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ABSTRACT

This paper proposes a robust discrete time Kalman filter (RDKF) for the dynamic compensation of nonlinearity in a
homodyne laser interferometer for high-precision displacement measurement and in real-time. The interferometer system
is modeled to reduce the calculation of the estimator. A regulator is applied to improve the robustness of the system. An
estimator based on dynamic modeling and a zero regulator of the system was designed by the authors of this study. For
real measurement, the experimental results show that the proposed interferometer system can be applied to high precision

displacement measurement in real-time.
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1. Introduction

The laser interferometers are used for the precision
displacement measurement offering both a wide meas-
uring range from below 1 mm to a few 10 m and the-
this
displacement measurement interferometers(DMI) are

oretically unlimited resolution. For reason,
used extensively in precision position measuring. Sys-
tem measurement accuracy, however, is mainly lim-
ited both by nonlinearity from polarization mixing and
by error from the installing environment of the inter-
ferometer. In general, nonlinear measurement error fac-
tors include unequal gains and zero offsets of the
detectors, phase quadrature error, alignment error and
polarization mixing in the optical system[l-4]. The
error factors originating in the environment include,
but are not limited to, vibration, temperature varia-
tion, and air turbulence[l]. Generally, the error from
the nonlinearity is more than some ten nanometers in
the case of the heterodyne interferometer. In the case
of the homodyne, the error is less than any nanome-

ter when it is well-aligned[2]{S]. This nonlinearity was
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first described for heterodyne systems by Bobroff[1].

In addition, the elliptical fitting method by the least
square algorithm has been investigated using a single
wavelength in the homodyne interferometer[5-9]. The
elliptical fitting method requires many time-consuming
procedures, so this method cannot be used for real-time
measurement[5]. Kim and et al. studied the least square
method applied to the accelerated phase-measuring algo-
rithm[3]. Li, Herrmann and Pohlenz proposed the correc-
tion of nonlinearity in a single-frequency interferometer
based on a neural network model[4]. The neural net-
work modeling method, however, is more suitable for
off-line work due to its computational complexity. Eom
and et al. suggest an automatic system for real-time cor-
rection in the homodyne laser interferometer.

This system consists of an electronic circuit for
automatically optimizing the phase-quadrature signals
and two commercial data acquisiﬁon boards(5]. As the
studies in [3-5] focus on the nonlinearity of the laser
interferometer, real errors such as light source, vibra-
tion, temperature and others, should be considered in
real-time measurement. This paper proposes that preci-
sion displacement measurement with nanometer accu-
racy reduced errors. As well, it presents the design of
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a real-time estimator.

The Kalman filter is the representative estimator for
existing error. Zhu and Soh investigated correction and
estimation of the system regarding nonlinearities as
disturbancesf11]. Waller and Saxen proved that the
estimation cost is lower based on the more precise
system modeling[12].

The goal of this paper is to improve accuracy of the
laser interferometer with nanometer accuracy applied to
robust estimator in real time. In particular, we are mod-
eling a laser interferometer. The errors of the system
divide from disturbance by nonlinearity, in laser source
as well as in vibration and temperature. Applied to the
robust Kalman filter minimized the error in the sys-
tem, in this case we were able to demonstrate high
precision DML

Section 2 describes the dynamic modeling of the
system while section 3 describes the design for the
estimator in real time. Section 4 describes perform-
ance validation of the estimator and section 5
describes experiment results and consideration on real
measurement. Finally, section 6 presents the conclu-
sions of this paper.

2. Laser Interferometer modeling

Fig. 1 shows the laser interferometer optical system
and signal flow. As shown in Fig. 1, the system con-
sists of both high precision DMI and the signal detected
by four photo-detectors. A vertical polarized HeNe laser
at the wavelength 0.6329 um is used as a beam source.
In the path of the laser beam, a half-wave plate first
rotates the polarization from vertical to approximately
45°, so that the polarizing beam splitter that follows can
split the beam into two nearly equal components, one
directed to the reference retro-reflector and the other to
the object retro-reflector, which is fixed on a flexure
micro-stage being actuated by a PZT. Both beams from
two retro-reflectors travel back and have interference at
the polarizing beam-splitter. The non-polarizing beam
splitter divides the beam into two nearly equal compo-
nents. One of these components is sent directly to a
polarizing beam splitter, which produces a pair of inter-
ference patterns in phase opposition. The other compo-
nent is made to pass through a quarter-wave plate at

e A g2 o] 83 A) A3 A2E, 2004

45°, so that an extra A/4 delay is added to the optical
path difference. The final polarizing beam splitter then
produces a pair of patterns in phase opposition, but
with A/2 phase lag with respect to the previous ones.
Overall, four quadrature signals are available at the
photo-detectors. The interference signals detected by
four photo-detectors have the phases of 0° 90°, 180°
and 270°, respectively. The system modeling is derived
from the system signal output.

Corner Mirror
[Reference]
Polarizer 88
Pin Hole
” A
Laser head PBS Corner Mirror
== PBS [Target]
A /2 plate
ﬂ :ﬁpm
8s u

M4 plate

:ﬁpoz
PBS

PO1

Fig. 1. Schematic of the displacement measurement inter-
ferometer.

Laser interferometer, according to variation of the
beam intensity, can be regarded as sinusoidal func-
tions representing a relationship between input and
output of the signal. Equations (1) and (2) are ideal
modeling equations for an interferometer.

Ix=1[—12=COS¢ Q)]
Iy = 13—14= Siﬂq) (2)

where ¢=wt, ® is a phase frequency and f is time.
Two signals I, I, with a phase difference of 90° are
obtained by subtracting the signal with phase of
180°(Z) from the signal of 0° (/;) and the signal with
phase 270°(/;) from the signal of 90°(Z)[4][5]. In an
ideal case, assuming no system modeling error and no
sensor noises, the laser interferometer modeling equa-
tion can be converted by Laplace transform as in the
following equations. /;, b, {3 I, are the output signal
of photo detectors(PD1, PD2, PD3, PD4 in Fig.1)
yils) _ s/2
w(s) S+

I,(s) = 3)
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_yls) _ —s/2

I(s) = 0 - 1 )
_y(s) . w/2

ey = 205 = 2 )
_Yas) _ —w/2

L) = 25 = 52 ©)

Input signals, u;, u,, us and u, are the power of a
laser and Output signals, y,, y,, y; and y, are laser
phase measurements with voltage dimensions. The
state space equation for the laser interferometer sys-
tem is as follows:

X = Ax;+ Bu;
, i=1~4 @)
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C =012 0}, ;=112 0],
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Real signal modeling can be regarded with adding
system modeling error and sensor noises.

Fig. 2 shows the signal output from the laser inter-
ferometer as stated in Fig. 1.

Equation (8) and (9) are modeling equations which
consider system modeling errors and sensor noises.
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Fig. 2. Signal output plot of I,, ; in interferometer.

I, = I, +acos(¢ - y) (®)

I, = I, +bcos(¢— ) ¢)

Where I, and I, are DC offsets. ¢ and b are ampli-
tude of the interference fringe, is the phase quadrature
error of the DML Table 1 shows the error modeling
factors of the laser interferometer system according to
error values in equation (8) and (9).

Table 1. Value of the system and measurement noise.

Error value Error factor
h k imperfection of the electronic circuit
ab laser power drift
Ve W, polarization mixing effect

Using Laplace transform, equation (8) and (9) can
be converted as follows:

I(8) = 57—+, (s) (10)
s +(w-¢€)

1,(5) = 21’(—“"8)—2+1yO(s) (11
s+ (w—-¢)

where, we assume y =¢#, €, is phase frequency error
of fringe. Equation (12) is the state space equation for
equation (8) and (9)

= (A, +AA)x; + Bu; +w;
j=1~4 12
v = Cx;+ Dy, ! (12

where,

l:o :I {O ] [0 } I:O :|
wi= > Wo= , W3= , Wa=
IXO] 1"02 Iy0| Iyoz

Cy=1a2 0], C =[-a2 0]
Cy = [0 bw/2], Cy = [0 —bwy/2]
D=10 0}, D, =[0 0]
Dy=1[0 —ayi2], Dy = [0 byr2]
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PD sensor noises for {;, I, I, and I, are independ-
ent. In addition, interaction between the laser interfer-
ometer system noise and photo sensors does not exist.
Namely, noises in the laser interferometer can be
regarded as uncorrelated. Assuming, therefore, that the
average of offset error is zero, wi(f) and D{f) can be
modeled uncorrelated zero-mean Gaussian noise. The
covariance of offset error can be expressed as

Efwii+ wi) = {Q(” yok=s (13)
0 otherwise

E{Di,k . Di,s} _ {R(l) if k = s (14)
0 otherwise

3. Robust Discrete Time Kalman
filter design

The Kalman filter is designed for estimating the
system parameters based on the system modeling as
described in section 2. In previous research, the sys-
tem parameter can be only estimated in off-line
data[3]. Fig. 3 shows the block diagram for designing
the robust Kalman filter.

—‘J Kaiman Esti }—O i [

Lady

Real inter
system

Reference signal

Fig. 3. Kalman Filter signal flow based on the modeling.

As the laser interferometer system is separated the
reference system, A;, and the system modelling errors,
AA; in eq(12), the parameters of the laser interferom-
eter system can be estimated faster than the model-
ling of the black box system{l13]. Real
measurement in the laser interferometer system is con-

time
structed by fast estimator. If the system modelling

errors AA; are at least bounded, and the system model
is time-invariant and positive definite, the system

YA gTjaF w0l g B3] A3 A28, 2004

parameters can be estimated. In addition, if the sys-
tem model is attractive, the system estimator has a
robustness to estimate system parameters even though
the time-varying system{13]. A filter is applied to the
system which is bounded and regulated to zero com-
pensating robustness for AA. The robust estimator can
be designed by comrecting the system error clearly. As
sampling rate is 10~100 [Hz], the filter is design for
compensating  in this scope. Equation (15) is the fil-
tering equation for compensating the system modeling
error AA.

H(s) = K11++—°‘T7;s, I<a (15)
where, T is sampling time, K is a compensator gain.

As the compensator in equation (15) has the effect
of increasing the system bandwidth, the noise in low-
frequency does not affect the system. The Discrete
Kalman filter is applied to the system which is com-
pensated by the filter in equation (15). Equation (16)
is the discrete modeling equation for the system in
equation (12)

Xiw = Aj Xt B qu et w (16
Zik = CipXixt Dyt

Estimator equation applied to laser interferometer is
as follows:

State estimate observational update, )Ac,-:
Xik = xi,k-|+Ki,k[1i,k—ci,kxi,k-1] 7
Error covariance update, P;:

Pi,k = Pi,k—l[l_l_(i.kci,k] (18)

Kalman gain matrix, K, :
Kix = Pi,k—lct?:k[ci,kpi,kvlcfk'*'Rivk]7| (19)
The basic steps of the computational procedure for
the Robust Discrete Kalman Filter (RDKF) are as fol-
lows:
1. Measure the system error signal, y;
2. Design the filter regulating for AA to zero;
3. Acquire the average and variance of the system off-
set error;
4. Acquire the average and variance of the sensor
noises;
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5. Compute P;; using P, Dipy and Qup;
6. Compute K, using P;(computed in step 1), Ci

and D,‘.k;

7. Compute values of x recursively using the com-

puted values of K, (from step 3), the given ini-

tial estimate ;c,-,o and the input data z;;.

Table 2. Value of the system and measurement noise.

Exp. Run No. System noise =~ Measurement noise
10 -0.2564 1.3152
20 -0.2612 1.1354
30 -0.2831 1.4351
40 -0.2512 1.3032
Average —0.2630 1.2972
Std. Deviation 0.0140 0.1232

4, RDKF performance evaluation

The system offset and measurement noise were
acquired from many experiments in order to design
robust estimator of the laser interferometer Table 2
shows the resulting solutions of the measurement data

g( 10t
A

= o} 4
£
2
o
£
LR

i 0.5 1 15 2 25 3

Tirme [sec]

Fig. 4. Zero regulator performance simulation.
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Fig. 5. System output result and parameter estimation in

off-line simulation.

in real system. Through the results of many experi-
ments, ¥ has an average of -0.26 and measurement
noise has an average of 1.3. The RDKF was designed
as described in section 3 using the experimental data in
Table 2. Fig. 3 shows the results of application of the
filter to the system with filter regulating AA to zero.

Fig. 5 presents estimated parameters of the system
using Kalman estimator applied to the zero-regulator
and DTKEF in off-line. Simulation results in Fig. 4 and
Fig. 5 show the availability of the RDKF.

5. Experiment and results in real-time

Fig. 6 shows the configuration of laser interferom-
eter used to implement accurate length measurements.
The laser source is a HeNe laser of 633 nm wave-
length. In this paper, the parameter estimations is con-
structed by applying the RDKF as designed in section
3 to the real laser interferometer system not using off-
line estimation[3].

The precisely adjusted laser beam is then split by a
polarizing beam splitter(PBS). One of the two beams
with linear polarization is reflected by a retroreflector
which is fixed on a moving stage. The stage, having a
resolution <1 nm, 0.01% position Accuracy and
500 pm maximum moving range, is actuated by a
piezo transducer. The other beam is reflected by a ref-
erence retroreflector. Both reflected beams are recom-
bined in the PBS again and are sent directly to a
polarizing beam splitter (PBS) to produce a pair of
interference patterns. These interference patterns are
received by four separated photo detectors, Iy, L, I
and I,. The output signals of photo detectors with near
quadrature can be formed as a rotated ellipse-like tra-
jectory on an oscilloscope. A rotation of one-revolu-

Fig. 6. Experimental Laser interferometer.
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tion exactly corresponds to a A/2 displacement and can
be counted by using a counter. A Digital Signal Proc-
essor (DSP) is used for the RDKF. Sampling time is
1/1000 [sec]. Fig. 6 shows the results of the DMI
applied the RDKF in real time.

Experimental results in Fig. 7 show the availability
of the RDKF. Especially, the estimating time calcula-
tion can be reduced by using the system modeling in
section 2 and the filter described in section 3 is avail-
able for system robustness.
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Fig. 7. Displacement measurement error with and Without
RDKF.

6. Conclusions

The development of the high precision displace-
ment measurement system using the robust real-time
estimator was discussed in this paper. The conclu-
sions of this paper are as follows:

(1) The system of laser interferometer was modeled
to reduce the calculation time of Kalman filter.

(2) The robustness of the system estimator was con-
sidered using the filter which is regulating to zero for
the system modeling error.

(3) With consideration of the characteristics of the
system error and sensor noises, the discrete Kalman
filter was designed.

(4) Applying the RDKF for the real system, the
DMI with the estimator in real-time was constructed.
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