedure, N determines the total
number of virtual assemblies under the same connecting conditions. An increase in N
improves the prediction reliability while reducing the calculation efficiency. In each virtual

assembly, the random initial position and pose of the 1st rotor are sampled, that is, 2}\1] 1p and

RPY in Equation (14) are sampled to constitute ?\]l T. There are two methods to determine
the shape and position errors of each rotor in Equations (12) and (13). In the first method,
the distribution of each shape and position error is constructed according to the input rotor
accuracy level, thereafter, the error value is sampled from its normal distribution, and the
error direction angle is sampled from its uniform distribution. The other method is that
all shape and position errors are directly input under the condition that they have been
obtained through measurements.

The actual position and pose %T of the fore rabbet joint structure of the connected or
fixed i-th rotor is determined by substituting Equations (12) and (14) into Equations (5) and (6).
Subsequently, the virtual measuring points ypp; P jk(mea) O the fore flange end face are
generated using Equations (17)—(21), which are influenced by the CMM comprehensive
measuring accuracy Ayy. The pose column matrix M..a (fit)’ representing the normal vector
of the fore flange end face, is derived using Equations (23)—(25). The virtual projected
points ypy; P j(mea_proj) and gy P j(mea_proj) of the measuring points on the fore rabbet joint
structure and datum connection hole on the fitted plane Ogp;-xy s are generated using
Equations (26)—(31). The position column matrix %’{:ip( fit representing the fore rabbet joint

structure center and the other two pose column matrices M. n (fit) and IrYl[:iO( ) are derived

fit
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using Equations (33)—(35). The transformation matrix }%i T(ﬁt) containing the measurement

A](i+}3) T(tar) for the

(i+1)-th rotor clamped on the six-axis mechanism is derived using Equation (8), where the
connecting circumferential angle ¢; is calculated using its selection strategy.

errors is obtained using Equations (15) and (36). The target matrix

~ .
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Figure 7. Flow diagram of the rotor assembly error prediction algorithm considering multiple
eITor sources.

The mounting error matrix Al JJ) T for the (I + 1)-th rotor is derived using Equation (39).
The matrix ET( far) = AJ(i +% Tary Al(i _J) T~! for generating the six-axis mechanism NC

instruction excludes the effect of the mounting error. Thereafter, the motion variables dz, dx,
g, dy, 0«, and 6, for controlling the six axes are obtained through inverse solutions from

?,T(tar). Owing to the influence of static and motion errors in the six-axis mechanism, the

actual position and pose E,T is derived by substituting Table 1 into Equations (37) and (38).
The random motion errors Adz, Adx, 80p, Ady, 604, and 80, are sampled from their
normal distributions, which are related to the positioning accuracy of the six axes. The
uncompensated items in the other 24 static errors are substituted into 5 T. Subsequently,
Al +;/) T is substituted back into , ; Jj)
the actual position and pose of the (I + 2)-th rotor are derived through the above iterative
calculations based on the determined F(i +11§T of the (I + 1)-th rotor.

When the virtual connection of the n-th assembly containing I rotors is completed,
the position and pose of the positioning structures, including their shape and position
errors are derived by substituting Al Jj) T and Equation (13) into Equation (2). Similarly,
measurement errors are introduced again to fit the normal vector of the annular position-
ing faces and the centers of the cylindrical faces of the positioning structures through
Equations (17)—(25) and Equations (26)—(33), respectively. The assembly errors are cal-

culated by substituting EI?jT(fit) into Equations (1) and (42)—(51). Thereafter, the virtual

the mounting error T using Equation (40). Similarly,

connection of the (n + 1)-th assembly is performed according to the above cyclic procedures.
OFinja—z 5 OFEipja—z OEipjp—OFEiaja OEipjp—OFBixja

OFEipjr 2 OEipjp—z 07 OEinju A, and OEiyjm—z 6 of the
N assemblies are output for subsequent statistical analysis.

Finally, the assembly errors
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4.2. Inputs of the Prediction Algorithm

An aeroengine low-pressure turbine rotor simulator is applied, which has three rotors
in an assembly. Considering the balance of prediction reliability and calculation efficiency,
the total number N of virtual assemblies under the same connecting conditions is set
to 100,000.

The initial position and pose of the 1st rotor are random in each virtual assem-
bly. The corresponding matrix elements in A]BlT obey uniform distributions, as shown
in Equations (52) and (53). The matrix elements representing the datum positions are
ANLPx = 6135, \\ Py = 0, An P2 = 820 mm.

ﬁ}\l”prﬁ}\ln pylg}\ln py ~ R(_5/ Smm) (52)
$a1,0a1, pa1 ~ R(—m/240,7/240). (53)

There are two methods to input the shape and position errors in each rotor. One is
to sample the shape and position errors according to the designed tolerance and process
capability of the parts. The process capability index Cp is introduced into the prediction
algorithm, which influences the distribution of the rotor shape and position error [61],
as shown in Equation (54). The Cp is set to 1.00, 1.33, and 1.67 (i.e., shape and position
error qualification rates 1 = 99.73%, 99.9968%, and 99.999971%) respectively for presenting
different accuracy levels of rotors. The standard deviation or of the normal distributions
of the rotor shape and position errors derived from their designed tolerance Ty are listed
in the second rows in Tables 2—4. In the prediction algorithm, assuming that the system
errors in the shape and position errors of each rotor were corrected during the machining
processes, the mathematical expectation is g = 0. The other matrix elements representing
the error directions obey uniform distributions.

Cp = TR/60'R. (54)

Table 2. Designed standard deviations and measured concrete values of the shape and position errors
of the 1st rotor (mm).

Item Asroa1 Asror1 Acr1 Ack11 80g11

oR 0.010/Cp 0.010/Cp 0.005/Cp 0.003/Cp 0.143' /Cp
Assembly 1 0.012 0.001 0.001 0.001 0.216
Assembly 2 0.016 0.004 0.012 0.003 0.012/
Assembly 3 0.002 0.006 0.005 0.001 0.065

Table 3. Designed standard deviations and measured concrete values of the shape and position errors
of the 2nd rotor (mm).

Item Acaz Asroa2 Asror2 Acp Acen 801

OR 0.005/Cp 0.013/Cp 0.013/Cp 0.005/Cp 0.010/Cp 0.160' /Cp
Assembly 1 0.001 0.020 0.016 0.004 0.004 0.131/
Assembly 2 0.001 0.011 0.019 0.003 0.001 0.122’
Assembly 3 0.006 0.011 0.011 0.003 0.015 0.036’

Table 4. Designed standard deviations and measured concrete values of the shape and position errors
of the 3rd rotor (mm).

Item Acas Asroa3 Acgz1 80g31 Acg32 80E32

oR 0.005/Cp  0.013/Cp  0.008/Cp 0230'/Cp  0.003/Cp  0.176'/Cp
Assembly 1 0.003 0.003 0.011 0.227 0.003 0.080’
Assembly 2 0.002 0.007 0.005 0.069 0.003 0.075'

Assembly 3 0.001 0.014 0.009 0.128 0.004 0.152
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In the other input method, the measured values of the rotor shape and position errors
are directly input into the corresponding matrices. The measured concrete errors of the three
rotor assemblies used in the experiments are listed in the third to fifth rows in Tables 2—4.

The other matrix elements representing datum dimensions of the 1st rotor are dan; = $140,
dFNl = $2374, th =151, and hEll =54 mm.

The other matrix elements representing datum dimensions of the 2nd rotor are
dANZ = cI)299.4, dFNZ = q>308.7, hNZ = 11, and hEZl = —24 mm.

The other matrix elements representing datum dimensions of the 3rd rotor are:
dFN3 = @308.7, th = 11, hc31 = 68, and hcgz = 1037 mm.

According to the applied CMM, the comprehensive measuring accuracy Ay = 0.002 mm.
The measurement system errors Ayis = 0 because they are pre-compensated in the NC
system. The matrix elements representing the location of the measurement coordinate
system M are §p, = 889.5, E,[py = —624, and Bp. = 67 mm. The number and nominal
locations of the measuring points are listed in Table 5.

Table 5. Number and distribution circle radius of the measuring points on different rotor structures.

Positioning Positioning T.h? 1S.t Tl.le. 2n‘d
Item AftFlange of  Aft Flange of Structure of Structure of Positioning Positioning
the 1st Rotor  the 2nd Rotor the 1st Rotor the 2nd Rotor Structure of Structure of
the 3rd Rotor the 3rd Rotor
NME 22 28 14 38 22 12
Ryp1 (mm) 104 125 79 191 107 64
Rypn (mm) 113 149 - 208 120 -
Nwy 30 36 22 50 36 18
Ry (mm) 99 119.35 76 213 125 62

The connecting circumferential angle ¢; is derived using the high- and low-point
matching strategy which is commonly used in connecting processes, and it is also con-
venient for calculation in the prediction algorithm. The anti-collision clearance A is set
to 0.005 mm.

The static errors and motion system errors were reduced through the mechanism
precision adjustment processes and the NC system, respectively. Hence, they are assumed
to be zero in the prediction algorithm. The motion random errors are determined by the
positioning accuracy of the drive axes and then converted to the corresponding motion
execution axes. The motion error standard deviations o5 obtained through the repeated
measurement tests are listed in Table 6. The other D-H matrix elements representing the
datum distance between the axes are I,; = 107, [,» =206, I,1 =97, and Iy, = 131 mm.

Table 6. Standard deviations of the motion errors in the six-axis mechanism (mm).

Item Adz Adx 59[5 Ady 59“ SBY
oA 0.0050 0.0036 0.0135 0.0050 0.0194/ 0.0500'

v
AJ(i+1)
normal distributions, as shown in Equations (55) and (56). In the inverse and forward
solutions of the six axes in the prediction algorithm, the measured mounting errors are

excluded and introduced, respectively.

The elements in the mounting error matrix T in the prediction algorithm obey

A](Z.J)Apx,A](iQ{)Apy,A](Z.J:l/)Apz ~ N(—0.05,0.05mm) (55)

Y Y Y / /
AL S% Azt 8B Az 87 ~ N(=025,025'). (56)
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4.3. Results of the Prediction Algorithm

The distributions of the predicted six types of assembly errors under the conditions
that the rotor Cp = 1.00, 1.33, and 1.67 are shown in Figure 8. The rotor assembly errors are
distributed with kurtosis € (0.36,1.17) and skewness € (0.67,1.05). When Cp improves

from 1.00 to 1.33, and then to 1.67, the decline rates of the average value OEgEg;A are 20.8%

and 16.1%, respectively, the decline rates of 8%%:26 are 22.8% and 18.9%, respectively,

f OE11-0E32

the decline rates of =), ™7°6 are 18.2% and 12.7% respectively, and the decline rates of

OElolggFfzzé are 17.8% and 12.9%, respectively. However, the decline rates of OE%EQESZZA and

OElolgﬁFffA are small. This is because the distance between the corresponding positioning

e ——
structures is large (|Op11 — OE32‘ = 1145.1mm). The distance deviation between the center

of the middle positioning structure and the long common reference line Ogj; — Ogs; is
insensitive to variations in rotor errors.
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With regard to the rotor connection qualification rate, the qualification rate of each
assembly error is higher than 93%. The connection qualified condition of a rotor assembly
is that all six errors are lower than their qualified upper limits. The final connection
qualification rates of the rotor assemblies are 88.9%, 97.4%, and 99.3% when Cp = 1.00, 1.33,
and 1.67, respectively. It can be seen that even if the rotors have relatively low shape and
position accuracy (Cp = 1.00), the connection qualification rate is still significantly higher
than that less than 50% when using traditional manual connection processes. If the rotors
have general or high accuracy (Cp > 1.33), the connection qualification rate is higher than
97%. In general, the prediction results show that the novel mechanical system (three-axis
CMMV, six-axis rotor connecting mechanism, and clamping fixture) has high applicability
for rotors with different accuracies.

5. Verification Experiment

To verify the proposed prediction method, three different rotors satisfying the shape
and position accuracy requirements (Cp > 1.00) are applied in the connection experiments.
The rotor shape and position errors are presented in Tables 2—4. The motion errors of the
pre-compensated six-axis mechanism are listed in Table 6. The comprehensive measuring
accuracy of the applied three-axis CMM equipped with a contact probe (RENISHAW
OMP40-2) is Ay = 0.002 mm. The number of connection experiments for each rotor
assembly is 30.

The experimental setup is illustrated in Figure 9. The experimental process of each
assembly is consistent with the prediction algorithm flow, which includes the following
steps: Step 1: the 1st rotor is mounted on the aft adjustable fixture separated from the
six-axis mechanism. The initial position and pose are adjusted randomly according to
Equations (52) and (53) using the adjustable fixture. Step 2: the 2nd rotor is mounted on the
clamping fixture on the six-axis mechanism. Thereafter, the six axes move to their calibrated
zero points, where the mechanism errors were corrected through precision adjustment. The
current position and pose of the 2nd rotor are measured by the CMM to obtain the IXIJZTO.
The mounting error X, T is derived using Equation (41). Step 3: the initial position and
pose of the fore rabbet joint structure of the 1st rotor are measured using the parameters in
Table 5, and II}/]IlT is fitted using Equations (22)—(25) and (31)—(36). Step 4: the target matrix
RJZ T(t ar) for the 2nd rotor is obtained using Equation (8) with ¢; derived using the high-
and low-point matching strategy, and anti-collision clearance A = 0.005 mm. To exclude
mounting errors, the motion parameters of the six axes are solved inversely according to
EJZ T ar) ’XJZ T~!. Subsequently, the NC instructions of the six axes are generated to adjust
the position and pose of the 2nd rotor, and connect it to the 1st rotor. Local gaskets and
a few bolts are used to fasten the two rotors to minimize the impact of fastening on the
assembly errors. Step 5: repeat Steps 2-4 for the connection of the 3rd rotor. Step 6: the
position and pose matrices %1T, %1 T, %’élT and I}\E/{%zT of the four positioning structures are
obtained according to the measuring and fitting methods similar to Step 3. The assembly
errors are then derived using Equations (1), (15) and (42)—(51).

The experimental results are shown in Figure 10. The measured shape and position
errors of the rotors in the three assemblies are also input into the prediction algorithm
for comparison. It can be seen that the distribution ranges of the six assembly errors
obtained from 30 experiments of each assembly are within the corresponding min-max
ranges of 100,000 predicted results. Compared with the corresponding average values
of the six assembly errors of each assembly in the predictions, the deviation rates of the
corresponding experimental results are all lower than 14%.
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There are still small deviations between the distribution ranges of the experimental
assembly errors and the 95% confidence intervals (Cls) of the corresponding predicted
results. The deviations may be caused by the following factors: (1) In the characterization
model for rotor shape and position errors, the flange SRO is based on a typical geometric
feature with a single high point caused by turning or milling processes. This is not applica-
ble to specially processed rotors with multiple high points; (2) The system errors among the
six axes of the rotor connecting mechanism are pre-compensated through the mechanism
precision adjustment processes and NC system. However, there may be non-zero values
that are not input into the mechanism error model because of the mutual interference of
a large number of errors; (3) The system errors in the three-axis CMM are not completely
compensated. The fitting methods have fitting errors; (4) The effect of the force is not
considered in the prediction method, for example, the connection contact force, fastening
force, and gravity. In general, the proposed prediction method considers the influences of
the main error sources and is highly consistent with the actual connection processes. The
deviations between the predicted assembly errors and corresponding experimental results
are acceptable. The proposed rotor assembly error prediction method has high accuracy
and practical significance.

6. Conclusions

To propose a rotor assembly error prediction method under the influence of multiple
error sources based on the use of a novel multi-axis measuring and connecting mechanism,
mathematical models and propagation algorithm of multiple types of errors are established.
Models for indicating the rotor shape and position errors, measurement errors, six-axis rotor
connecting mechanism errors, mounting errors, and rotor assembly errors are established
mainly based on homogeneous coordinate transformation matrices and differential matrices.
A new prediction algorithm for the rotor assembly error considering the abovementioned
error sources is proposed, which is highly consistent with actual connecting processes.
Subsequently, experiments are conducted to verify the prediction method. The following
conclusions are drawn:

(1) The kurtosis and skewness of the distributions of all predicted assembly errors are
positive. When the rotor process capability index Cp is set to 1.00, 1.33, and 1.67,

respectively, the average values of the assembly position errors are OEgEg;A =0.149,

0.118, and 0.099 mm; OF1-OF%2A 0,051, 0.050, and 0.049 mm; and OF1L_OF32A —
0.064, 0.063, and 0.062 mm, respectively; the average values of assembly pose errors

are 911725 = 0.294, 0.227, and 0.184’; OF1 98325 = 0203/, 0.166/, and 0.145'; and
OEl})iglEfié =0.236/, 0.194', and 0.169', respectively. Detailed statistical results are

obtained using the proposed prediction method;
(2) If Cp improves from 1.00 to 1.33, and then to 1.67, the decline rates of OEgEgé ,
OE“*ZZS,OE“*OEQS, and OF11-OE32¢ range from 12.0% to 23.0%, while the decline

OE32-z OE21—2 OE31-z
rates of OE%ingA and OE%%?PEA are small. The last two assembly position errors

are insensitive to changes in rotor shape and position errors, because they take a
long-distance common line as reference. In general, the improvement in the rotor
shape and position accuracy reduces most assembly errors to varying degrees;

(3) The connection qualification rate is higher than 97% when the rotors have general or
high shape and position accuracy (i.e., Cp > 1.33). Even if the rotors have relatively
low accuracy (i.e., Cp = 1.00), the connection qualification rate achieves 88.9%. It
is significantly higher than the qualification rate of less than 50% when using the
traditional manual connection processes. According to the predictions, the new
mechanical system (three-axis CMM, the six-axis rotor connecting mechanism, and
clamping fixture) has high applicability for rotors with different accuracy levels;

(4) Predictions and experiments based on three aeroengine rotor assemblies show that:
The min-max ranges of the six assembly errors obtained from 30 experiments for
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each assembly are within those of the corresponding 100,000 predicted results. The
deviation rates of the corresponding experimental average values of the six assembly
errors relative to those of the predictions are all lower than 14%. The proposed
prediction method has acceptable accuracy and practical significance.
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Nomenclature

AFi/FFi Aft/fore flange end face on the i-th rotor

AFNi/FFNi Nominal aft/fore flange end face without any shape or position
errors on the i-th rotor

AJi/FJi Aft/fore rabbet joint structure on the i-th rotor

AN1 Aft nominal end face on the 1st rotor

ai/2/3 Fitting parameter of annular end face

B Basic coordinate system

b1/2/3/4 Fitting parameter of the cylindrical face

Cp Process capability index

BAD Error transformation matrix from A to B

d AFNi/FFNi Nominal diameter of aft/fore flange end face on the i-th rotor (mm)

dQT Differential matrix of QT

Eij The j-th positioning structure on the i-th rotor

hgij Distance between the j-th positioning structure and nominal aft
flange end face on the i-th rotor (mm)

hi/Ni Actual/nominal distance between fore and aft flange end faces
on the i-th rotor (mm)

M Measuring coordinate system

N Total number of virtual assemblies under the same
connecting condition

g\p Position column matrix in QT

B’}p /y/z Element in position column matrix §p

NmE/Mp Number of points for measuring annular end face/cylindrical face

Qn /o/a First/second/third pose column matrix in QT excluding last
element 0

MFiPjk The k-th nominal point on the j-th circular path for measuring
annular end face of the i-th rotor

MiP; The j-th nominal point for measuring cylindrical face of the i-th rotor

P (mea)/ P(mea_proj) Measured point/Projection of measured point

Rwmrj Radius of the j-th circular path for measuring annular end face (mm)

Ry Radius of the cylindrical face (mm)

Rot Rotation transformation matrix

RPY Matrix of rolling, pitching, and yawing
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Target matrix for generating NC instructions

Transformation matrix when six axes are at their calibrated zero points
Translation transformation matrix

Rotor shape and position tolerance

Anti-collision clearance (mm)

Concentricity of aft/fore rabbet joint structure of the i-th rotor (mm)
Concentricity of the j-th positioning structure on the i-th rotor (mm)
Comprehensive measuring accuracy of CMM system (mm)
Aft/fore flange end face run-out of the i-th rotor (mm)

Assembly position/pose error of ig-th positioning structure on fore
ip-th rotor relative to ia-th positioning structure on aft is-th rotor
Assembly position/pose error of iy-th positioning structure on
middle #s-th rotor relative to common reference line Ogjpip-OFiaia
Linear/rotational motion error in six-axis mechanism
Transformed angle value representing parallel error of axis of
j-th positioning structure on i-th rotor ()

D-H parameters of six-axis mechanism

Circumferential angle of . p ik /wyiP i (rad)

Standard deviation of rotor shape and position error

Standard deviation of motion error of six-axis mechanism
Deflection angle of rolling/pitching/yawing of the 1st rotor (rad)
Deflection direction of axis of the j-th positioning structure on the
i-th rotor caused by parallel error (rad)

Circumferential angle between high points of fore and aft flange
end faces on i-th rotor (rad)

Connecting circumferential angle between the i-th and (i+1)-th
rotors (rad)

Direction of aft/fore rabbet center deviation of the i-th rotor (rad)
Direction of center deviation of the j-th positioning structure on
the i-th rotor (rad)
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