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Abstract: As a key indicator reflecting the working accuracy of rotary functional units, the error
motions of the precision shafting are very necessary to be measured. In this paper, the main error
sources for the error motion measurement of a precision shafting using a T-type capacitive sensor
were investigated. The theoretical modeling error due to the approximate simplification for the
output capacitance expressions was firstly analyzed. By means of the 3D-FEA method, the influence
of fringe effects was subsequently investigated. Finally, the analysis of electrode installation errors
was emphasized on the tilt error of the cylindrical electrode and coaxiality error of the fan-shaped
electrode by establishing mathematical models and numerical simulation. Based on the theoretical
analysis and simulation results, the methods of decreasing the approximate error and the nonlinear
error caused by fringe effects were subsequently proposed; for the installation errors, the tilt error of
cylindrical electrode only makes the solution of phase angle have a certain deviation and has almost
no effect on solving the radial displacement, especially for the measurement range less than 0.1 mm;
the measurement of the rotor tilt displacement was basically not affected by the coaxiality error of the
fan-shaped electrode.

Keywords: precision shafting; capacitive sensor; error sources analysis

1. Introduction

The rotary functional units with precision shafting as the core are widely used in high-
end equipment such as high-precision CNC machine tools, EUV lithography equipment,
axial compressors and small agile satellites [1-7]. As a key indicator reflecting the working
accuracy of rotary functional units, the error motions of the precision shafting are very
necessary to be measured. This measurement provides valuable insight into the error
motions and performance [8], which is favorable to optimize these rotary units.

Capacitive sensors with good stability, high speed and adaptability of extreme en-
vironments are widely adopted to measure the displacement of motion targets [9-12].
Chapman et al. carried out research on the measurement of rotary axis error motions using
a cylindrical capacitive sensor (CCS) with multiple electrodes of large sense area [13-15]. In
order to measure the multi-degree-of-freedom (multi-DOF) error motions, several separate
electrodes need to be manufactured and orderly mounted along with the guard ring, which
is difficult.

Compared to the CCS used in the above research, a novel T-type capacitive sensor
(T-type CS) with an integrated structure was developed to achieve the simultaneous online
measurement of the 5-DOF error motions of a spindle, as shown in Figures 1 and 2 [16].
Both the radial electrode group (REG) and the end part electrode group (EPEG) were
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fabricated based on a flexible printed circuit board, which could produce a quite thinner
electrode (0.035 mm) and a tiny gap (0.15 mm) between the electrode and guard ring.

Fs CSy ‘FR dutside

Figure 1. Schematic of a T-type CS. The error motions Jy and ¢, are detected using the REG, which
is in the annular groove of the stator cylindrical bore; §; and ¢, and ¢, are detected using the EPEG,
which is in the annular groove of the stator end part.

End Part Fan-shaped
Electrodes

Radial Cylindrical (€)
Electrodes

(a)
(b)

Figure 2. Schematic of the stator: (a) The exploded view of the structure; (b,c) partial cross-sectional
view of the stator. 7 is the thickness of the electrode, and A is the gap between the electrode and
guard ring.

This paper focuses on the analysis of main error sources for the error motion measure-
ment of a precision shafting using a T-type CS, as shown in Figure 3. Firstly, the theoretical
modeling error due to the approximate simplification for the output capacitance expression
of sensing electrodes was analyzed. Then, the influence of fringe effects was investigated
using the 3D-FEA method. Finally, mathematical modeling and numerical simulation
were conducted to analyze electrode installation errors, emphasizing the tilt error of the
cylindrical electrode and coaxiality error of the fan-shaped electrodes.
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Figure 3. The general sketch of the main research content.

2. Basic Principle
2.1. Radial Error Motion Measurement

This measurement is performed by the REG, which is constituted by four cylindrical
electrodes E;1~Ey4. The four cylindrical electrodes and the radial measuring surface (CSg)
of the rotor make up four cylindrical capacitors, respectively; the corresponding capacitance
are denoted by C1~C4, as shown in Figure 4 [16].
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Figure 4. The calculation model of the radial error motions: (a) Boundary before transformation;
(b) boundary after transformation.

Due to the arc-shaped boundary of these electrodes, the conformal mapping method
was adopted to solve the Poisson Equation in electrostatic fields [17]. When the rotor has
radial displacement with eccentricity « at phase angle 3, caused by the generated radial
run-out of a spindle, the resulting variation Au of the equivalent spacing at any point in the
complex plane ¢ can be approximately derived as [16]:

_ acos(6 —p)

A
" R

)
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where R is the inside radius of the cylindrical electrode, 6 is the argument of the complex
number corresponding to any point on the arc-shaped boundary in the plane z.

Thereby, the differential expression of the output capacitance of a cylindrical electrode
with axial width of w can be illustrated as [16]:

RAOw

A —acos0-p)

@
where g is the electric permittivity of vacuum, ¢, is the relative dielectric constant; g is the
initial radial spacing and A@ is an equivalent length of a micro-unit that is taken on the
equivalent boundary in the plane t.

Then the output capacitance of the cylindrical electrode in each quadrant is approxi-
mately expressed as follows [16]:

02 1
Cl= Eoewa./gl mde (3)
n—Cq 1
CZ - EOS;«Rw 7T7§2 md@ (4)
T+Co 1
C3 = 8()8er - mdg (5)
C4 = eoe,Rw / R S ©)
21—, 8§ —wcos(6 —p)

where ({2 — (1) denotes the angular size of the cylindrical electrode.
Based on Equations (3)—(6), the expressions of the differential output capacitance of
the REG can be expressed by:

CrX=Cl1+C4—-C2—-C3 @)
CrY=C1+C2—-C3—-C4 )

where CrX and CrY, respectively, correspond to the components Jy and Jy, of the displace-
ment « in the X and Y directions.
Then, the radial error motions of the spindle can be estimated by the following equations:

b¢ = fr(Cl1+C4—C2—C3) ©)

8y = f,(C1+C2—C3 —C4) (10)

where f; and f, are denoted the transition functions between the measured capacitance of
the cylindrical electrodes and the radial run-out along the x, y directions, respectively.

2.2. Axial Error Motion Measurement

As shown in Figure 2, the fan-shaped electrodes (E.;~E.4) of the EPEG are also dis-
tributed in the same configuration as radial electrodes. They, along with the inside annular
end face of the rotor flange (Fr), make up four capacitors, respectively; the corresponding
capacitance of them are denoted by C5~CS8, as shown in Figure 5 [16].

When the rotor has an axial error motion along the z-axis, the variation quantity of the
sum of the output capacitance of the fan-shaped electrode is given by [16]:

ACeZ = CeZ' — CeZ

= 4ege,Se( — L) (11

1
8a0+Az 8a0

where S, is the area of the fan-shaped electrode, g, is the initial value of the axial spacing,
the variation of the axial spacing Az is defined by Az = g, — g0, CeZ is the sum of the
output capacitance of the fan-shaped electrodes under the axial spacing g,0 and CeZ' is
that of the fan-shaped electrodes under the axial spacing g,.
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Figure 5. The calculation model of the axial error motion.

According to Equation (11), the expressions for estimating the axial error motion of

the spindle can be derived as:

5, = f.(C5+ C6+ C7 +C8)

2.3. Tilt Error Motion Measurement

(12)

The calculation model for the measurement of tilt error motions by EPEG is shown in
Figure 6 [16]. The line segment MN represents the axial measuring surface of the rotor (i.e.,
the inside annular end face of the rotor flange), and its perpendicular bisector is the medial

axis of the rotor.

Figure 6. The calculation model of the tilt error motions.

In the boundary region of the fan-shaped electrode, a micro-plane element ABp at any
point P is taken as the solving unit (the area of it is denoted as ASp). The micro-plane element
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ABp and its opposite counterpart AAg compose a plane parallel capacitor (AAq is in the axial
measuring surface of the rotor), and the spacing between them is derived as [16]:

t=a—k-pcos(¢ —1y) (13)

where g is the distance from the intersection point O, to the EPEG; k = tan(e), € and 1y are
the amplitude and yaw angle of the tilt displacement of the rotor, respectively.
Thereby, the capacitance of the plane parallel capacitor is [16]:

e0eyASp ode -dp

AC, = =
Ce t 808ra—k~pcos(q)—7)

(14)

Then, the output capacitance of the fan-shaped electrode E.4 can be approximately
obtained by integrating Equation (14) over the area of the fan-shaped electrode [16]:

/2717(‘) /p] a pCOS q) ( )
€p€
2 k r)/)

where (¢2 — ¢1) are the angular size of each fan-shaped electrode, and p; and p; are the
inside and outside radius of the electrode, respectively.

By considering the minor tilt displacement of a precision spindle, the power series
expansion by ignoring higher-order terms was applied to express the Equation (15) (k << a):

21— k
C8 = sosr/ ' [b + cos(p + 7)} de (16)
a 27'[7592 a
2 2
where the factors b and c are given by b = 2 2P1 ,C= 0 p =2

By analogy with the electrode E.4, the output capac1tance of the other electrodes can
be approximately expressed as follows:

T+¢
C7 = 8087/ ’ [b—ir kccos((p+'y)}dq) (17)
a T+¢, a
m—¢
C6 = 8Oer/ ' [b—i— kccos(go%—’y)} do (18)
a Ju—g, a
C5 = s():r/ {b + ke cos(¢ + 7)} de (19)
1

By making an arrangement, Equations (16)—(19) are given as:

ot

C8 = s(fr/ ’ b—l—%cos(go—’y) dg (20)
oL 1

c7 = 20 /q)2 b— &cos(qH—’y) de (21)
a Jo L a J
. ]

C6 = soer/ b Ecos(q)—fy) de (22)
a Jor L a J
. ]

C5 = 808’/ 1o+ € cos(p+ ) |dg (23)
a Jo | a |

By combining Equations (20)—(23), the distance a can be derived as:

_ 480£rb . ((PZ — (Pl) (24)
C8+4+C7+C6+C5
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CrX =

Based on Equations (16)—(19), the expressions of the differential output capacitance of
the EPEG can be expressed as follows:

CeX = C5+C6 — C7 — C8 (25)

CeY =C5+C8—-C6—-C7 (26)

where CeX and CeY, respectively, correspond to the components ¢, (around the x-axis), ¢,
(around the y-axis) of the tilt displacement e.
Then, the tilt error motions of the spindle can be estimated by the following equations:

£x = fox(C5 4 C6 — C7 — C8) 27)

€y = foy(C5+C8 — C6 — C7) (28)

where fex and fe, are denoted as the transition functions between the measured capacitance
of the fan-shaped electrodes and the tilt displacements about the x- and y-axis, respectively.

3. Main Error Sources Analysis of the T-Type CS
3.1. Theoretical Modeling Error Analysis

In order to theoretically analyze the radial error motion measurement with the T-type
CS, we consider a small radial displacement of the precision spindle, i.e., la/(R — g)| <1.
The power series expansion with first-order approximation (Equation (1)) was applied to
express the equivalent spacing changing Au. The exact derived expression of it is:

u —ln (R_g)2+21x(R—g)cos(9_IB)_,_az
A 0—21{ (R—g) } (29)

Then, the approximate error of Equation (1) can be assessed by:

Au, — Au

Auapp.error = ‘ Al (30)
0

Figure 7 shows the variation situation of error Atigpp error With the changing of parameter
terms /(R — g) and cos(f — ). As mentioned above, the radial displacement « of a precision
spindle is generally very small. In order to achieve relatively high sensitivity, the cylindrical
electrode radius R is often designed to be tens of millimeters or even larger. Thus, the
variation range of the term « /(R — g) is set to be [0, 0.1]. It can be observed that, when the
ratio a/(R — g) is less than 0.01, the error Augpp.error basically keeps lower than 2% with the
variation in the term cos(f — B) in the entire phase region (the value range of cos( — p) is
[0, 1] correspondingly), except for a few phase angles. Therefore, a highly accurate value of
the changing Au calculated by Equation (1) can be obtained if the ratio « /(R — g) is less than
0.01, which can be achieved by adjusting the structural parameters of the sensor.

Since a highly accurate value of Au can be obtained by setting the ratio a/(R — g)
< 0.01, the expressions (3)—(6) established based on Equation (1) could be more accurate
to reflect the capacitance changing caused by the radial displacement, and is also for the
expressions of the differential output capacitance of the REG derived as:

arctan

2¢pe, Ruw ngsingz cos B 2% 1-— (%)2sin§1 cos
T 5 2 — arctan 5 (31)
gm 1-— (%) (cos? B+ sin” {p) 1-— (%) (cos? B+ sin? {7)

2, /1 - (¢)? i 2e 1 (2) i

g (g) cosgsinp g (g) coszsinf

arctan 5 — arctan 2 (32)
1+ (%) (cos? B +sin® gy —2) 1+ (%) (cos? B+ sin” {, —2)
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Figure 7. Error distribution of the approximate calculation of the changing Au in the complex plane t.

In a manner similar to the simplification process on the equivalent spacing changing Au, the
first-order approximation of the Equations (31) and (32) could intuitively reflect the variation’s
relation of the radial displacement and the differential capacitance (CrX and CrY). Thus, the
expressions of the displacement « and phase angle B can be deduced in the following form:

4epe,Rw(sin {p — sin 1)

C].'Xﬂ = g2

- cos fB (33)

CrY — 4epe,Rw(cos {q — cos(7) wsin B (34)

g2
Therefore, the expression used to assess the approximate error (taking the CrX as an
example) is given as:

CrX — CrXy
CrX

As shown in Figure 8, at each phase angle f, the approximate error CrXgpp error all increases
with the increase in the ratio « /g. When the ratio « /g becomes larger than 0.2, the variation
tendency is more significant. Figure 9 shows the error of the calculated capacitance CrXy
relative to the simulation value CrXf as the rotor has a displacement along the direction of
y = x. The dependence of the relative error on the parameter « is basically consistent with the
variation tendency shown in Figure 8. Note that the value CrXf was obtained based on the
simulation model of the T-type CS previously established with the design parameters in [16];
these parameters were also adopted to calculate the theoretical capacitance.

(35)

CrXapp.error = ’

Relative error of CrX with using the I term

Figure 8. Calculation error distribution of CrX (expansion with first-order approximation).
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Figure 9. Simulation values and theoretical one calculated by Equation (33) comparison of radial
differential output capacitance.

From the analysis in Figure 8, it can be known that diminishing the ratio & /g could
make the error CrXgpp error reduce further, but the measurement range and sensitivity of
the sensor will be affected to some extent. By considering the inherent nonlinearity of
the capacitor output with spacing change, the power series expansion with a third-order
approximation was derived to improve the calculation accuracy [18]:

. o 3
Crxy = 2oerRelsingy —sindy) (12 +0.95<“) cos B (36)
g g g
3
CrYy = 4808’Rw(m;€1 —cosba) (; v 0.95(2) ) sin B (37)

Compared to the error distribution shown in Figure 8, the error CrXapp‘em,r is sig-
nificantly decreased overall for the calculation expression of the CrX with third-order
approximation, as shown in Figure 10. As the phase angle p varies from 0° to 90°, the
error CrXgpp.error remains less than 0.4% for the ratio a/¢ = 0.1 and no more than 1.2% for
«/g = 0.2. Figure 11 compares the simulated differential capacitance CrXf and theoretical
counterparts CrXy3 calculated with Equation (36). The phase angle B equals 45°, that is, the
rotor has a displacement along the direction of y = x. It can be observed that the deviation
between the value CrXf and the CrXys is closer to the actual value.

In order to theoretically analyze the tilt error motion during the measurement, we con-
sidered tiny tilt displacement of a precision spindle and reasonable structural parameters
of the sensor, that is, |ko/al <1 for the parameter term kp/a in Equation (15). The power
series expansion with first-order approximation (Equation (38)) was also applied to express
the integrand term in Equation (15):

k
IGey = g . {1 + Epcos((p + 7)} (38)

Correspondingly, the expression used to assess the approximate error is given as:

IGe — IGey

1Ge (39)

IGeupp.error = ’
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Figure 11. Simulation values and theoretical one calculated by Equation (36) comparison of radial
differential output capacitance.

By considering the relative tiny tilt displacement of a precision spindle and reasonabil-
ity of the sensor structural parameters, the variation range of the term kp/a was set to be [0,
0.2]. As shown in Figure 12, the approximate error IGegpp crror is relatively smaller over the
range of the parameter terms cos(¢ + ) and kp/a. According to the simulation model pa-
rameters of the sensor [16], the ratio of the term kp/a is about 0.04 with the tilt displacement
of 200 arc-sec; thus, the error IGegpp.error remains no more than 0.2% within the whole range
of the term cos(¢ + ), i.e., the entire phase region. Figure 13a compares the theoretical and
simulated capacitance of the end part electrode. The theoretical capacitance is integrated
by the integrand term with a second-order approximation (C8yp5). It can be observed that
there is little difference between C8y, and the counterpart using first-order approximation
(C84), which is also the same for the theoretical value of the CeY (the differential output
capacitance of the EPEG) shown in Figure 13b. Besides, similar to the theoretical value of
the CrX calculated by the expression with third-order approximation (see in Figure 11), the
difference between the theoretical capacitance CeY, and the simulation one CeYf remains
roughly unchanged relative to the simulation value, which indicates that the theoretical
capacitance of the end part electrode solved by adopting IGey as integrand can meet the
design needs for relatively accurate results.
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Figure 13. Comparison of the simulation values of the end part electrode capacitance and the

theoretical one calculated by the integrand term with first-order and second-order approximation

respectively: (a) Single electrode capacitance; (b) Differential output capacitance.

3.2. Influence of Fringe Effects

Due to the existence of diverging electric fields in the plate edges in Figure 14, i.e., the
“fringe effects” [19], the measured capacitance of a sensor contains some additional capaci-
tance introduced by the fringe effects. As for the sensor electrode with finite dimensions,
the variation in its output capacitance is relatively small, especially for the measurement of
tiny displacement. As such, the influence of the fringe effects cannot be neglected.

Upper plate

Equipotential lines

c field lines

Figure 14. The fringe field distribution of a parallel plate capacitor with the gap 27 (the field lines

between the two plates are symmetric, and thus only consider the distribution above the centerline).
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Figure 15 shows the distribution of the electric field between the cylindrical excitation
electrode (E;) and curved sensing electrodes (Es) for the fundamental configuration of the
radial curved plate capacitor. It can be seen that the electric field concentration appears
in the junction of the inner circle face of the curved plate and its side face. As shown in
Figure 15a, a different intensity distribution of the electric field between the E; and the side
face of the E; and its adjacent outer circular face formed along the radial direction. Once
the equipotential guard ring (Egr) is employed outside the Es, the electric field distribution
between the E; and the outer circular face of the E; and between the E; and local region of
the side face near the outer circular face can be eliminated, as shown in Figure 15b. The Egr
is also classically named Kelvin guard-ring.

E[V_per_meter]

1.42x10°
. 1.33x10°
1.24x10°

1.15%10°

E[V_per meter]

1.32x10°
. 1.24x10°

1,16 x10

1.07x 10"
9.92x 10°
9.09 = 10°
8.26 % 10°
7.44 % 10°
6.61x10"
5.79 % 10°
19610
413 %10°
3.31x10°
2.48 x 10°
1.65 x 10°
8.26x10'
0

1.07 x10"
9,77 x 10°
8.88 x 10
7.99 % 10"
7.10 % 10"
6.21 %10
5.33x10°
444 %10
355 x10° T Eq =
2.66x 10"
1.78%10"
8.89x10'
142x10"

T TInsulator {"'ﬁ)’E-;

— gr
(b)

Figure 15. Electric field distribution between the electrode plates of the curved plate capacitor:
(a) Without the Egr; (b) using the Egr.

The variation in the electric field distribution is also reflected in the output capacitance
of the E;, as illustrated in Figure 16. The use of the Egr can effectively reduce the additional
capacitance introduced by the fringe effects (see Figure 16a,b). Moreover, the guard ring
could decrease the variation in the additional capacitance with the reduction in radial
spacing (see Figure 16d), which is helpful to improve the measurement accuracy and
linearity. For the T-type CS, the Egr is distributed around the periphery of the sensing
electrodes with a tiny gap (A = 0.1 mm), forming a coplanar configuration between the Egr
and the electrodes. Under the effect of the Egr, the amount of variation in the additional
capacitance significantly decreased (about 10 times), and the corresponding nonlinear error
reduced from 4.8% to 1.7%, as indicated in Figure 17.
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Figure 16. Cont.
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Figure 16. Simulation and theoretical value comparison for the output capacitance of the curved
sensing electrodes Es: (a,b) The 1st, 2nd quadrant; (c,d) variation tendency of the differential output
capacitance of the electrode and their relative difference value. The C*fw and C*f in the curve diagram
denote the simulation values under without and with the Egr, respectively; the C*t is theoretical
calculated value. The dx is defined as a component of the displacement « in the x-axis direction.

Y=X
5 : : : ; ; ; ; 1.021
......... CrXt
3.75 A ‘ ‘ - 11.019
‘3 _____ |
§« 25 1 T ---{1.017
A=A =" .
2 :
§% 125 - ‘ < ---1.015
= = ! °
28 of--d-q---t-—a e I —1.013 2
22 ~
55—1.25 ———————————————————————————— -{1.011
5o
§0—2.5 —————————————— :———————T———:———f«oog
—3.75 Lo o ‘ ‘ *% ‘33;#;;;#;_*_11.007
5 1 ‘1 1 ‘1 1 ‘1 1 1.005
~0.2 —0.15 —0.1 —0.05 0 0.05 01 0.15 0.2
dx/mm

Figure 17. Simulation and theoretical values comparison of radial differential output capacitance of
the T-type CS.

3.3. Installation Errors of the Sensing Electrodes

The sensing electrodes of the T-type CS include the cylindrical and fan-shaped elec-
trodes integrated into the REG and EPEG, respectively. These electrodes are fabricated
by the FPCB process in one procedure, along with the equipotential guard ring, and the
sensing electrodes have a fixed position relationship with the guard ring.

The fabricated REG with planar form (as shown in Figure 18a, solid line box) is
installed in the annular groove of the stator cylindrical bore by the surface mounting
method. The coaxiality error, polar angle position error and tilt error (the axial boundary
of the electrode relative to the axial reference of the stator) relative to the mounting ref-
erence were produced during the process. By utilizing the electrode measurement and
sensor calibration method, the coaxiality and polar angle position error can be modified
and removed, respectively. Thus, the analysis of the tilt error is the main focus for the
cylindrical electrodes.
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Figure 18. Tilt error analysis of the radial cylindrical electrode: (a) Local view of the REG structural
model and schematic of the tilt error of cylindrical electrode (planar status); (b) geometric analysis
model of single electrode. The z-axis is parallel to the medial axis of the stator, and the x-axis is
parallel to axial reference of it.

By spreading out the installed REG, as shown in Figure 18a, it can be seen that a certain
tilt angle €. is produced relative to the ideal position of the REG. The point Oy, is assumed
to be the tilt point. The dash line box represents the position of the cylindrical electrodes,
and the dash line segment represents the axial boundary of the REG. As mentioned above,
the in-plane relationship between the cylindrical electrodes is fixed during the mounting
process, and thus the tilt angle &, is the tilt error of the electrodes.

As shown in Figure 18b, by taking a micro element with arc length df on the boundary
D'C’ of the electrode E,4, the axial length wy: of the electrode at this location can be con-
sidered as the function of the polar angle 6 at point J'. The solution region is vertically
divided into three parts according to the constraint boundary of the length wy/, and the
corresponding calculation function can be expressed as follows:

wy = —k;R-0+ by (40)
wrr = bU (41)
wrrp = —kiR -0+ byyp (42)

where k] = k] + 1/k1, kH] = —k[, b[ = b3 — b4, bH = b3 — b], bH] = bz — b],‘ k1 is the slope
of the boundary D'C’; by~by are the intercepts of the lines including D'C’, C'B/, B'A’,
D'A’, respectively.

Referring to Equation (6), the approximate expression of the output capacitance of the
electrode E,4 under the tilt angle &, can be obtained:
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By considering the minor radial displacement of a precision spindle, at the condition

la/g| <1, the power series expansion with neglection of the high-order term is applied to
express the integrand term in Equation (43), and thus we have:
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Similarly, the approximate expression of the output capacitance of the electrodes
E;3~E,q are derived as follows:
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where, kg = k3; = koy = ki, kaiir = ks = konr = ki, ban = bayp = bayp = by, bip = by — by,
bir = bip — b1(i =4, 3, 2); bip, bis are the intercepts of the lines, including Ci'Bi’, Di'Ai’ (i = 4,
3, 2), respectively; i represents the electrodes E;{~E,3 in turn.

Further, the influence of the tilt error ¢, on the output capacitance of the cylindrical
electrode (taking E;4 as an example) can be reflected by:

C4' —C4
C4tilt.error = T (48)

By referring to the structural design of the T-type CS, the range of the tilt angle &, was
set to be [0.006, 0.06] deg (about 200 arc-sec) in the numerical simulation using Matlab.
A tiny circumferential displacement of the cylindrical electrode was produced due to the
tilt angle €., which produces a relative error of the output capacitance under the radial
displacement along the same direction. The dependence of the relative error on the angle
g, is shown in Figure 19. For the single electrode, the influence of the tilt angle &, on the
output capacitance is very small, with respect to the amplitude of the relative error.

Figure 20 presents the dependence of the differential capacitance on the tilt angle €. It
can be known that the influence of the tilt angle ¢, on the differential output capacitance of
the REG is slightly larger. By considering the rotor of run-out in the given directions (8 = 5°,
45°, 85°), the differential output capacitance (CrXt-¢, and CrYt-¢.) can be calculated by the
capacitance of single electrodes under the angle ¢,. The difference between the differential
output capacitance under the angle ¢, and the counterpart under an ideal position (CrXt
and CrYt) could be transformed to the difference of displacement parameters, utilizing
Equations (33) and (34). The difference in the displacement parameters (magnitude & and
phase angle ) are shown in Figure 21. It can be known that the produced tilt error &, of
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the cylindrical electrode only generates a certain deviation of solving the phase angle §,
which is consistent in different displacement directions (brings about the overall phase
advance or lag of the displacement trajectory); the effect of tilt error &, on solving the radial
displacement « can be neglected, especially for the measurement range of less than 0.1 mm.
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Figure 19. Relative error variations in the output capacitance of cylindrical electrodes under the
different tilt angle &.: (a,c) The 1st quadrant; (b,d) the 4th quadrant.
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Figure 20. The changing of the radial differential output capacitance under the different tilt angle &,:
(a,c) The X-direction; (b,d) the Y-direction.
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Figure 21. Comparison of the solved displacement parameters of the rotor under the different
electrode poses: (a) Displacement «; (b) phase angle B.

The fabricated EPEG was also in planar form (as shown in Figure 22a, solid line box)
and installed in the annular groove located at the end part of the stator by the surface
mounting method. The coaxiality error, polar angle position error and parallelism error
(the electrode plane relative to the axial reference of the stator) relative to the mounting
reference were produced during the process. For the parallelism error, it can be modified by
the electrode measurement. Thus, the analysis of the fan-shaped electrodes is emphasized
on the coaxiality error and polar angle position error.

Due to the position error between the shape boundary of EPEG and the sensing
electrodes and the manipulation precision, there may be an eccentricity between the ge-
ometric center O, of the fan-shaped electrodes in the EPEG and the medial axis of the
stator (the origin position of the coordinate system). As shown in Figure 22a, J, denotes
the magnitude of the eccentricity, and ¢, is the phase angle. J, is the coaxiality error of the
fan-shaped electrode.

By taking the electrode E,; as an example, the region confined by the points C'D’S'T’
(dash line) represents the position of E.; under the coaxiality error J,. As shown in
Figure 22b, the micro-plane element ABp/ (oblique line filled) at any point P’ is taken
as the solving unit, and the area of this element is denoted as ASp. Then, the ASp is
approximately given by:

ASpr = dx - dy (49)
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Figure 22. Coaxiality error analysis of the end part fan-shaped electrode: (a) Local view of the
EPEG structural model and schematic of the coaxiality error of fan-shaped electrode (planar status);

(b) geometric analysis model of single electrode.

The projection point of P’ on the x’-axis is the point P’,.. By referring to Equation (13),
the expression for calculating the spacing ' at this point could be derived as:

t' =a—k(xcosy —ysinvy) (50)

Correspondingly, the capacitance of the plane parallel capacitor composed of the
micro-planes ABpr and AAy is:
_ €0&/ASpr dx - dy (51)

AC, = 052
Ce t fofr k(xcosy —ysiny)

Through the integration of Equation (51) over the area of the fan-shaped electrode, the
output capacitance of the electrode E,; is approximately expressed as:

dxd
c5' = g AC = Eosrg . k(xcosx 'ry— ysiny) -

where the integral domain D is a closed region confined by the boundary curves of the
fan-shaped electrode, which can be divided into three sub-regions, i.e., Dj, Dj; and Dyj;.
These three sub-regions can be expressed as follows:

Dyr = {(x,y)l 02— (x —xp)* +yp <y <kex +be, D'y <x < C/x}/

D= { Iyt — (=5 +vo <y < \fod - (e v O < v < B,
D; = {(x,y)|k5/x+b5/ <y< \/p%— (x—xB)2+yB,E’x <x< T’x}.

where xp and yp are the coordinates of the geometric center O,'; D'y, C'y, E'y and T’y
represent the abscissas of the corresponding points, respectively.
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1 __ EQfr
C5 =
_ fofr
— a
cel = 2
a
c7 = f&r

Equation (52) can be rewritten as:

il

As for multivariate function, it can be expanded to power series under certain con-
ditions by analogy with the univariate power series expansion [20]. By considering the
tiny tilt displacement of a precision spindle and reasonable structural parameters of the
sensor, there is generally | (k/a)-(xcos(y) — ysin(7y))| << 1, the power series expansion with
neglecting of a high-order term is applied to express the integrand term in Equation (53).
Then, it can be expressed as:

dxdy
1-X xcos'y ysinvy)

5 — €0€r (53)

C5, _ E0Er

fj {1 + g(x cosy —ysinvy)|dxdy (54)
D

By calculating Equation (54) within the integral sub-domains Dj, Dy and Dy, we have:

. o G Py .
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Similarly, the approximate expressions of the output capacitance of the electrodes
Y
E¢r~E,4 can be derived as follows:
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2 5 2 - Cax
(mys — vag + vker ber, — pber, —ker )5 + (5 + ;kc, — pker, ) — (1 —vyp +puxp) - (5B P} — (x —xp)* + Tlarcsin'\p;B )
(03— (= xp)) + ((vs — bery) = 3(01 = b8, ) — 3 (W —¥3)) - x oy
2 x Elax
cg _ Eofr (1 —vyg + pxp) i \/pz (x —xp)? \épl (x —x3)%) + 022 arcsin- ’25 - %larcsin PlB ) (58)
‘ +%<¢<plf<x—x3>> V- ) - 46 -0 o
2 - T'3x
(kg + pbgr, — vkgr by — pys +1/x3)£ + (pkgr, — %ké,l - %)% + (1 —vyp +puxp) - (“5By/p3 — (x — xp)* + %zarcsinxp—'zg)
(03— (x—x)") + ((bsr, —yp) = 50y, —p3) — 3(x3 —¥)) - x "

where D';, C'jy, E'jy and T'jy(i=1,,3) represent the abscissas of boundary points of the
electrodes in the 2nd to 4th quadrant, respectively; kc/l = —kcr, kg L= —kgi; p =kcos(y)/a,
v = ksin(7y)/a.

Further, the expression used to assess the influence of the coaxiality error on the output
capacitance of the fan-shaped electrode (taking E,; as an example) is given as:

/

Checc.error = % (59)
In the numerical simulation using Matlab, the range of the coaxiality error J, is set to
be [-0.2, 0.2] mm, and the variation quantity of the phase angle ¢, is 8 degrees referring
to the sensor structural design. Figure 23 shows the relative error variation in the output
capacitance of fan-shaped electrodes due to the error J, under different phase angles ¢,.
For each fan-shaped electrode, the relative error of output capacitance increases with the
increase in the error J,. It should be pointed out that the magnitude of the relative error
is quite small within the whole value range of the error J.. Moreover, the influence of the

phase angle ¢, variation in the relative error is also very limited.
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Figure 23. Relative error variations in the output capacitance of fan-shaped electrodes under the
different coaxiality error é,: (a,c) The 1st quadrant; (b,d) the 2nd quadrant.
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From Equations (27) and (28), it can be known that the tilt displacement ¢ and yaw
angle v are obtained based on the calculated differential output capacitance of the EPEG
(CeY, CeX). As shown in Figure 24, under different yaw angle -, the produced coaxiality
error . and phase angle . do not cause the changing of the capacitance CeY and CeX,
which indicates that the measurement of the rotor tilt displacement is basically not affected
by the coaxiality error of fan-shaped electrode.
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Figure 24. The changing of the end part differential output capacitance under the different coaxiality
error J: (a,c) The component around the y-axis; (b,d) the component around the x-axis.

The polar angle position error of the fan-shaped electrodes equals each other and does not
change the increment of the electrode polar angle. Thus, the effect of the polar angle position
error on the yaw angle v measurement can be eliminated by the sensor calibration method.

4. Conclusions

The main error sources for the error motion measurement of a precision shafting
using a T-type capacitive sensor (CS) were investigated in this paper. Firstly, we analyzed
the theoretical modeling error due to the approximate simplification for the capacitance
expressions of each sensing electrode. The approximate error of the theoretical calculations
for the radial error motion measurement could be reduced under small ratios o /(R — )
and «/g. The introduction of the third-order term in the approximate expressions of the
CrX and CrY could significantly reduce the approximate error from 5.5% to 1.2% without
sacrificing the measuring range and sensitivity. For the theoretical model for the tilt error
motion measurement, the theoretical capacitance of the end part electrodes was solved
by adopting IGey (first-order approximation) as integrand can achieve relatively accurate
results with an approximate error lower than 0.2%.
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Subsequently, the 3D-FEA results indicate that for the T-type CS, the coplanar con-
figuration of the sensing electrodes and Egr with a tiny gap (0.1 mm) could significantly
decrease the amount of variation in the additional capacitance introduced by fringe effects
and reduce the corresponding nonlinear error from 4.8% to 1.7%.

Finally, among the electrode installation errors, we emphatically analyzed the tilt error
of the cylindrical electrode and coaxiality error of the fan-shaped electrode. Numerical
simulation was carried out based on the measurement model with the installation errors.
The simulation results show that the tilt error only generates a certain deviation of solving
the phase angle § (consistent in different displacement directions). The effect of the tilt
error on solving the radial displacement « can be neglected, especially for the measurement
range of less than 0.1 mm. Additionally, the measurement of the rotor tilt displacement is
basically not affected by the coaxiality error of the fan-shaped electrode.
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