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1. Introduction

High-precision angle measurement turntables
serve as critical equipment in precision manufacturing, aer-
ospace, defense industries, and other fields. With continu-
ously escalating requirements for equipment manufacturing
accuracy, more stringent performance demands are being
placed on turntables. In recent years, significant break-
throughs have been achieved internationally in the field of
high-precision angle measurement turntables [1-4]. The
German PTB laboratory developed a dual-axis turntable
system based on laser interferometers, which achieved a po-
sitioning accuracy of £0.05"” by improving the installation
error compensation algorithm [5]. The U.S. NIST employed
a multi-readhead encoder system combined with Kalman
filtering technology, effectively suppressing periodic errors
of the turntable and achieving a dynamic measurement ac-
curacy of 0.1” [6]. The University of Tokyo developed an
electromagnetic-driven turntable that reduced rotational er-
rors to 0.03" using active compensation technology [7]. Har-
bin Institute of Technology in China proposed a spherical
harmonic function modeling method, enabling high-preci-
sion characterization of 17 error sources [8]. The National
Institute of Metrology of China developed an air-bearing
turntable system with a positioning accuracy of 0.02" [9].
Tsinghua University in China created an online error com-
pensation system, improving the turntable's repeat position-
ing accuracy by 40% [10].

Existing research primarily focuses on error sepa-
ration, dynamic compensation, and leveling methods for
high-precision angle measurement turntables to enhance
their measurement accuracy and stability. This paper inno-
vatively proposes an Opto-Mechanical coupled high-preci-
sion angle measurement turntable. Section 2 analyzes the
structure and working mechanism of the high-precision an-
gle measurement turntable. In Section 3, we establish the
relative pose matrix model of the turntable system, develop
the system error model, and conduct error characteristic
analysis. Section 4 presents our research on error compen-
sation methods for the turntable system. Section 5 verifies
the feasibility and effectiveness of the error compensation
for the high-precision angle measurement turntable system.
Finally, conclusions are provided in Section 6.

2. Structural Analysis of High-Precision Angle Meas-
urement Turntable

The high-precision angular measurement turntable
mainly consists of a dual-axis turntable and optical compo-
nents. The dual-axis turntable adopts a vertical dual-axis
structure, with the inner and outer axes mutually coupled.
Each axis is independently driven by torque motors I and II,
respectively, and features position feedback from high-pre-
cision reference encoders I and II.

A tetrahedral prism at the lower end of the inner
axis forms a small-angle measurement system with the au-
tocollimator in the optical components. The upper end of the
inner axis connects to the spindle of various components un-
der test via a transition flange, enabling coaxial connection
and synchronous transmission. The outer axis employs a
split structure with upper and lower segments: the upper
segment connects to the turntable table, while the lower seg-
ment supports the inner axis.

During angular measurement, based on the princi-
ple of reciprocal angular displacement measurement via
counter-rotation [11], the inner and outer axes of the turnta-
ble rotate in opposite directions (forward and reverse). This
enables continuous optical closed-loop angular metrology
across the full 0 ~ 360° range for the component under test
and the optical components. The structure of the high-preci-
sion angular measurement turntable is shown in Fig. 1.
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Fig. 1 Structure of high-precision measurement turntable
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3. Error Principle Analysis
3.1. Establishment of system relative pose matrix

Based on the topological structure of the dual-axis
turntable in the high-precision angular measurement system,
coordinate systems are established including the system co-
ordinate system ogxgVozp, outer-axis coordinate system
01x1y12z1, inner-axis coordinate system o,x,y,z;, component-
under-test shaft coordinate system o;x3y3z3, and optical com-
ponent shaft coordinate system o4x4y4z4, Where the system
coordinate system ogxgyozo serves as the ideal reference
frame while the optical component coordinate system
o4xsy4z4functions as the actual reference frame.

Under ideal conditions, the system coordinate sys-
tem coincides with both the inner and outer axis coordinate
systems, while the optical component spindle and the com-
ponent-under-test spindle remain collinear [12]. Assuming
the outer axis rotation angle is ¢; and the inner axis rotation
angle is S, the schematic diagram of the dual-axis turntable
system is shown in Fig. 2.
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Fig. 2 Schematic diagram of the dual-axis turntable system

3.1.1. The pose transformation matrix of outer axis relative
to system

Assume the coaxiality errors of the outer axis rela-
tive to the system are Ag, and Agy, the zero-position error
is Ag.;, and the tilt rotation errors are Aoy, (a) and Aoy, ().
The rotation errors can be expressed by a second-order har-
monic Fourier series expansion as follows:

Ao, (a)= Ao, cos2a+ Ao, sin2a

{Aayl (a) =40, M

cos2a+40 , sin2a ’

where: Aoy, Aoy Aoy and Aoy, represent the ampli-

tudes of the cosine and sine terms in the second-order har-
monic components of the outer axis's tilt rotation errors.
Therefore, the pose transformation matrix of the outer axis
relative to the system is given by:

= R(xO,Agxo)R(yo,Agyo )R(xo,AO'X1 (a)),

R(yO’Ao-yl (a))R(Zo’a)R(ZVA@l ). 2
where: R(v, 6) represents the unit pose transformation ma-
trix formed v = x;, y;, z; by rotating angle &about axis v, and
j=0,1,2, 3, 4; ¢ denotes the angular error of each axis
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rotation. Therefore, the unit transformation matrices about
the x-axis, y-axis, and z-axis are respectively:

1 0 0] co 0 SO
R(x,0)=|0 CO -SO|, R(»O)=| 0 1 0|
0 so co | -S6 0 CO
[CO -S6 0]
R(z,0)=| S0 CO 0]
0 0 1]

3.1.2. The pose transformation matrix of inner axis relative
to outer axis

Assume the coaxiality errors of inner axis relative
to outer axis is Ag,, and Ag,,, the zero-position error is Ag.,,
and the tilt rotation errors is Aoy,(/) and Ag;,(f). The rota-
tion errors can be expressed by the second-order harmonic
Fourier series expansion as follows:

Ao, (B)=A0,,.cos2f+ Ao, sin2 8

{Aayz (B)=A40,,,co2+ Ao, sin2 3’ )
where: Aoy, ACxs Aoy, and Aoy, represent the ampli-
tudes of the cosine and sine terms in the second-order har-
monics of the inner axis's tilt rotation errors. Thus, the pose
transformation matrix of the inner axis relative to the outer
axis is given by:

C; = R(XI,AEX] )R(y],ﬁgyl)R(vasz (ﬂ))’

“4)
R()’] ’AUyZ (ﬂ))R(zl’ﬂ)R(ZZ’A¢22 )
3.1.3. The pose transformation matrix of optical assembly
relative to inner axis

Assume the installation errors between the inner
axis and optical assembly are Az, and Az, the pose trans-
formation matrix of the optical assembly relative to the inner
axis is given by:

C; =Cy =R(x,,47,0)R(yy. 47, )R(z0.) . (5)
3.1.4. The pose transformation matrix of test component
relative to reference system

Assume the initial zero-position error of test com-
ponent spindle is Az, the mounting errors relative to turn-
table platform are Az and Azs. The pose transformation
matrix of the test component spindle relative to the reference
system is expressed as:

C) = R(x,,47,5)R(y;, 47,5 ) R(z,, A.5). (6)

3.2. Establishment of system error model

Considering the random variations in the input pa-
rameters of the component under test, this paper employs a
vertical dual-axis turntable structure with inner and outer
axes. The rotary positioning accuracy after simultaneous
and co-directional constant-speed rotation (speed < 25 (°/s))



of the turntable is taken as the target value for error analysis.
This operating condition encompasses the most complex er-
ror coupling state of the system under quasi-static loading.
And the spatial coupling pose matrix of the system's output
angular position is expressed as:

As,

s, |=(ciciery
As,,

=(cicey

X =
X =

=(ciced) i Ay 7
where: [1 1 1]” represents the error component generated by
the angular position matrix of the component under test on
the main shaft. As,, As, and 4s, respectively denote the error
components of the angular position of the component under
test's main shaft relative to the x-axis, y-axis, and system O-
axis.

By substituting the relative pose matrices of each
axis and the unit pose matrix R(v, 6) into the spatial cou-
pling pose matrix respectively, the error components of the
main shaft angular position of the component under test rel-
ative to the x-axis, y-axis are obtained as follows:

As = (A‘% +40, (ﬁ))ArXQAz'x3 cos B —
—(Agxl + 40, (ﬁ’))Az’yOAry3 cos o sin f—
—l(ASX, + 40, (ﬁ))Ar},OAz'Z3 sina sin 3,

8
Asy = (Asyl + Adyz (ﬁ))Aronrx3 sin B+ ®)
+(Agy1 +40, (,B))Az'yodry3 cosacos 3+
+A (Aeyl +40, (,B)) At At sina cos f.
The error component of the system O-axis is:
Asy =A@, AT 5 sina + AA@, AT s cosa . ©)]

Considering the coupling of spatial geometric er-
rors, the system error model is expressed as:

Ae=D,As, +D As, + D},Asy +

+D, As As, + D, As? +D, As > + A5 . (10)
where: D, represents the sensitivity coefficient of the sys-
tem's main shaft, D,, D,, and D,, denote the sensitivity co-
efficients of the system's main shaft relative to the x-axis, y-
axis and the cross-coupling term between the x-axis and y-
axis, respectively. D,, and D,, are the quadratic nonlinear
coefficients for the x and y axes, respectively, and ASrepre-
sents the system residual error.

Neglecting the influence of higher-order small
quantities and assuming the second-order accuracy coeffi-

cient approximates the error component as As ' and Asy' ,
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with the second-order accuracy adjustment coefficient being
7, the approximate values of the error components are given
as:

As! =y, (Asxl +40,, (,B))Aronrﬂ cos 3 an
Asy’ =7, (Agyl +40, (ﬂ))AryoAz'y3 cosacos .

3.3. Analysis of system error characteristics

The accuracy coefficients of the turntable system's
main spindle and the test component's spindle relative to the
x-axis and y-axis influence the precision of the calibrated
system's output angle. Structural errors in the dual-axis turn-
table introduce systematic errors into the output values of
the test component.

Among these, the accuracy coefficients Dy, D,, D,,
D,,, D,, and D,, of the system's axis represent fixed error
sources, while the coaxiality errors Ag, the tilt rotation errors
Aa, the zero-position errors Ag, and component installation
errors Az of the inner/outer spindles and test component's
spindle constitute variable error sources.

The method integrates the full-combination con-
stant-angle approach with dual-axis reciprocal rotation by
employing a set of appropriate and relatively stable refer-
ence rotation angles 4 for independent comparison with the
test component's output angles, thereby eliminating the in-
fluence of zero-position errors Ag in the system's in-
ner/outer axes and the test component's spindle as well as
component installation errors Az (A4¢p — 0, Ar— 0) to es-
tablish error-free reference anglesf.

Based on the comprehensive error model of the test
component on the dual-axis turntable, the angle compensa-
tion system utilizes angular position feedback from the in-
ner/outer axis reference encoders and baseline angle acqui-
sition from the autocollimator to achieve full-range compen-
sation of coaxiality errors A¢ and tilt rotation errorsdo
(A=1, y— 0) between both axes.

Through the feed-forward mechanism of the sys-
tem error model, the system processes real-time data from
reference encoders I/I1 and the autocollimator detection unit
to acquire current dual-axis angles and system variable er-
rors (including coaxiality and tilt rotation errors), which are
then computationally combined with target angles and fed
into the drive control system to accomplish full-circumfer-
ence angular error compensation.

Combining the error elimination of the reference
angle with the full-range error compensation algorithm, and
integrating Eq. (7) to Eq. (11), the original system spatial
error model is established.

Under the premise of ensuring computational ac-
curacy, the original model is simplified by neglecting
higher-order small quantities and focusing on the second
harmonic components of the rotary error, ultimately yield-
ing the approximate system spatial error model as follows:

de,, =D, cosa+D, (Ae, + Ao, cos2+ Ao, sin2f)cos B+

+D, (4e

vl

+40 ,,, cos2f+ Ao, sin Zﬂ) cosacos f+

+D,, [(A5x1 +A40,, cos2+ Ao, sin2f3)cos ﬁ} [(Agyl +40,, cos2f+ Ao, sin 2,3)cos o cos ,BJ (12)



The sensitivity coefficient D, of the system's main
spindle and the sensitivity coefficients D,, D,, and D,,, of the
test component's spindle relative to the x-axis, y-axis and
their cross-coupling terms are fixed error factors with rela-
tively minor influence, which are neglected here. It can be
derived from the system spatial error model in Eq. (12) that
the coaxiality errors Ag,, and Ag,, of the inner shaft axis

relative to the outer shaft axis, along with the second-order
harmonic terms Acy,., AGs,s Ady,. and Ay, of the inner
axis's tilt rotation errors, constitute the primary influencing
factors of system errors.

The coaxiality and tilt rotation errors of the dual-
axis turntable's inner axis significantly affect the system's
spatial angular positioning accuracy, thereby introducing
systematic errors into the calibrated output values. Conse-
quently, this study employs rational matching and error
compensation methods to control these four dominant geo-
metric errors within permissible limits, thereby ensuring
system precision.

The establishment of this approximate system spa-
tial error model is based on clearly defined operating bound-
aries. Regarding environmental conditions, the model as-
sumes a standard laboratory temperature (20°C + 1°C). Un-
der this baseline, all coaxiality errors A, and Ag,,, tilt error
coefficients Aoy, A0y, Aoy, and Ao;,, are treated as fixed
parameters. Regarding loading conditions, the validity of
the model is confined to light-load or quasi-static loading
scenarios, where load-induced deformation errors are negli-
gible and thus disregarded. Regarding motion conditions,
the model takes constant-speed rotation as its research ob-
ject. It primarily compensates for the geometric error com-
ponents related to angular position and the second harmonic
terms of the rotary error, ensuring high compensation stabil-
ity under low-to-medium constant-speed conditions.

4. System Error Compensation

The system error compensation is achieved
through comprehensive analysis of the complete error
model of the test component on the measurement turntable
and system error characteristics: the influence of fixed sys-
tem errors is eliminated by averaging multiple measure-
ments and implementing artificial neural network algorithm
compensation; full-range reference rotation angle error can-
cellation is accomplished using the full-circle closure prin-
ciple and reciprocal sequential comparison method with ex-
ternal metrological standards; the three-point reverse error
separation algorithm is employed to compensate for varia-
ble errors such as installation misalignment between the test
component and measurement turntable. By establishing a
mapping function between the dual-axis turntable and test
component, continuous mutual compensation of turntable
system errors and test component rotation errors across the
full range is realized, mitigating the impact of other variable
errors on the calibration system and ensuring the calibration
accuracy of the optical continuous closed-loop calibration
system.

2 2 2
CS, ((00)=D[(p0 +?ﬂj+X(¢0)cosTﬁ+Y(¢o)smTﬂ=D[(/)O +

s, ((Po)
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D((p0 +%)+X(¢O)cos4?ﬂ+Y((po)sin4?ﬂ:D[(po +4—ﬂj—l

4.1. Compensation algorithm for installation eccentricity
errors of test components

During precision calibration, the installation errors
of test components constitute the most significant factor
among all component mounting errors. In practical calibra-
tion processes, the main spindle of the test component is in-
tegrated with the inner axis fixture of the dual-axis turntable
through a specialized flange. Due to installation and ma-
chining tolerances, perfect coaxial alignment between the
test component's spindle centerline and the turntable's inner
axis centerline cannot be achieved, inevitably introducing
installation eccentricity errors during the fixturing process.

To ensure calibration accuracy of test components,
a compensation algorithm based on the three-point reverse
error separation method is employed to mitigate these ec-
centricity errors. The detection principle of eccentricity er-
rors using the three-point method is illustrated in Fig. 3.
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Fig. 3 Principle of eccentricity error measurement

4.1.1. Eccentricity error modeling of spindle based on
three-point method

The three-point method employs three capacitance
sensors, CSi, CS, and CS3, uniformly spaced around the cir-
cumference at installation angles of 0°, 120°, and 240°, re-
spectively. The projection relationship of each sensor within
the X-Y plane can be described as follows: CS; is oriented
along the positive X-axis, CS; is oriented at 120° relative to
the X-axis, and CS3 is oriented at 240° relative to the X-axis.
Consequently, a unified Cartesian coordinate system can be
established to synthesize the error components.

From the data acquired by capacitance sensors CSj,
CS; and CS;, the roundness error D( ) of the spindle of the
component under test, as well as its eccentricity error com-
ponent X(¢) along the X-axis, are calculated. The eccen-
tricity error component Y(¢) along the Y-axis is determined
using the data collected by CS, and CSs. The overall eccen-
tricity error E(¢) of the spindle is then obtained by synthe-
sizing the eccentricity error components along the X-axis
and Y-axis.

At the error sampling point at position “¢,”, the
error signals acquired by the three capacitance sensors are:

CS\(9,) = D(p,) + X(9,) , (13)
27} 1 3
TJ—EX(%)JFTY(%)’ (14)

NE)
3 2X(¢0)—7Y((p0). (15)



The radial rotation error of the test component's
spindle is uncontrollable but exhibits periodic variations,
which can be solved using Fourier transform. Since Fourier
transform primarily consists of low-order (first four) har-
monic components with negligible influence from higher-
order harmonics, and given that the spindle's radial rotation
error is predominantly composed of odd harmonics, an in-
verse separation algorithm is employed to isolate the even
harmonics and determine the spindle's radial rotation error
[13].

When only even harmonics exist in the Fourier
transform, the eccentricity error component along the X-
axis at the error sampling point at position “¢,” is:

X(p,)=X (@, +7). (16)

Similarly, the eccentricity error component along
the Y-axis of the spindle at the error sampling point at posi-
tion “¢,” is:

Y((po):CSZ(¢0)+CS3(¢O)—D((/)O+%j. (17)

By orthogonally combining the two sets of error
data from eccentricity error components X(¢;) and Y(¢,), the
total eccentricity error £(¢;) of the test component's spindle
in the two-dimensional plane is derived as:

E(p)=

The installation eccentricity error of the spindle
corresponds to the first harmonic component in the Fourier
transform of the spindle's radial rotational error, and since
the first harmonic represents the dominant constituent of the
installation eccentricity error signal, the spindle's installa-
tion eccentricity error can be determined by isolating the
first harmonic from the Fourier transform.

Through data acquisition using three capacitive
sensors CSi, CS», and CS; followed by Fourier transform
processing, the first harmonic Fourier coefficients for CSi,
CS;, and CS;3 are respectively given as:

X(p) +Y(p,) . (18)

Y'(@) =
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2[
a, —; Z(;CSI( ) cos(w,)}
= , (19)
2 n—1 .
by, :; ZOCSI((pi)'SZn((pz):|
2 [ -1
ap =— CSz 501 cos @z :|
Lo (20)
[ n-1
b, _2 >°CS, (9,)-sin(o;) }
nii-o
N
ag; —; ZCS3 -cos (pl }
c (21)
2 n—1 .
by, == Z(;CS3(¢[)-szn((pi)}

When spindle installation eccentricity exists, the data rela-
tionships for capacitive sensors CSi, CS,, and CS3 are char-
acterized as follows:

CS, (@) =a,, -cos(@,)+b, -sin(p,)

CS, (@) =ay,-cos(@,)+by, -sin(p,) .
cs, (q)l.) =a, ~cos((/)l.)+b13 'Siﬂ((l)i)

(22)

The roundness error D'(¢;) of the spindle after sep-
aration of the first harmonic is:

, , , 2 4rx
D'(p)=CS, (p,)+CS, ((p,.+?”j+cs3 (go, 3) (23)

The eccentricity error components along the X-
axis and Y-axis, denoted as X'(¢) and Y'(¢) respectively,
are:

X,(qoi):CSl,(wi)_D'((pi)’ (24)
, , 2 , , , 2 1,
CS, (p)-D (¢i+3j—X (¢, )cos== CS, (¢,)-D (¢i+3)+2X (o)
= (25)
sin— ﬁ
2

The spindle eccentricity error E'(¢p,) is obtained
through orthogonal synthesis of two sets of error data (ec-
centricity error components X (¢;) and Y'(¢,) after three-
point method reverse error separation, expressed as:

E(0)={X'(0) +7'(0)" - 26)

Next, the raw data collected using the three-point
reverse error separation algorithm represents coupled sig-
nals comprising spindle installation eccentricity errors,
spindle/flange roundness errors, and noise errors. The inter-
ference data is filtered and noise errors are eliminated
through digital signal processing and test-point averaging
methods. The pre-processed error components are then used

to synthesize spindle installation eccentricity error data,
which is subsequently employed for system error compen-
sation.

4.1.2. Simulation analysis of three-point reverse eccen-
tricity error separation algorithm

To validate the effectiveness of the three-point re-
verse eccentricity error separation algorithm, MATLAB
was employed to conduct simulation analysis using nor-
mally distributed eccentricity error data with randomized
parameters, where the simulation system utilized 360 sam-
pling points with spindle eccentricity data generated as nor-
mally distributed random numbers, incorporating three cir-
cumferentially arranged capacitive sensors CS;, CS, and
CS; at installation angles of 0°, 120°, and 240° respectively,



and the circular plot comparing pre-simulation and post-
simulation error data superposition results on a 30nm radius
base circle is shown in Fig. 4.
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Through the comparative analysis of the maximum
amplitude differences before and after error separation in
the circular image of Fig. 4: the maximum amplitude differ-
ence of the separated spindle roundness error is approxi-
mately 3.98% smaller than its error amplitude, and the max-
imum amplitude difference of the spindle eccentricity error
is approximately 2.93% smaller than its error amplitude.
This indicates that the three-point method reverse error sep-
aration algorithm achieves a favorable error separation ef-
fect for random spindle eccentricity errors.

When the spindle installation has an eccentricity of
e =1 um, the calculation results of Eq. (12) can be repre-
sented in polar coordinates. The error data plots before and
after eccentricity compensation is shown in Fig. 5.

As can be seen from Fig. 5, the center of the com-
pensated error plot essentially coincides with the origin of
the polar coordinates, demonstrating that the three-point re-
verse error separation algorithm can effectively compensate
for spindle eccentricity errors. This improvement enhances
the radial rotation accuracy of the spindle and ensures the
calibration precision of the system.
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Primary data
- Compensated data

150°

180°

330°

270°

Fig. 5 Comparative diagram of circular plots before and af-
ter eccentricity error compensation

4.2. Particle swarm optimization for error compensation in
BP neural networks

The modified particle swarm optimization (MPSO)
algorithm was applied to optimize the BP neural network
model for systematic error compensation in a dual-axis turn-
table system, establishing an MPSO-optimized BP neural
network model [14-15]. The specific algorithm workflow
(Fig. 6) is as follows:

Step 1: Initialize the BP neural network structure, and deter-
mine the influencing factors of system errors, including the
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inner axis angle, outer axis angle, auto-collimation angle,
and the angle error of the component under test, which serve
as the inputs to the BP neural network.

Step 2: Use the MPSO algorithm to initialize parameters,
determining the initial inertia factor and the initial values of
the learning factors.

Step 3: Optimize the initial BP neural network using the
MPSO algorithm, and iteratively update the initial weights
and thresholds.

Step 4: Further divide the pre-processed training sample set
into a training subset and a validation subset. Use the train-
ing subset for the MPSO-BP neural network to learn error
characteristics, while using the validation subset to monitor
the generalization ability of the model. During the training
process, monitor training to prevent over-fitting, thereby de-
termining the optimal MPSO-BP neural network model for
the compound dual-axis turntable.

Step 5: Adjust the initial weights of the BP neural network,
determine the thresholds, and analyze whether the algorithm
falls into a local optimum. If it falls into a local optimum,
continue iterating and return to Step 3, otherwise, end the
iteration and proceed to Step 6.

Step 6: Determine the optimal weights and thresholds of the
MPSO-BP neural network model.

Step 7: Complete the establishment of the error compensa-
tion model for the compound dual-axis turntable based on
the MPSO-BP neural network, and output the processed
data.

Start

| Initialize BP Neural Network

7 |
Improved Particle Swarm :
Optimization Algorithm :
|
|
|

(Inertia Weight and Learning Factors)

—

Improved Particle Swarm
Optimization for
Initial Weights and Thresholds
v
Training MPOS+BP Neural Network
Based on Dual-Axis Turntable
Composite Data

Error Compensation Model for
Dual-Axis Turntable Based on
MPOS-BP Neural Network

f

The optimal solution is adopted as
the neural network's connection
weights and activation thresholds

Adjust initial weights and select
thresholds

1

N Y
End of iteration?

Fig. 6 Flowchart of the MPSO-BPNN Model

4.3. Simulation analysis of the system error compensation

The experiment takes the measured data collected
by the compound dual-axis calibration system as the re-
search object. Within the full range of 0° to 360°, 360 sets
of sample data (standard values and measured values) are
recorded, and the pre-processed sample data are normalized.
To fully verify the generalization ability of the model and
prevent over-fitting, the dataset is divided as follows:

Training set and test set: 320 sets of sample data
are randomly selected as the training set (for model param-
eter learning), and the remaining 40 sets are used as the test
set (for unbiased evaluation of the final model performance).

Validation set: During the model training process,
to monitor the training status and guide hyper-parameter



adjustment, 270 sets are further randomly divided from the
320-set training set as the training subset, and 50 sets are
used as the validation subset. The validation set does not
participate in weight updates and is only used to evaluate the
generalization error of the model after each iteration.

Based on this dataset, a 2x35%2 BP neural network
model is established, employing {'tansig','purelin'} as trans-
fer functions and the gradient descent method as the training
algorithm. For the MPSO algorithm configuration, the pop-
ulation size was set to 40 with a maximum iteration count of
200, a preset error threshold of 107!, The initial inertia factor
Wmay and final inertia factor @,,;, were set to 0.9 and 0.3 re-
spectively, while the initial learning factor ¢, 5, and final
learning factor c ,,,, were assigned values of 1 and 3 re-
spectively, with each dimensional position and velocity of
the initialized particles being random numbers within the
range [0, 1].

The MPSO+BP neural network model underwent
iterative training to continuously update initial weights and
thresholds while learning system error characteristics. After
110 iterations (Fig. 7) meeting the required criteria, the im-
proved particle swarm optimization algorithm decoded and
assigned the optimized initial weights and thresholds to the
BP neural network. By utilizing the trained global best po-
sitions, the model determined optimal weights and thresh-
olds for the MPSO+BP neural network, ultimately establish-
ing a composite dual-axis turntable MPSO+BP neural net-
work model.
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MATLAB simulations were conducted to compare
the system error compensation performance between the BP
neural network and MPSO+BP neural network models, with
uncompensated data serving as the baseline. The error com-
parisons before and after compensation are presented in
Fig. 8 and Table 1. Analysis of the comparison curves re-
veals: uncompensated system errors ranged between 3" to
4", while traditional BP neural network compensation re-
duced output errors to within £1”. Notably, the MPSO+BP
neural network compensation achieved superior perfor-
mance with overall output errors below +0.5”, demonstrat-
ing significant calibration accuracy improvement and more
stable error distribution.

Experimental data comparisons demonstrate that
after MPSO+BP neural network error compensation, the
mean absolute error (MAE), root mean square error (RMSE),
and system testing error were significantly reduced. Specif-
ically, the MAE decreased to 0.102 and RMSE to 0.119.
Compared with uncompensated results, system accuracy
improved from 0.138% to 0.012%, representing a 91.30%
overall enhancement. Furthermore, relative to BP neural
network compensation alone, the system accuracy increased
from 0.046% to 0.012%, achieving a 73.91% overall
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Fig. 8 Error comparison before and after MPSO-BP com-
pensation: a — BP network, b — MPSO+BP network

Table 1
Error comparison before and after compensation
. " " Preci-
Algorithm MAE/(") | RMSE/(") sion/(%FS)
Uncompensated 1.240 1.251 0.138
BP 0412 0.422 0.046
MPSO+BP 0.102 0.119 0.012
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Fig. 9 Error monitoring curves during the training process
of the MPSO-BP neural network

improvement, thereby validating the superior compensation
effectiveness of the MPSO+BP model.

To verify the generalization ability of the MPSO-
BP neural network model and avoid over-fitting, Fig. 9 pre-
sents the error variation curves of the training set and vali-
dation set during the training process.

It can be observed from the figure that as the num-
ber of iterations increases, both the training set error and the
validation set error exhibit a synchronous downward trend
and stabilize after 44 iterations. When approaching the op-
timal solution, the validation set error does not show any
significant rebound or increase, indicating that the model
has not experienced over-fitting during the training process
and possesses good generalization ability.

To wvalidate the learning efficiency of the
MPSO+BP neural network-based dual-axis system error
compensation model, comparative learning tests were con-
ducted under identical sample data conditions using both BP
and MPSO+BP neural networks. The contrasting iteration
curves of system error training are presented in Fig. 10.

Analysis of the error training curves in Fig. 10 re-
veals: when reducing errors to 0.1”, the BP neural network
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Fig. 10 Iterative training curves of system error compensa-
tion using MPSO+BP: a — BP neural network,
b — MPSO+BP neural network

model required approximately 1000 iterations, whereas the
MPSO+BP neural network model achieved the same error
threshold in merely 88 iterations. This demonstrates that the
MPSO+BP dual-axis system error compensation model ex-
hibits significantly higher learning efficiency compared to
the conventional BP neural network approach. By introduc-
ing the validation set monitoring mechanism, the reliability
and robustness of the MPSO-BP neural network in compen-
sating for the system errors of the compound dual-axis turn-
table are effectively ensured.

5. Precision Measurement Experiment
5.1. System calibration experiment

The system calibration experiment implemented
strict control over key influencing factors, conducted in a
laboratory with stable temperature (20 °C) and humidity (50%
RH) conditions along with effective vibration isolation. Pre-
cision calibration was performed using a high-accuracy op-
tical autocollimator (measurement range: 0’ ~ 10’, resolution:
0.01", accuracy: 0.2", Grade 2) and a 23-faced optical poly-
gon (measurement range: 0°~360°, Grade 3).

The experimental setup for precision calibration is
shown in Fig. 11. And the system accuracy was calibrated
using the full-combination method and full-circle closure
principle, with the resulting accuracy calibration curve
shown in Fig. 12.
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Fig. 11 System accuracy calibration test bench
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Fig. 12 System accuracy calibration curve

The system accuracy calibration curve demon-
strates: a zero-start error of 0.00”, maximum error of £0.19",
and post-calibration system accuracy of 0.38" (peak-to-
peak), meeting the requirements for high-precision (sub-
arcsecond accuracy) and full-circle continuous calibration.

5.2. System application verification

The precision comparative verification was con-
ducted in a laboratory with controlled temperature (19.9°C)
and humidity (52% RH) conditions and effective vibration
isolation, using the calibrated system to evaluate a JZN-1
high-precision photoelectric angle encoder (factory specifi-
cations: resolution 0.01”, accuracy +0.5") manufactured by
an industrial enterprise. Among them, the precision compar-
ison curves of the experimental platform and the system be-
fore and after compensation are shown in Fig. 13 and Fig. 14
respectively.
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Fig. 13 Comparative test bench for calibration system
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Fig. 14 Comparative accuracy curve

Analysis of the accuracy comparison curve in
Fig. 14 reveals that the system's calibrated accuracy after er-
ror compensation is fundamentally consistent with the fac-
tory-calibrated accuracy of the JZN-1 encoder. However,
due to measurement environmental interference and instru-
ment fluctuations at different sampling points, certain sam-
pling points exhibit relatively large measurement errors or
fluctuations. Nevertheless, the overall post-compensation
error distribution remains within +0.5"” (compared to +1.5"
before compensation), thereby verifying that the system
meets the practical requirements for high-precision, full-
range continuous calibration.



6. Conclusions

To address the insufficient accuracy of traditional
angle measurement turntable calibration techniques, this
study proposes a high-precision angle measurement turnta-
ble based on Opto-Mechanical coupling principles and re-
ciprocal angular displacement measurement methods. Using
multi-body system theory and relative pose matrix transfor-
mation methods, a comprehensive error model for the dual-
axis turntable was established. The three-point reverse error
separation algorithm and dual-axis continuous error com-
pensation algorithm were employed to effectively compen-
sate for installation errors. Furthermore, an improved parti-
cle swarm optimization (MPSO) algorithm was utilized to
optimize the BP neural network model for system error
compensation. Simulation analyses verified the effective-
ness of the MPSO-BP neural network model in compensat-
ing system errors. Calibration and application experiments
conducted with the compensated system yielded the follow-
ing conclusions:

1. An error model for high-precision angle meas-
urement turntables was established based on multi-body
system theory and relative pose matrix transformation meth-
ods. This model not only achieves precise characterization
of system errors for test components on the turntable, but
also quantitatively analyzes the influence patterns of fixed
and variable errors on system performance.

2. The three-point reverse error separation algo-
rithm effectively compensates for installation eccentricity
errors of test components on the turntable. Experimental
data demonstrate that this method achieves 96% separation
accuracy for spindle roundness errors and 97% for spindle
eccentricity errors, fully validating its excellent separation
capability for random spindle eccentricity errors.

3. The MPSO+BP neural network model demon-
strates significant performance improvements over tradi-
tional BP neural networks. Experimental results show that
in terms of error compensation effectiveness, this model re-
duces the system's mean absolute error (MAE) by 75.24%
and root mean square error (RMSE) by 71.80%, while im-
proving system accuracy by 73.91%; regarding computa-
tional efficiency, when the error converges to 0.1”, the
MPSO+BP model requires only 88 iterations to meet the
convergence criterion, significantly fewer than the approxi-
mately 1000 iterations needed by traditional BP neural net-
works (a 91.2% reduction), verifying the comprehensive ad-
vantages of the MPSO+BP hybrid model in both compensa-
tion accuracy and computational efficiency for high-preci-
sion angular measurement state compensation.

System calibration and application experiments
demonstrate that the system achieves an accuracy of 0.38".
The calibrated system accuracy shows fundamental con-
sistency with factory-calibrated specifications, with post-
compensation errors distributed within £0.5". These results
validate the system's capability for reliable sub-arcsecond
high-precision calibration.
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K. Li, W. Wang, K. Wang, X. Yang

RESEARCH ON ERROR CHARACTERISTICS
ANALYSIS AND ERROR COMPENSATION
METHODS FOR HIGH-PRECISION ANGULAR
MEASUREMENT TURNTABLES

Summary

To address the issues of low calibration accuracy,
complex system structure, and cumbersome detection pro-
cesses in traditional angular measurement equipment, this
study proposes an innovative Opto-Mechanical coupled
high-precision angular measurement turntable solution

(CMoM
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based on the principle of reciprocal angular displacement
measurement. By systematically analyzing the structural
characteristics and error distribution patterns of the turnta-
ble, a comprehensive error mathematical model based on
relative pose matrices was established, enabling quantitative
characterization of the error characteristics in the high-pre-
cision angular measurement turntable system. The three-
point reverse decoupling algorithm, combined with a sys-
tematic continuous error compensation strategy, effectively
suppresses installation errors of the components under test
on the turntable. Furthermore, by optimizing BP neural net-
work parameters using an improved particle swarm optimi-
zation algorithm, the system's error compensation perfor-
mance was significantly enhanced. Experimental results
demonstrate that the compensated system achieves a cali-
bration accuracy of 0.38”, meeting the sub-arc-second pre-
cision calibration requirement. The post-compensation
overall error distribution remains within £0.5"”, and the reli-
ability and accuracy of the turntable system were thoroughly
validated through multiple comparative experiments. This
study provides a novel technical approach for high-precision
angular measurement.

Keywords: angular measurement, mechanical system, error
characteristics, error modeling, error compensation
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