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Abstract: The development of high-precision satellites has increased the demand for ultraprecision
three-degrees-of-freedom (3-DOF) angle measurements for detecting structural deformation. The
required instrument should simultaneously measure pitch, yaw, and roll angles using a single
reference point. This paper proposes a 3-DOF angle measurement method based on the wavefront
interference principle, and a mathematical model and its decoupling algorithm were built. Then,
an angle-sensing probe with an extremely simple structure was designed and constructed. Finally,
a series of experiments were performed to verify the method’s feasibility. The experiment results
showed that the roll, pitch, and yaw measurement resolution of the probe was better than 10, 1, and
1 prad, respectively, providing a high-performance 3-DOF angle measurement with a single probe.
The short-term stabilities of roll, pitch, and yaw were better than 22, 1.7, and 2.0 urad, respectively.

Keywords: 3-DOF angle measurement; single beam interference; wavefront interference

1. Introduction

Structural deformation of a satellite is a crucial factor that affects its performance.
Such deformations reduce the aiming accuracy of space satellites and even affect the
normal functioning of the space-based radar (SBR) [1-3]. With the improvement of star
trackers and satellite attitude control accuracy, the requirements for the determination of
the accuracy of structural deformation of some special satellites have reached the level
of several microradians [4-6]. Structural deformation of satellites should be detected by
simultaneous measurements of the changes in the pitch, yaw, and roll angles of the internal
frame. Therefore, a highly integrated goniometer that provides a high resolution and
stability is required for this purpose.

High-precision three-degrees-of-freedom (3-DOF) laser goniometers are widely used
to simultaneously measure pitch, yaw, and roll angles. Currently, three main 3-DOF angle
measurement methods are employed. The first and most commonly used is autocollimation
for measuring three-dimensional angles [7,8]. SIOS measures the pitch and yaw angles
using an autocollimator as the probe, while the roll angle is measured by a separate 1-DOF
gradienter [9]. It has a high measurement resolution; however, there are two mutually
perpendicular coordinate benchmarks in the goniometer corresponding to two separate
probes. Therefore, the measurement precision is severely affected if the relative position of
the two coordinate benchmarks changes. Such a goniometer requires regular calibration to
ensure the correct installation position. Furthermore, such a goniometer occupies a large
space and has a complex structure, thereby making its installation and adjustment difficult.
Hsieh et al. constructed an orthogonal dual autocollimation right-angle measurement
system using a beam splitter and a single laser light source to measure roll, pitch, and yaw
angles with an accuracy of up to 0.04” [10]. However, despite reducing the number of light
sources, the probe still occupied a large space, and its working distance was short.
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The second method is laser interferometry for angle measurement [11-13]. Keysight
company arranged two parallel beam laser interferometers in mutually perpendicular
directions. Herein, each probe uses multiple parallel beams to measure the pitch and yaw
angles in the respective directions [14]. Therefore, the pitch, yaw, and roll angles can be
calculated by summarizing the information from these two probes. Obviously, this method
has the same issues as the SOIS’s scheme. In a multi-reflector interference system proposed
by Ryoshu [15], the rotation angle is determined by measuring the optical path difference
between two reflected beams, passing through a wedge prism and a spherical lens. The
yaw and pitch angles are determined from the optical path difference of the corresponding
two beams reflected by the spherical mirror. The measurement accuracy of the yaw, pitch,
and roll angles is 2.35”, 1.67”, and 1.75”, respectively.

The third method comprises geometrical angle measurement and involves optical
encoders and gratings [16-18]. The common drawback of geometrical methods is their
poor measurement accuracy. Lee employed a single optical encoder to measure roll, pitch,
and yaw angles with a single probe [19]. However, the measurement accuracy remained
low (>7" as compared to other methods). The internal structure of the probe was complex
as seven beam splitters were used.

In summary, the existing 3-DOF goniometers possess the following disadvantages.
High-precision goniometers comprise multiple discrete components. Their measurement
standards are inconsistent, and the indicating values are prone to drift. The measurement
accuracy of single-probe 3-DOF goniometers is also low, while the probe structure remains
relatively complex. To address these disadvantages, we proposed a 3-DOF angle mea-
surement method based on two interference fringes. Its core principle is based on the
Twyman—Green interferometer improved by Molnar et al. [20,21]. This method was entitled
“single beam interferometric imaging method for angle measurement”; however, just pitch
and yaw angles were measured using one fringe [22].

In this paper, we proposed a novel 3-DOF angle measurement method based on the
camera-type interferometer. The proposed angle-sensing probe comprises two sets of inter-
ferometers with a common nonpolarized beam splitter (NPBS). Herein, two interference
patterns with fringes are formed owing to the special design of the interference structure.
Such a pattern registered by a CMOS industrial camera contains information on the pitch,
yaw, and roll of the measurement object. The 3-DOF angle is decoupled from this pattern
by applying a high-precision algorithm. To demonstrate the feasibility of the proposed
method, a dedicated goniometer was designed and tested for time stability, resolution, and
measurement range.

2. Materials and Methods
2.1. Wavefront Interference Principle

A schematic of the 3-DOF angle measurement system is shown in Figure 1. There
are two sets of homodyne interferometric systems in a diagram, whose optical path parts
are distinguished by different colors: red and blue. The red part is defined as the primary
interferometer (PI), and the blue part is denoted the auxiliary interferometer (AlI). There
is a nonzero tilt angle between the measuring mirrors of PI and Al The right-handed
coordinate systems x1-01-y1 and x2-02-y2 are established to clearly describe the relation
between PI and Al Therefore, the roll «, pitch §, and yaw < denote the rotation around the
x1-axis, y1-axis, and z;-axis, respectively.

In the case of PI, a frequency-stabilized laser is incident on the surface of NPBS after
beam collimation and expansion through the collimators. The laser is divided into two
beams by NPBS. The transmitted light beam is defined as a measurement light beam
because it returns through a movable planar mirror. The reflected light beam is defined as a
reference light beam because it returns through a fixed planar mirror. The two laser beams
are combined again by NPBS, and interference fringes are formed by the overlapping
measurement and reference beams due to the preset microwedge angle between the two
planar mirrors. Then, the interference pattern is registered by a CMOS industrial camera.
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As PI and Al are completely similar in terms of interference structure, the structure of Al
will not be introduced.

Optical fiber 2

Collimator2 e

Collimator 1 " e

Optical fiber 1 Measuring mirror

_—

Reference mirror

Figure 1. The schematic diagram of the 3-DOF angle measurement system.

Similarly, consider the angle measurement model of PI where the optical axes of laser
beams coincide with the motion axis. This model is named the single-beam wavefront
interference principle. Asillustrated in Figure 2, a clear geometric relation of the optical path
can be obtained easily in a two-dimensional projection of the measurement model. Herein,
red arrows denote the measurement beam, and the blue arrows indicate the reference
beam. 6 is the inclination of the measuring mirror; ¢ is the preset small wedge angle of
the reference mirror; c is the laser reflection point in the NPBS; T is the distance between c
and the collimator surface; S is the distance between the reference mirror M1 and ¢; M2
and M2’ are the measurement mirror and its symmetrical projection, respectively; D is
the distance between the laser reflection points in M2” and M1; f is the point where the
measurement and reference light ultimately form interference fringes on the camera CMOS;
P is the horizontal distance between f and ¢; My is the distance between M1 and f; and Dy is
the distance between M2” and M1 in the direction of the x-axis.

23870
measuring mirror:M2” _ -~ 1 Df
D 7777777 ‘ 77777 reference mirror:M1
'\ , measuring
S mirror:M2/ Mf
collimator
[-H
¢ i
M
y T NPBS p
cmos  /
z X

Figure 2. Geometric diagram of the single beam model.
According to the light trace method, the expressions for Dy and My can be derived:
Dy =D —Ptand + Ptan6 (1)

My =M+ Ptand 2)

As the fringes in the interference pattern are caused by the optical path difference
(OPD) essentially, it is necessary to represent the measurement beam and reference beam
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paths separately (Figure 3), where Q; is the optical path from the reference mirror M1 to
the camera CMOS and Z; is the distance between the theoretical and actual position of the
laser beam reflected by M1.

1 reference mirror M 1

cmos S

Figure 3. Reference light path. The description is in text.

The parameters Q; and Z; in the reference light path are used in the subsequent

calculation of the OPD:
B Mf tan d tan 26

" 1+tandtan2d
M
= ! 4)
1+ tan d tan 26 cos 26

Similarly, for the measurement light path, O, and Z, are represented by substituting
M with My + Dy in the mathematical model for the reference light as follows:

Q1 3)

VA

(Mg + Dy) tané tan 20

Q2 = 1+ tand tan 26

)

_ My + Dy ®)
 1+tandtan28 cos2s’

Based on the geometric relationship of the above optical paths, the optical paths L;
and L, of reference light and measurement light, respectively, can be expressed as:

Z

Li=T+S+M;~M+Q —Z 7)

Ly=T+S+M;+Df—M+Q,— 2, (8)

Combining Equations (1)—(6), the OPD between the measuring and reference beams
can be derived as follows:

AL=1L11—Ly=(D+ Ptan6)(1 +2cosf) + M(cos20 — cos26) — Ptan (1 + cos25) (9)

Equation (9) is a complete expression of the OPD demonstrating the impact of the
geometrical arrangement of each element in the interference structure on the OPD. Addi-
tionally, this equation reveals the mechanism of interference fringe formation. Moreover,
the angular attitude of the measurement planar mirror directly affects the interference
pattern. The influence of each angle on the interference pattern is discussed separately in
Sections 2.2 and 2.3 with the corresponding mathematical models.
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2.2. Pitch and Yaw Measurement Principle

In Section 2.1, the analysis of the optical path is simplified in a 2-dimensional plane.
Actually, the laser beam emitted by the collimator is a cylinder spot with a certain radius.
Due to the microwedge angle J between the reference mirror and the optical axis, the OPD
spatially oscillates, resulting in alternating light and dark fringes, as shown in Figure 4.

Figure 4. Single interference pattern captured by the CMOS camera.

Equation (9) indicates that the OPD and interference fringes vary with change in the
angle 0. OPD for the adjacent interference fringes satisfies the following relation:

1’l(L1 - Lz) =A (10)

where 7 is the air refractive index, and A is the laser wavelength.
Thus, the horizontal fringe spacing d, can be represented as:

A A
d, = = 11
. ( 2tanf _  2tand ) Tl(SinZG—Sil’lZ(S) ( )
1+tan?6  1+tan?é

As 0 and ¢ are both small angles of a few milliradians, with the small angle linear
approximation tan f ~ sin 6 ~ 6, the yaw 7y can be expressed as:

A
7 i (12)
Defining the reciprocal of the fringe spacing d as the fringe frequency fy, Equation (12)
can be expressed as:

A
'Y:fxzﬂ'fx (13)
Similarly, the pitch B can be expressed as:
A
.Bzfy:%'fy (14)

ex and ¢y are introduced as the parameters related to fringe frequency.

Equations (13) and (14) represent the linear decoupling models for the pitch and yaw
angle, respectively. This demonstrates how the pitch and yaw can be directly decoupled by
an interference pattern with fringes.

2.3. Roll Measurement Principle

As demonstrated in Section 2.2, one interference fringe can be used to decouple two
angle degrees simultaneously. The pitch and yaw can be decoupled by using PI, but the roll
angle still should be determined. Therefore, the second interferometer Al was introduced
into the system to measure the roll. The Al is deflected at a yaw angle ¢ with respect to
the PI, causing derivation of the Al optical axis from the motion axis of the measurement
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mirror. It will introduce the extra coupling error normally and needs to be avoided in most
situations. However, analyzing the sources of coupling errors can calculate the roll angle.
A precise coupling model is built in this section and used to measure a roll.

The coordinate transformation matrix between the Al and the PI can be easily derived
based on the spatial geometric relationship. After defining « as a roll angle, the coordinate
transformation matrix rotating around three axes can be represented as follows.

Ry (roll angle), rotations around the x-axis:

1 0 0
Ry(a) = |0 cosa —sinw (15)
0 sina  coswa

Ry (pitch angle), rotations around the y-axis:

cosp 0 sinp
Ryp)=| 0 1 0 (16)
—sinf 0 cosf

R; (yaw angle), rotations around the z-axis:

cosy —siny 0
R;(y) = [siny cosy O (17)
0 0 1

For the PI, in which the optical axis coincides with the motion direction, multiplying
its initial vector n = (1 0 0) by the rotation matrices by angles «, §, and -y around the
x-axis, y-axis, and z-axis yields:

ny=(1 0 0) (18)
ng = (cosp 0 —sinp) (19)
nl, = (cosy siny 0) (20)

In this case, the laser vector does not depend on roll changes. This certifies that the
roll cannot be measured through a single interference fringe. However, for the Al oriented
at an angle ¢ to the motion direction, its initial vector can be expressed as:

n=(ny ny 0)=(cosg sing 0) (21)

Then, after multiplication by rotation matrices (15)—(17), it yields:

ny = (nx ny-cosa —ny-sina) (22)
ng = (ny-cosp ny —ny-sinp) (23)
nl, = (cos(y+¢) sin(y+¢) 0) (24)

Surprisingly, the roll will affect the reflected beam vector in this case. This means that
the roll angle can be calculated according to the change in the reflected beam vector. As
shown in Figure 5, n;, can be further divided into 1, and 1, along the coordinate axis.
Moreover, Sg is the mirror of AL Sp, Spy and Spy are perpendicular to each other. n, and
nfxy are the projections of 1, on Sp, and Sp,, respectively. The green arc represents the trace
of the light vector n when the roll angle changes.
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Figure 5. Vector decomposition relation.
The key geometrical relation in Figure 5 can be expressed as:
5[) 53 RN N
. Ny -1
cos /POB = = = /n2+n2 cos?u (25)
|OP[ - |OB] g
Ny |+ (Max
RN -/ 2 2
n-n ny +ny; - cosu
cos/DOB= —— = -~ Y (26)
‘n‘-nm \/ 1% +nj - cos?a
AC AC ny - sina
tan 240D = 14€] IAC] n (27)

OC| ~ |OB[-cos /ZDOB _ 12 +n2 - cosa
X Y

As the value ¢ is on the order of milliradians, some linear approximation of the
relevant high-order terms can be considered, and Equation (27) will be simplified as:

1y
a=—-¢ (28)
@ y

The formula above considers only the change in interference fringe caused by the roll
change. In real situations, the interference fringe in the y-direction is determined not only
by the roll but also depends on the pitch. Therefore, excluding this factor in the calculations

along the y-direction is necessary. Considering the deflection angle ¢, the pitch angle in the

Al can be modified as follows: .

&y
ﬁl - COS (P (29)

The captured image (Figure 6) comprises two interference patterns when introducing
the AL

Figure 6. Two interference patterns captured simultaneously by the CMOS camera.

The angles of the PI and Al systems vary in the same direction when the pitch changes.
Conversely, the value of ¢, and ¢, vary in the opposite directions when the roll changes.
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Therefore, the pitch and roll can be calculated from the sum and difference of the fringe
frequencies on the left and right spots, respectively.

In summary, Equations (13), (28) and (29) constitute the basic decoupling model of the
3-DOF angle, as proposed in this paper. Such a decoupling method can be considered to be
linear at a small angle range and can be easily implemented. Additionally, the proposed
3-DOF angle measurement method can be modified when registering the angle change:

Ay = Aey (30)

Ae,’
cos ¢
Ae,/
. (Ag, — —Y
20 (Aey cos @

AB = % - (Aey + ) (31)
1

Ax =

), (32)

where A represents the angle change. Notably, Ae and A¢’ may be both positive and
negative. Therefore, the fringe directions of the two interference light spots may differ.
The pattern collected by a single camera should be decomposed with a discrete Fourier
transform (DFT)-based pattern-decoupling algorithm to determine the fringe frequency of
two fringes, ¢, and ¢,

2.4. Basic Decoupling Algorithm

The interference pattern after segmentation and determining the center of the light
spot is shown in Figure 7, where “x” and “e” represent the center of the fringe and the
brightest light point, respectively, as recognized by the program.

W

(b)

Figure 7. Spots after pattern segmentation. (a) Left spot, (b) Right spot.

The geometric center of the light spot does not coincide with the brightest area. The
main reason is that there is distortion after the laser light is emitted by the collimator
because the surface of the planar mirror is not flat enough, and there is a “ghost” reflection
inside the system.

The center point coordinates of the fringes were adopted to determine the longitudinal
and transverse fringe frequencies on the two interference patterns. A DFI-based algorithm
was performed on the horizontal and vertical fringes of each pattern to obtain the amplitude-
frequency characteristic curve. Therefore, the frequency characteristic function of each
vertical projection is represented as:

X(m) =Y x(n)e 1" (33)

Here, N is the vector length, and X(m) is the complex frequency domain function
after DFT. Then, the amplitude—frequency characteristic function can be expressed as the
modulus of X(m):

m)| = \/X2(m) + X2, (m) (34)
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The subscript re and im represent the real part and the imaginary part, respectively.
The frequency of the interference fringe is the distance between maximum amplitude points
in the frequency characteristic curve. As the amplitude-frequency characteristic curve
after DFT is symmetric around 7, denoting m; as the maximum value of | X(m)]|, the fringe
frequency can be expressed according to the conversion relation between the frequency
domain and time domain in the DFT as follows:

m
=1 35
Npixel -1 )

where Ny is the number of vertical/horizontal pixels of the camera, and / is the CMOS length.

3. Results

To verify the feasibility of the proposed angle measurement model, a 3-DOF angle-
measuring probe was designed, as shown in Figure 8. Here, 1 is the measuring probe base;
2 and 3 are the reference reflector mirrors; 4 is the industrial camera; 5 and 8 are the NPBS
frame and its prism; 6 is the measuring mirror glued with two rectangular mirrors; 7 and 11
are the regulators; 9 and 10 are the laser collimators; 12 and 13 are the combinatorial stage.

Figure 8. Mechanical model (left) and the external view (right) of the probe.

The overall dimensions of the probe are 350 x 125 x 55 mm. The camera is a CMOS
area scan industrial camera (U3-3280CP-M-GL, IDS) with a sampling rate from 0.5 to 36 fps
and a 2448 x 2048 resolution. The light source is a semiconductor laser with a wavelength
of 632.8 nm. To equally distribute the beam emitted by the laser between two collimators,
1 x 2 single-mode fiber couplers (SMC-635-50-FAU, LBTEK) with a light intensity ratio
of 50/50 were used. A fixed aspherical fiber collimator with a waist diameter of 4 mm
(AFC633-2.1-APC, LBTEK) was used to expand the laser beam. As the bit depth is set to
8 bits (0-255), extracting the horizontal fringes of the center light intensity in the interference
pattern yields the following (Figure 9).

h f‘\

AJ
\/ 5\)

A ,“\

A
AV AV Y

Figure 9. Distribution of light intensity registered by the camera.

The two light spots were completely separate without any superposition in Figure 9.
This means that the two interference fringes can be analyzed individually. The measurement
mirror was fixed on a combinatorial stage. A high-precision nanopositioning system with
6 degrees of freedom (P-562.6CD, PIMar) with a minimum closed-loop tilt resolution of
0.1 prad was used to perform yaw and pitch motion. A motorized goniometric cradles
stages (MGC105, BOCIC) with the minimum incline angle of 10 prad was used to perform
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the roll motion. Furthermore, the whole probe was placed on an air-floating damping
platform to exclude the vibration impact. A number of tests were conducted on the
performance of the probe, as described below.

3.1. Stability Test

Before the performance testing, the stability of the probe and the measurement envi-
ronment was tested. First, a short-term stability test was conducted and the static results
were collected for 35 s, as demonstrated in Figure 10.

1747 4
o
g
= 1746
E;
£
1745
T T T T T T T T
0 5 10 15 20 25 30 35
788 4
-]
£
= 787 A
z
&
786
0 5 10 15 20 25 30 35
2
£ 7960
3
=
7940
T T T T T T T T
0 5 10 15 20 25 30 35
time/s

Figure 10. The short-term stability test.

The curve in Figure 10 shows that there is both high- and low-frequency noise during
measurement. The amplitude of high-frequency noise is less than 1 urad. It was caused
by the fluctuations of the laser beam’s wavelength and intensity, background noise of
the camera CMOS, and external vibration. This noise is similar to white noise and can
be removed by a filtering algorithm. Another low-frequency noise had an amplitude of
1-2 prad. It was caused by the drift of laser wavelength [23], the change in its optical path
caused by the change in the geometric model geometry, and the change in the air refractive
index due to heating [24,25].

The short-term stability results indicate that the roll, pitch, and yaw angles fluctuate
within 22 prad, 2 prad, and 1.7 prad, respectively, which are lower than those in other
methods of measurements with a single probe [13].

Then, the camera sampling rate was set at the lowest value of 0.5 fps to reduce the
video processing time due to the large amount of generated data in the long-term stability
test. The original data and the data after 30-point smooth filtering are presented in Figure 11.

The data indicated that the maximum pitch, yaw, and roll drifts within 12.5 h are
11.4 prad, 22.1 purad, and 78 prad, respectively. The noise amplitude after smooth filtering
(thick black line) was reduced by more than half. And the stability test results show that
the probe has the ability to achieve angle measurement at the microradian level.
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Figure 11. The long-term stability test.

3.2. Resolution Test

To verify the performance in micro-angle changes of the probe, the combinatorial stage
was driven to perform continuous steps around different motion axes. The MGC105 stage
was deflected stepwise by 10 prad to test the roll resolution (Figure 12).

35620 4

35600 4

35580

35560

Roll/prad

35540 4

35520

35500 4

35480 T T T T T T T T
0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0
time/s

Figure 12. Roll resolution test.

There is multiple jitter in Figure 12 during and immediately after tilting the table,
which was caused by the stage itself. And the roll angle step of 10 prad can be clearly
distinguished if the jitter is not taken into account. Then, the same resolution tests were

carried out on pitch and yaw using the P-562.6CD stage. The table was pitch- or yaw-tilted
for 1 prad (Figure 13).

1366 ANy 938 | e
f /
~ 1364 - g 936 4 ol
g N 2 934 [
21362 e 3 o
£ 1360 e S 932 ™
B W v
930 1 )
1358 v ;
e 928 1 1
1356 ey [l | | ‘
1 2 3 4 6 0 1 2 3 4 5 6
time/s time/s

Figure 13. Results of the pitch and yaw resolution.
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The curve in Figure 13 show that the yaw and pitch resolution of the probe was better
than 1 prad. It demonstrates that the pitch and yaw measurement resolution achieved using
a single probe proposed in this paper is comparable to that of similar methods [11,15,16].

3.3. Range and Accuracy Test

To verify the measurement error of the probe, measurement range and accuracy tests
were carried out. First, the probe measured the angle before and after the deflection of
the motion table at a certain angle using an autocollimator as the measurement reference
(Table 1).

Table 1. Range test statistical results.

Deflecting Direction

Tilt Angle (Measured by Mean Value before Mean Value after

Error between
Autocollimator and

Autocollimator)/urad Tilting/urad Tilting/urad Probe/urad
Yaw —1000.0 3516.7 2517.3 0.6
Pitch 998.7 1327.9 2321.5 —5.1
Roll —998.7 24,918.2 23,892.1 —-2.0
Roll —4998.4 39,104.5 34,133.9 2.8

Notably, the error between the autocollimator and probe measurements in all three
dimensions is not greater than 5.1 urad, indicating that the linear system error of the probe
is relatively small.

Then, the angle was measured while the motion table was tilted to 1 mrad at a constant
speed. As the performance of the motion table controlling the roll change was worse, its
minimum speed was faster. However, as the camera sampling frequency is limited to 36 fps,
the number of sampling points of the roll was less. Under the constant deflection rate of
the motion stage, the angle measured by the goniometer should change linearly. The linear
regression analysis of the measured 3-DOF angle data is demonstrated in Figure 14.
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=2 ! 0“‘ !
-3 hd
0 200 400 600 800 1000
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25 -
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s S :
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E -5 s * ! I ¢ !
© .-
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25 * +1
=35
0 200 400 600 800 1000
(¢) Roll/prad

Figure 14. Linear accuracy.
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The curves show that the roll, yaw, and pitch errors in the range of 1 mrad are below
30 prad, 4.5 prad, and 3 urad, respectively. The probe demonstrates an excellent perfor-
mance in a wide measurement range at the milliradian level. Compared to a differential
wavefront sensing method [14], our method has a larger measurement range and smaller
pitch and yaw angle deviation ranges (residual error) but a larger deviation range for the
roll angle measurement.

Therefore, tests performed on the shock absorption platform in the clean room demon-
strated an enhanced precision of 3-DOF roll, yaw, and pitch angle measurement with a
single probe compared to other measurement methods [7,12].

4. Discussion

The experiment proved that the developed probe could simultaneously measure pitch,
yaw and roll angles. However, the roll resolution is worse than that of pitch and yaw. This
can be explained by the difference in the measurement uncertainty formula for these angles.

For a measurement function,

y = flx1,x2), (36)

its combined measurement uncertainty can be expressed as:

U= \/(M)z.u%+(w)2-u%+R, (37)

axl 8x2

where 17 and u; are the uncertainties of the two function variables and R is the influencing
factor that reflects the impact of the correlation between two error terms on the composite
uncertainty expressed as:

Of (x1,%2) 9f(x1,%2) (38)

R=2 ,
pHLi dxq x>y

where p is the correlation coefficient between the two variables.
Substituting the angle measurement formula, the measurement uncertainty of roll u,
and pitch ug can be expressed as:

Uy = (—/\ )2u2+(7/\ )2u2+2 UL (—/\ )2 L (39)
T\ g’ T ngeosg’ "2 TN G0 cos g
A2 A2, A2
“p= \/(471) u1+(4nc05(p) u2+2pu1u2(ﬁ) cos ¢ (40)

Here, u; and u; are the measurement uncertainty of the left and right fringe frequen-
cies, respectively.

By comparing the two formulas, it can be found that

ve 11018 (41)
u B [

It means that the measurement uncertainty of the roll is ten times larger than that of
the pitch.

Another issue is the tradeoff between the measurement resolution of the roll angle
and the probe dimensions. The measurement resolution of the roll angle may be improved
by increasing the angle ¢ between two measuring beams. When the angle ¢ increases,
the distance between the reference mirror and the collimator must be increased as well to
separate the two measuring beams, thereby enlarging the measuring probe dimensions.
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Further research will focus on improving the measurement resolution of the roll angle and
reducing the probe size by folding the optical path.

5. Conclusions

In this paper, a method of simultaneous decoupling of 3-DOF angles based on inter-
ference patterns with a single camera is proposed for the first time. A 3-DOF angle probe
was developed and a 3-DOF angle decoupling algorithm based on the double interference
pattern method was applied to solve the simultaneous measurement problem of pitch, yaw,
and roll with a high resolution and stability. The proposed probe construction is extremely
simple; it contains only six optical elements and can be easily adjusted. The use of a single
measuring mirror and light source is another significant advantage of the probe. In this
way, the arrangement and adjustment of the goniometer is simplified and there are no
errors caused by inconsistent coordinate references.

The correctness of the measuring principle was verified in a series of experiments,
including stability, resolution, and accuracy tests. The performed tests demonstrated that
the roll, pitch, and yaw resolutions of the probe are better than 10 urad, 1 yrad, and 1 prad,
and the errors within the range of 1 mrad are 30 prad, 3.0 prad, and 4.5 prad, respectively.
The angle measurement accuracy at the milliradian measurement level meets the vast
majority of angle measurement occasions. However, it should be noted that the angle range
of the probe needs to be improved, and the accuracy of roll angle still needs compared to
those of the pitch and yaw angles.

Author Contributions: Conceptualization, L.Y.; Methodology, L.Y. and X.E; Software, X.L. and X.F;
Validation, X.F. and T.J.; Resources, X.L., PH. and T.J.; Data Curation, X.E.; Writing—Original Draft
Preparation, L.Y.; Writing—Review and Editing, P.H.; Visualization, X.F. and X.L.; Supervision, PH.;
Project Administration, L.Y.; Funding Acquisition, L.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China un-
der Grant 52105548, the National Natural Science Foundation of China under Grant 52061135114, the
Natural Science Foundation of Heilongjiang Province under Grant LH2022E061, and the Fundamental
Research Funds for the Central Universities under Grant. HIT.NSRIF202325.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

References

1.

Aaron, KM.; Hashemi, A.; Morris, P.A.; Nienberg, J. Space interferometry mission thermal design. In Proceedings of the
Interferometry in Space, Waikoloa, HI, USA, 26-28 August 2002; Volume 4852, pp. 49-58.

Haugse, E.D.; Ridgway, R.I.; Hightower, C.H.; Warren, R.C. Structural Deformation Compensation System for Large Phased
Array Antennas. U.S. Patent No. 6333712B1, 25 December 2001.

Liebe, C.C.; Bauman, B.W.; Clark, G.R.; Cook, R.; Kecman, B.; Madsen, K.K.; Mao, P.; Meras, P.; Miyasaka, H.; Cooper, M.; et al.
Design, qualification, calibration and alignment of position sensing detector for the NuSTAR space mission. IEEE Sens. J. 2012, 12,
2006-2013. [CrossRef]

Gielesen, W.; de Bruijn, D.; van den Dool, T.; Kamphues, F.; Meijer, E.; Calvel, B.; Laborie, A.; Monteiro, D.; Coatantiec, C.;
Touzeau, S.; et al. Gaia basic angle monitoring system. In Proceedings of the Space Telescopes and Instrumentation 2012: Optical,
Infrared, and Millimeter Wave, Amsterdam, The Netherlands, 1-6 July 2012; Volume 8442, pp. 567-576.

Liebe, C.C. Star trackers for attitude determination. IEEE Aerosp. Electron. Syst. Mag. 1995, 10, 10-16. [CrossRef]

Sarvi, M.N.; Abbasi-Moghadam, D.; Abolghasemi, M.; Hoseini, H. Design and implementation of a star-tracker for LEO satellite.
Optik 2020, 208, 164343. [CrossRef]

Bao, C.; Li, J.; Feng, Q.; Zhang, B. Error-compensation model for simultaneous measurement of five degrees of freedom motion
errors of a rotary axis. Meas. Sci. Technol. 2018, 29, 75004. [CrossRef]

Li, R;; Zhen, Y,; Di, K.; Wang, W.; Nikitin, M.; Tong, M.H.; Zhang, Y.; Zou, X.; Konyakhin, I. Three-degree-of-freedom autocollima-
tor with large angle-measurement range. Meas. Sci. Technol. 2021, 32, 115005. [CrossRef]

SIOS. SP 5000 TR Triple Beam Laser Interferometer. 2023. Available online: https://www.sios-precision.com/en/products/
length-and-angle-measurement-systems/triple-beam-laser-interferometer-sp-5000-tr (accessed on 20 September 2023).


https://doi.org/10.1109/JSEN.2011.2181355
https://doi.org/10.1109/62.387971
https://doi.org/10.1016/j.ijleo.2020.164343
https://doi.org/10.1088/1361-6501/aac119
https://doi.org/10.1088/1361-6501/ac1236
https://www.sios-precision.com/en/products/length-and-angle-measurement-systems/triple-beam-laser-interferometer-sp-5000-tr
https://www.sios-precision.com/en/products/length-and-angle-measurement-systems/triple-beam-laser-interferometer-sp-5000-tr

Micromachines 2023, 14, 2221 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
21.

22.

23.

24.

25.

Hsieh, TH.; Jywe, W.Y,; Chen, S.L.; Liu, C.H.; Huang, H.L. Note: Development of a high resolution six-degrees-of-freedom optical
vibrometer for precision stage. Rev. Sci. Instrum. 2011, 82, 056101. [CrossRef] [PubMed]

Yang, F.; Zhang, M.; Ye, W.; Wang, L. Three-degrees-of-freedom laser interferometer based on differential wavefront sensing with
wide angular measurement range. Appl. Opt. 2019, 58, 723-728. [CrossRef] [PubMed]

Shi, L.; Wu, S.; Yan, M.; Niu, H. A targetless method for simultaneously measuring three-degree-of freedom angular motion
errors with digital speckle pattern interferometry. Sensors 2023, 23, 3393. [CrossRef] [PubMed]

Automated Precision Inc. XD-6D Six-Dimensional Measurement System. 2023. Available online: https://www.apimetrology.
com.cn/xd-laser/ (accessed on 20 September 2023).

Keysight. 10735A Three Axis Interferometer. 2017. Available online: https://www.keysight.com.cn/cn/zh/product/10735A /10
735a-three-axis-interferometer.html (accessed on 20 September 2023).

Furutani, R. Displacement and angle measurement by laser interferometer with LCD. ]. Phys. Conf. Series. IOP Publ. 2018, 1065,
142004. [CrossRef]

Huang, P; Li, Y.; Wei, H.; Ren, L.; Zhao, S. Five-degrees-of-freedom measurement system based on a monolithic prism and
phase-sensitive detection technique. Appl. Opt. 2013, 52, 6607-6615. [CrossRef] [PubMed]

Yan, L.; Chen, I.-M.; Guo, Z; Lang, Y.; Li, Y. A three degree-of-freedom optical orientation measurement method for spherical
actuator applications. IEEE Trans. Autom. Sci. 2011, 8, 319-326. [CrossRef]

Saito, Y.; Arai, Y.; Gao, W. Detection of three-axis angles by an optical sensor. Sens. Actuator A 2009, 150, 175-183. [CrossRef]
Lee, C.B.; Kim, G.H.; Lee, S.K. Design and construction of a single unit multi-function optical encoder for a six-degree-of-freedom
motion error measurement in an ultraprecision linear stage. Meas. Sci. Technol. 2011, 22, 105901. [CrossRef]

Twyman, F. The Hilger microscope interferometer. Trans. Opt. Soc. 1923, 24, 189-208. [CrossRef]

Strube, S.; Molnar, G.; Danzebrink, H.U. Compact field programmable gate array (FPGA)-based multi-axial interferometer for
simultaneous tilt and distance measurement in the sub-nanometre range. Meas. Sci. Technol. 2011, 22, 094026. [CrossRef]

Yu, L.; Molnar, G.; Werner, C.; Weichert, C.; Koéning, R.; Danzebrink, H.U.; Tan, J.; Fltigge, J. A Single-Beam 3DoF Homodyne
Interferometer. Meas. Sci. Technol. 2020, 31, 084006. [CrossRef]

Asmari, A.; Hodgkinson, J.; Chehura, E.; Staines, S.E.; Tatam, R.P. Wavelength stabilization of a DFB laser diode using measure-
ment of junction voltage. Laser Sources Appl. 1 2014, 9135, 91351A.

Yan, L.; Chen, B.; Zhang, E.; Zhang, S.; Yang, Y. Precision measurement of refractive index of air based on laser synthetic
wavelength interferometry with Edlén equation estimation. Rev. Sci. Instrum. 2015, 86, 085111. [CrossRef] [PubMed]

Jang, Y.S.; Kim, S.W. Compensation of the refractive index of air in laser interferometer for distance measurement: A review. Int. J.
Precis. Eng. Manuf. 2017, 18, 1881-1890. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1063/1.3585021
https://www.ncbi.nlm.nih.gov/pubmed/21639549
https://doi.org/10.1364/AO.58.000723
https://www.ncbi.nlm.nih.gov/pubmed/30694260
https://doi.org/10.3390/s23073393
https://www.ncbi.nlm.nih.gov/pubmed/37050453
https://www.apimetrology.com.cn/xd-laser/
https://www.apimetrology.com.cn/xd-laser/
https://www.keysight.com.cn/cn/zh/product/10735A/10735a-three-axis-interferometer.html
https://www.keysight.com.cn/cn/zh/product/10735A/10735a-three-axis-interferometer.html
https://doi.org/10.1088/1742-6596/1065/14/142004
https://doi.org/10.1364/AO.52.006607
https://www.ncbi.nlm.nih.gov/pubmed/24085139
https://doi.org/10.1109/TASE.2010.2089981
https://doi.org/10.1016/j.sna.2008.12.019
https://doi.org/10.1088/0957-0233/22/10/105901
https://doi.org/10.1088/1475-4878/24/4/301
https://doi.org/10.1088/0957-0233/22/9/094026
https://doi.org/10.1088/1361-6501/ab7f79
https://doi.org/10.1063/1.4928159
https://www.ncbi.nlm.nih.gov/pubmed/26329237
https://doi.org/10.1007/s12541-017-0217-y

	Introduction 
	Materials and Methods 
	Wavefront Interference Principle 
	Pitch and Yaw Measurement Principle 
	Roll Measurement Principle 
	Basic Decoupling Algorithm 

	Results 
	Stability Test 
	Resolution Test 
	Range and Accuracy Test 

	Discussion 
	Conclusions 
	References

