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Abstract: Active methods are proposed to improve the measurement accuracy of a compact laser
diode-based (LD-based) system, which is designed to measure the geometric errors of machine
tools. The LD has some advantages, such as a small size, low cost and high efficiency. However,
the laser spot of the LD is elliptical and the stability in the output power of the LD is low, which
limits the accuracy of the measurement system, where the LD is used as the laser source. An active
shaping method is proposed to shape the elliptical laser spot of the LD without adding additional
optical elements. In addition, the laser beam drifts, including the linear drift and angular drift,
are compensated in real-time by a proposed improved active error compensator, which consists of
two drift feedback units and a Backpropagation Neural Networks-based PID controller, during the
long-distance measurement. A series of experiments were conducted to verify the effectiveness of the
proposed methods and the capability of the constructed LD-based system.

Keywords: laser diode; geometric errors measurement; laser spot shaping; linear drift; angular drift

1. Introduction

The manufacturing accuracy of machine tools is seriously influenced by the inevitable
geometric errors of the linear stages. Error compensation technology has been widely
used as a cost-effective way to reduce the effects of the geometric errors [1-3]. As an
important premise of the error compensation, the accuracy of the measurement approaches
for detecting the geometric errors directly influence the compensation results.

Currently, there are some approaches for measuring the geometric errors of ma-
chine tools, such as laser ball bars [4,5], laser trackers [6,7], laser interferometers [8,9]
and the techniques based on the principles of laser collimation (LC) and laser autocolli-
mation (LA) [10-14] and so on. Among these techniques, the simplest and most on-line
applicable one is to detect the position variation of the laser spot with respect to the
photodetector based on the principles of LC and LA, which take advantage of the high
sensitivity, high accuracy and simple computation. In order to reduce the size of the mea-
surement system and realize the on-line measurement, a laser diode (LD), which has the
advantages of miniaturization and low cost, is always adopted as the laser source of the
measurement system [10-12].

The most commonly used normalization and differential algorithm of the photode-
tector in the measurement system based on the principles of LC and LA is derived from
an ideal circular laser spot with a uniform distribution of the intensity. However, the shape
and the intensity distribution of the LD is actually elliptical and have a Gauss distribution,
which will affect the measurement accuracy. There are many researchers focusing on estab-
lishing compensation models for the circular laser spot with a Gauss distribution [15,16].
However, those models cannot be used for the elliptical laser spot. Laser beam shaping is
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one of the most cost-effective approaches to eliminate the measurement error caused by the
laser spot characteristic of the LD. However, the traditional laser beam shaping methods
require a set combination of lens [17], or a lens with a special shape [18], or some additional
optical elements, such as a single-mode optical fiber [19], which will make the measurement
system complex and unstable. How to reduce the effect of the elliptical laser spot without
adding additional optical elements will have a positive effect on further improving the
measurement accuracy of the LD-based system.

In addition, the LD has inevitable laser beam drifts, including a linear drift and
an angular drift, which will influence the stability, the accuracy and the repeatability of
the measurement system. The laser beam drifts can be reduced and compensated by inte-
grating a beam expander [20] or establishing a passive common path in the measurement
system [21,22]. An optical fiber can also be used to reduce the beam drift [23]. A special
mechanism with a piezoelectric actuator can also be integrated into the system to actively
compensate the laser beam drifts [10,11,24]. However, most of the above-mentioned meth-
ods only compensate the angular drift and only the laser beam drifts near the laser source
can be compensated. The laser beam drifts in the long-distance measurement are not
considered. Moreover, the linear drift is also not considered.

To address the above-mentioned problems, an active shaping method is firstly pro-
posed for shaping the elliptical laser spot of the LD without adding additional optical
elements in an LD-based system, which is constructed to measure the geometric errors
of machine tools. An improved active error compensator is then designed to reduce the
linear drift and the angular drift of the laser source during the long-distance measurement.
The principles of the proposed active methods will be introduced in the following sections.

2. Measurement System

Figure 1 shows the schematic of the LD-based system for detecting the geometric
errors of machine tools, including a horizontal straightness error dx, a vertical straightness
error Jy, a pitch error fx and a yaw error fy. The measurement system is composed of
a sensor head and a detector.
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Figure 1. Schematic of the LD-based system.

A laser beam emitted from an LD is divided into two beams by a beam splitter
(BS) after being bent by a mirror (M1). The reflected beam is projected onto a quadrant
photodetector (QD1) for measuring dx and dy. The transmitted beam is bent by a mirror M2
and projected onto QD2 after being focused by a focus lens (FL) for measuring 0x and 6y.
When the stage has error motions in dx and 6x, the center of QD1 and QD2 will be shifted
(Ax1 and Axp) with respect to the laser beam. Therefore, dx and 0x can be obtained by:

_ _ (In—1+Ip1)—(Ip-1+Ic 1)

ox = Axy = Kgy Ia1+Ip—1+lc—1+Ip—1 )
ox = 2 — g, (In—2+Ip—2)—(Ig—2+Ic-2)
f *(Ia—a+Ip—2+Ilc2+Ip-2)-f

where Kj, and Ky, represent the X-directional sensitivities of QD1 and QD2, respectively,
which can be obtained by the calibrations. I,,,; (m = A, B, C and D; I = 1, 2) represents the
output current of each quadrant of QD1 and QD2, respectively, and f is the focal length
of the FL.
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3. Factors Affecting Accuracy and Accuracy-Improvement Methods

Since the LD is adopted as the laser source of the measurement system, it is essential
to compensate and eliminate the measurement errors caused by the elliptical laser spot and
the low stability in the output beam of the LD.

3.1. Effect of the Laser Spot Characteristic of the LD

Usually, the laser spot that projects onto a QD is approximated as a circular spot
with a Gaussian intensity distribution. The intensity distribution of the laser beam can be
described by:

2(x* +y°

Saha o) e
where I represents the light intensity of the centroid and r is the Gauss radius of the
spot-intensity distribution.

Most of the LDs, however, have output elliptical laser spots with different beam radii
ry and ry, in the X and Y directions and an inclined angle ¢ with respect to the X axis.
The ratio between ry and r,, is defined as ellipticity e. The intensity distribution of the LD
can be expressed by:

(x, y) = Io - exp| -

2(xcos @ +ysing)®  2(—xsing+ycos)®
72 + 72 e )]r (3)
X X

Le(x, y) = Io - exp[—(

Using the normalization and differential algorithm of the photodetector to calculate
0x and Ox, the measurement errors (Adx and Afx) induced by the elliptical laser spot can be
expressed by:

_ ) _ (Ia—1+Ip—1)—(Ip_1+Ic_1) (Iae—1+Ipe—1)—(Ie—1+Ice-1)
Adx = Axciy — DXy = Koy i+l +lca+lb 1 Ksxe Tae—1+Ige—1+Ice-1+Ipe—1

4)

80 = B — B = (K, e tlhoa s es) - Koo (e fheal i)
where Ky, Kgye and I (m = A, B, Cand D; i = 1, 2) represent the X-directional sensitivities
and the output currents of QD1 and QD2 when an elliptical laser spot projects onto QD1
and QD2.

A group of simulations were first carried out to investigate the effect of the elliptical
laser spot on the accuracy of the LD-based system. Figure 2 shows the effect of , on Adx
and Afx. e and ¢ were set to be 0.9 and 15°, respectively. The radii of the laser spots for
measuring dx and Ox were 2.5 mm and 5 pm, respectively, in the designed LD-based system.
As can be seen from Figure 2a, Adx was increased with the increase of ry. When r, and the
command distance were set to be 2.5 mm and 200 pm, the maximum Adx was evaluated to
be 0.0038 pm, which was small enough and could be ignored. However, Afx was increased
with the decrease of the spot diameter, as shown in Figure 2b. As can be seen, the maximum
ABx was evaluated to be 11.25 arcsec when ry and the command angle were set to be 5 um
and 200 arcsec. Therefore, the effect of the elliptical laser spot on the measurement accuracy
of the angular errors cannot be ignored. It was verified that the elliptical laser spot of the
LD will affect the measurement accuracy of the angular errors but not affect that of the
straightness errors.

Figure 3 shows the effects of e and ¢ on the angular error measurement accuracy.
As can be seen from Figure 3, in which ry was set to be 5 pm, Afx was increased as ¢ and
@ increased. ¢ and e were set to be 15°and 0.95, respectively, in Figure 3a,b. Therefore, in
order to improve the angular error measurement accuracy of the LD-based measurement
system, it is essential to shape the laser spot of the LD.
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Figure 2. Effect of ry on (a) Ady and (b) ABy.
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Figure 3. Effects of (a) e and (b) ¢ on Afy.

The X-directional and Y-directional diameters (d,y, d,f) of the focused laser spot on the
QD, which is placed at the focal plane of the FL, can be expressed by:

| 244fA  244fA | 244fA 24412
O 2ry dy and dyf = 2ry,  dy ®)

dyf

where A is the wavelength of the LD and d, and d, represent the X-directional and Y-
directional diameters of the laser beam before focusing. If the QD is not located at the focal
plane of the FL, the X-directional and Y-directional diameters (dya;, dya.) of the laser spot
on the QD are revised to:

1 1
4Nz 22 4Nz 22
dxAz :dxf[1+(7fd§f) ] and dyAz :dyf[1+(F§f) } ’ (6)

where Az is the position offset of the QD from the focal plane of the FL. As can be seen
from Equation (6), a suitable Az can be found so that dy,; is equal to dya,. According to
Equations (5) and (6), Az can be expressed by:

7td rd 2
1A dyd,

A simulation was conducted by setting dy, dy, A and f to be 5.0 mm, 4.5 mm, 0.635 nm
and 20 mm, respectively. It can be seen from the simulation results shown in Figure 4 that
when Az was set to be +52.8 um, dya, and dy, were both equal to 9.5 um. It was verified
that when the QD is located at a Az distance from the focal plane of the FL, the elliptical
laser spot can be shaped to be a circle laser spot.

It should be noted that the LD usually exits at a divergence angle . The X-directional
and Y-directional diameters (dys, dys) of the laser spot at the random measurement position
s will be varied to be:

dyxs = dx + 2sa and dys = dy + 2sa, (8)

When « is small enough, the influence of « on Az and the diameter of the LD along the
measurement direction can be ignored.
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Figure 4. Relationship between the position offset and the laser beam diameter.

3.2. Effect of the Position Offset of the QD

Although the position offset Az can reduce the measurement error caused by the
elliptical laser spot of the LD, the defocus will also affect the angular error measurement
accuracy. If the stage has no angular errors, Az will not influence the QD output, as shown
in Figure 5a. However, it can be seen from Figure 5b that Az will induce measurement
errors (Afx; and Afy;) when the stage has angular errors (6x and 6y). Afx; and Afy; can

be derived by:

Ax; — Aj;z'sex and ABy; = AJZQ'SGy, ©)

where s is the random measurement position, which is the distance between the detector
and the sensor head.

() f FAZ"
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FL2'= QD2 QD2’

Figure 5. Effect of the position offset on the measurement accuracy (a) without the angular error,
(b) with the angular error and (c) with the straightness error.

In addition, the incident position of the laser beam on the FL will be varied by the
straightness errors (dx and Jy), as shown in Figure 5c. In this case, the existing of the
position offset Az will cause a QD output Ax; and further induce measurement errors (Afx;
and ABy;). AOx; and Afy, can be derived by:

f+Az f+Az

AGXQ =
f

dx and Afy, = oy, (10)

3.3. Effect of the Stability in Output Beam Direction of the LD

Laser beam drifts have been proved to be one of the critical error sources in the LD-
based measurement system, especially for the long-distance measurement. In our previous
works [11], an active error compensator, which consisted of an optical mount (OM), a mirror
and two mini-sized PZT actuators was proposed to compensate the angular drift of the LD.
However, it only considered the angular drift near the sensor head. The laser beam drifted
far away from the sensor head and the linear drift was not considered.

To address the above problems, an improved active error compensator (IAEC) was
proposed and integrated into the LD-based system for simultaneously compensating the
linear drift and the angular drift of the LD in the long-distance measurement. The principle
of the IAEC is shown in Figure 6, which was composed of a feedback unit 1, a feedback
unit 2 and a Backpropagation Neural Networks-based PID (BPNN-based PID) controller.
The feedback unit 1 consisted of QD5 and a mechanism 1. The feedback unit 2 consisted
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of QD6, FL6 and a mechanism 2. The mechanism 1 and the mechanism 2 had an identical
construction, which consisted of an optical mount (OM), a mirror (M) and two mini-sized
PZT actuators (P). Compared with previous research [11,23,24], the improved active error
compensator was not only simple in structure, but could also compensate both the linear
drift and the angular drift of the laser source for the long-distance measurement.

oo {7, 7,]<{ PID controller |->[r,, ¥)]
I K] K| Kq
HBPNN oo
[ 0,6,

: Feedback =% - Feedback - - @,I
i unit 1, : a unit2 1 i
o s wiig ]|
; | I
oz QP | FL6 QD6 !
5! d

' P i 74 | lZ_I Measurement beam

b mom g i BS1 BS2

P1

» p 1D

OMIHYYMI1

Figure 6. Principle of the IAEC.

The inputs of the BPNN and the PID controller were the outputs of QD5 (J, and
dp) and QD6 (0, and 6p), which represented the linear drift and the angular drift of the
LD-based system. The parameters of the PID controller (K;, K,, K;) were obtained in real-
time by the neural network training of the BPNN. The angles of OM1 and OM2 were fast
tuned by controlling the mini-PZTs’ voltages (V;, i = 1 to 4) using the BPNN PID controller.
M1 and M2, mounted on OM1 and OM2, were then employed to adjust the propagation
direction of the laser beams so that the laser spots could always remain at the centers
of QD5 and QD6, from which the linear drift and the angular drift of the LD could be
actively compensated.

The outputs of QD5 (4, and Jg) and QD6 (0« and 64) were, respectively, composed of
four parts, namely outputs caused by the angular drift (xg and ), outputs caused by the
linear drift (¢ and #), outputs caused by the rotation of M1 (¢; and 1) and outputs caused
by the rotation of M2 (a; and B;), as shown in Figure 7. For the sake of being brief, only
the related optical elements and the intersection point between the optical element and the
laser beam are shown in Figure 7.

@) /? D_QD5 () I)ID ng .
A 1 D
VP RER I VP REEH BS] |
B/ I, 1 BS1 B/ I, /C
BA ____ \/c i B —__I_’_ ----------
Y T ———— [ 2
A L' C / E ; C
MR QD6 R I’ X
4\‘< ------ o, 4\% ------- -0
AN L, © A 5, O (Y Z 4
MI M1

Figure 7. Outputs of QD5 and QD6 caused by (a) the angular drift, (b) the linear drift, (c) the rotation
of M1 and (d) the rotation of M2.

In the ideal case, the incident laser beam Ij travels along the Z-axis with a direction

vectorof [0 0 —1 | T However, the direction vector is varied to be [ag Bo —1] T
when the angular drift (g and By) exists about the X and Y axes, as shown in Figure 7a.
The normal vector of the reflection planes of M1, M2 and BS1 can be expressed by:

T
npy, = [ Nmix Nmiy Nz | = [ @ 0 Q] , (11)

T
nm, = [ Nmax Nmoy Nwmo: | = {—% 0 4} , (12)
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T
nps = [ Npsx Npsy Nps: | = { 2 0 —4} , (13)

The direction vectors of the laser beams (I;/, I’ and I3’) reflected from M1, M2 and
BS1 can thus be expressed as:

1-2N2,,  —2NmizNmty  —2NpnxNuiz | g 1
I''=Mpy, -I'o=| —2NmizNmiy  1-2Npy,  —2NmyNmiz |- | Bo | =| a0 |, (14
—2NmizNamiz  —2NmiyNmz: — 1-2N3g, | 1 —Bo
1—-2N%p,  —2Nm2xNamy  —2NpoxNan: ro1 a0
I'y =My, -I't= | —2NmaxNmzy  1-2Nip,  —2NmgyNao: |- | a0 | =| —Bo |, (15
—2NpmoxNm2:  —2NpoyNppzz 1= 2N3p,, L —Bo 1
1-2N3,.  —2NpsyNps, —2NpsxNps: g 1
I's = My - I's = | —2NpsyNpsy  1-— 2N§Sy ~2NpsyNps: |- | —Bo | =| a0 |, (16
—2NpsxNps:  —2NpsyNps: 1 —2Njs, 1 —Bo

Therefore, the X- and Y-directional outputs of QD6 caused by the angular drift
(xp and Bp) can be evaluated to be g and — g according to Equation (15).

The coordinates of the emitting point O of Iy from the LD and the intersection point A
between [y and M1 were set to be (0, 0, 0) and (0, 0, —d;), respectively. d; represents the
distance between the LD and M1. The line function of the emitted laser beam I;’ and the
plane equation of M1 can thus be expressed as:

XY _ yand £X+£(Z+dl) (17)

ag  Po

Therefore, the coordinate of the intersection point A’ between Iy’ and M1 can be

d d d
evaluated to be: (A’y, Ay, A;) = (132%, 11%%, — 1o )-

Similarly, the coordinate of the point D/, which is the intersection point between QD5 and I3/,
di+dy+dsz+d d3—di1+(2d3—dy—d.

can be calculated to be: (D'y, D', D', ) = (do + dy, (11; 2)?13104 Bo, = (hio)?l_zozf)ao)-
Therefore, the X- and Y-directional outputs of QD5 caused by the angular drift (g and
Bo) are evaluated to be: (dl_dfjaird‘* iy d1+”l12:023+d4 Bo). Here, d», d3 and d4 represent the
distance between M1 and M2, M2 and BS1 and BS1 and QD5, respectively.

Similarly, the outputs of QD5 (d and dp) and QD6 (6« and 64) caused by the linear
drift (¢ and 7), the rotation of M1 (x1 and 1) and the rotation of M2 (a and B;) can be
calculated. Therefore, the total outputs of QD5 (6, and 65) and QD6 (6« and 6p) can be

expressed by:

dy—dy s —dy =y~ (2dy+2d5+2dy - "1572 ) By i Ut (2dy 425+ 112 )
{ | _ Trey M0 &t T+3p =35,
5 , B B
Lty da (dyds+dg)y | —(dstdg)as
i Botit =g+ —iop, (18)

{ O } _ [ —a0 —2p1 —2p2 }

0 | Bo— a1 —az ’

where m; and m; represent the distance between P1 and P2, and the length of M1. n; and
ny represent the distance between P3 and P4, and the length of M2.

As a result, the proposed IAEC, compensating both the linear drift and the angular
drift, is a complex coupled nonlinear system. In addition, the proposed LD-based system
was constructed for measuring the geometric errors of machine tools, which are usually
located in a non-environmentally controlled open factory. In this case, if a traditional PID
controller was used in the LD-based system, it would be difficult to actively compensate the
laser beam drifts over a long period of time, and the parameters of the PID controller would
need to be adjusted after a period of time, which would affect the efficiency, the accuracy
and the reproducibility of the geometric errors measurement. Therefore, a BPNN-based
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PID controller was used in this research to quickly and accurately adjust the angles of M1
and M2 to simultaneously compensate the linear and the angular drifts.

The flowchart of the BPNN-based PID controller is shown in Figure 8. A neural net-
work, consisting of the input layer with three neurons, the hidden layer with five neurons
and the output layer with three neurons, was used. The three neurons of the output layer
represented the PID controller parameters K;, K, and K, which needed to be trained by the
BPNN according to the stability data of the designed system. It was essential to adjust the
BPNN parameters during the training to let e(k) reach the minimum performance index ¢,
at which the neural network training was finished. The obtained PID controller parameters
were used to control the driven voltage of the mini-PZTs according to the instantaneously
measured linear and angular drifts in real-time. The mini-PZTs changed the angles of M1
and M2 with opposite directions of the detected linear and angular drifts so that the linear
and angular drifts could be compensated.

laver laver laver designed svstem
3 ) v

Calculate mputs
and outputs of
cach laver

K

I
Adjust the || Initialization of Output PID
weight the BPNN coefficient
W and 17 paran;cters
] Input the real-time
. . Input the stability stability data of thel
Input Hidden Output data of the desioned system

Calculate the lineay
drifts and the

angular drifts

Figure 8. The flowchart of the BPNN-based PID controller.

4. Experiment and Discussion

A series of experiments were carried out to verify the effectiveness of the above-
motioned active methods. A laboratory-built prototype of the LD-based system was
constructed to measure the dx, dy, Ox and Oy of a linear stage, as shown in Figure 9.
A compact and low-cost LD (DA635, Huanic, Xi’an, China), which had an X-directional
diameter dy of 5 mm, an ellipticity e of 0.945 and a wavelength of 635 nm, was adopted
as the laser source of the system. A comparison unit, with a construction similar to the
detector, was integrated into the measurement system to carry out a group of comparison
experiments. The s1, s; and s3 shown in Figure 9 represent the distance between the sensor
head and the feedback unit 2, and the detector and the comparison unit, respectively.

"""" S |
Sy FI?{) el
O
— v Ux
| Bs3 Detector 4 Eeedback |
Y = St unit2 |
>} FL2 L=
] Feedback ) @]
Feedback unit ! ) onit 2 M4 bt
A inear stage UIIL = AN | LD I - : :
e ~Comparison unit M1 Comparison unit
2 BS5 BS4
M6
Sensor head

Figure 9. Experimental setup of the LD-based measurement system with the IAEC.
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Firstly, the effect of the position offset Az on the laser spot characteristic was investi-
gated. The relationship between the sensitivity of the photodetector and the diameter of
the laser beam can be expressed by:

8 dxAz

- 8 dyAz
T 122w A

1227 A7

Ky (Az) and Ky, (Az) = (19)
where Kg,(Az) and Ky, (Az) represent the X- and Y-directional sensitivities of the QD,
respectively. As can be seen, if Kg,(Az) equals Ky, (Az), dya, will be equal to dy ., which
means the elliptical laser spot is shaped to be a circle laser spot. Therefore, Az can be
confirmed by the evaluated Kg,(Az) and Ky, (Az) using a group of calibration experiments.

Figure 10 shows the calibrated X-directional and Y-directional sensitivities of the QD
under various Az. As can be seen, when Az equals 48.73 um, Kyx(Az) is approximately
equal to Ky, (Az). As mentioned above, the LD exits at a divergence angle a, which will
affect Az. Therefore, a commercial beam-profiling camera was used to detect the diameter
of the LD at various measurement positions. When s, was set to be 50 mm and 1500 mm,
the X-directional diameter (dy) of the LD was evaluated to be 5.0 mm and 5.4 mm, respec-
tively. The variation of Az was thus evaluated to be 4.51 um according to the simulation
results. The variation of Az was small enough that the effect of the divergence angle of
the LD along the measurement direction on the measurement accuracy of the geometric
errors could be ignored. Therefore, the position offset Az was fixed to be 48.73 pm in the
following experiments.

-400 y T y 200

% 800 100 2

g g

S g
<

2-1200F 10

2 =]

5-1600 1-100 %
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-2000 . . . 200

0 25 50 75 100

Az pum

Figure 10. Relationship between Az and the detector sensitivity.

The capability of the designed IAEC and the stability of the LD-based measurement
system were then tested. Firstly, the traditional PID controller was used to compensate
the laser beam drifts for comparison. Figure 11 shows the outputs of QD5 and QD6 when
the IAEC was activated with the traditional PID controller. s1, the sampling time and the
sampling frequency were set to be 1800 mm, 5 h and 100 Hz, respectively. The Butterworth
filter and the moving average method were applied to reduce the effect of the noise. It can
be seen from the figure that the stability ranges of QD5 and QD6 were within 2.0 pm and
5.0 arcsec, respectively.

The BPNN-based PID controller was then used to compensate the laser beam drifts.
A neural network with three, five and three neurons in the input layer, the hidden layer
and the output layer, respectively, was applied. A tangent hyperbolic was selected as
an activation function of the hidden layer and the output layer of the BPNN-based PID
controller. The momentum factor and the learning rate, which affect the stability and speed
of the training process of the BPNN, were set to be 0.2 and 0.01, respectively. The number
of the training sample in the BPNN was 183,180 and the minimum performance index &
was set to 0.0001.

The BPNN-based PID controller was then used to compensate the laser beam drifts.
A neural network with three, five and three neurons in the input layer, the hidden layer
and the output layer, respectively, was applied. A tangent hyperbolic was selected as
an activation function of the hidden layer and the output layer of the BPNN-based PID
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controller. The momentum factor and the learning rate, which affect the stability and speed
of the training process of the BPNN, were set to be 0.2 and 0.01, respectively. The number
of the training sample in the BPNN was 183,180 and the minimum performance index &
was set to 0.0001.
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Figure 11. Outputs of (a) QD5 and (b) QD6 when the IAEC was activated with the traditional
PID controller.

Figure 12 shows the outputs of QD5 and QD6 when the IAEC was activated with
the BPNN-based PID controller. As can be seen, the outputs of QD5 and QD6 remained
near zero during 5 h. It can be verified that M1 and M2 can be rotated by four mini-PZTs
to the opposite direction of the detected linear and angular drifts so as to keep the laser
spots at the centers of QD5 and QDS6, respectively. Comparing with results shown in
Figures 11 and 12, it can be seen that the traditional PID controller was not suitable for the
proposed improved active error compensator. Therefore, the BPNN-based PID controller
rather than the traditional PID controller was used to compensate the laser beam drifts for
the long-distance measurement over a long period of time.
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Figure 12. Outputs of (a) QD5 and (b) QD6 when the IAEC was activated with the BPNN-based
PID controller.

Figure 13 shows the stability tests of the straightness signals (0x and dy) and the
angular signals (6x and 0y), which were simultaneously measured by the detector and the
comparison unit when s, and s3 were set to be 50 mm, respectively. It can be seen from
Figure 13a that the standard deviations of dx and Jy with the active drift compensation were
evaluated to be 0.11 pm and 0.13 pum, respectively. However, the standard deviations of dx
and éy without the active drift compensation were evaluated to be 0.44 um and 0.95 pm,
respectively. The standard deviation of 0x with and without the active drift compensation
was estimated to be 0.08 arcsec and 0.55 arcsec, respectively, and the standard deviation
of 8y with and without the active drift compensation was evaluated to be 0.09 arcsec and
0.90 arcsec, respectively, as shown in Figure 13b.
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Figure 13. Stability tests of (a) the straightness signals and (b) the angular signals measured by the
detector and the comparison unit when s, = s3 = 50 mm.

The stabilities of éx, dy, 8x and 8y when s, were set to be 500 mm and 1500 mm were
also tested. For the sake of clarity, the stability resulted when s, was set to be 50 mm,
500 mm and 1500 mm, as summarized in Table 1. As can be seen, the signals with the active
drift compensation were better stabilized than those without the active drift compensation.
Although the stabilities of dx, dy, 6x and 6y at the position of 1500 mm were poorer than
those at the position of 50 mm and 500 mm, the stabilities of Jx, dy, 6x and Oy could always
be controlled within +1 um and £0.3 arcsec, respectively, from which the effectiveness of
the IAEC was demonstrated.

Table 1. Stability tests of the signals with and without the active drift compensation at the positions
of 50 mm, 500 mm and 1500 mm.

With Active Drift Compensation Without Active Drift Compensation

50 mm 500 mm 1500 mm 50 mm 500 mm 1500 mm
ox [um] 0.11 0.71 0.88 0.44 1.82 291
6y [um] 0.13 0.76 1.02 0.95 2.51 4.67
Ox [arcsec] 0.08 0.06 0.11 0.55 1.16 1.35
Oy [arcsec] 0.09 0.11 0.17 0.90 0.93 1.92

Finally, the laboratory-built LD-based measurement system was used to measure
the straightness and the angular errors of a linear stage with a travel stroke of 1.5 m.
The proposed active methods were used to improve the measurement accuracy of the
designed system. Standard instruments, including a commercial laser interferometer and
a commercial autocollimator, were also used to simultaneously measure the straightness
and the angular errors of the stage to calibrate the measurement accuracy of the LD-based
measurement system. The measured results are shown in Figure 14. The left vertical
axis of the figure is the dy, é, 6 and 6, measured simultaneously by using the standard
instruments and the proposed LD-based system. The right vertical axis of the figure, which
is the difference between the results measured by using the standard instruments and the
proposed LD-based system, represents the measurement accuracy of the designed LD-based
system. The horizontal axis is the measurement distance. As can be seen, the measurement
accuracy of the straightness errors and the angular errors of the designed LD-based system
were evaluated to be within 1.1 um and +2.0 arcsec, respectively, in the measurement
distance up to 1.5 m.
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Figure 14. Measured results of (a) dy, (b) dy, (c) 0y and (d) 8, measured three times.

5. Conclusions

A compact 4-DOF LD-based system was designed for measuring the straightness er-
rors and the angular errors of machine tools. In order to reduce the size of the measurement
system and realize the on-line measurement, a laser diode (LD) was adopted as the laser
source of the measurement system. An active method for shaping the laser spot of the LD
without adding additional optical elements is proposed to reduce the measurement error
caused by the elliptical laser spot of the LD. In addition, the measurement errors induced by
the linear drift and the angular drift of the LD were actively compensated by an improved
active error compensator. The stabilities of the horizontal and vertical straightness signals
were, respectively, improved from 2.91 uym and 4.67 pm to 0.88 pm and 1.02 um, and the
stabilities of the pitch and yaw signals were, respectively, improved from 1.35 arcsec and
1.92 arcsec to 0.11 arcsec and 0.17 arcsec when the distance between the sensor head and
the detector was set to be 1500 mm. The measurement accuracy of the straightness errors
and the angular errors were evaluated to be within 1.1 um and £2.0 arcsec, respectively,
in the measurement distance up to 1500 mm. Therefore, the effectiveness of the proposed
methods and the capability of the constructed LD-based measurement system were verified.
The analyses of the uncertainty and systematic error will be carried out in the future work.
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