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Study of Stability of Precise Tiled-grating Device

Liao Yunfei — Zhou Yi* — Liu Youhai — Zuo Dong — Tan Bo
College of Mechanical Engineering, Chongqing University, China

To satisfy the high-stability requirement of a tiled grating, we have analyzed and optimized the stability of a newly designed precise tiled-
grating device considering three aspects: structure design, transmission chain, and control algorithms. The main structure of the device is
changed from a parallel-board structure to a new tetrahedral brace design, enhancing the overall vibration stability; during the analysis of
the transmission chain, the adjustment accuracy and stability of the device were ensured by slowing the growth of the error transmission
factor; and for the optimization analysis of the PID control algorithms, we adopted a latch compensation method to avoid the saturated loss
and a four-point central difference method to avoid the disturbances, thus enhancing the stability control of the device. To test the stability
of the device, an optical experiment with a reference spot was designed. The experimental results showed that over 380 s, the ambient
excitation response was always within an acceptable range. The average deflections about the X axis and Y axis are 0.243 and 0.00146 urad,

respectively, which satisfy the stability requirement.
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Highlights
*  Showed a novel precise tiled-grating device.

*  Compared the vibration stability of two types of tiled-grating device.
*  Upgraded the transmission chain to decreased the error transmission factors.

*  Improved the incremental PID algorithm.

0 INTRODUCTION

Chirped-pulse amplification (CPA) is an important
technique for realizing amplification of ultra-short
pulse lasers [1]. However, damage thresholds and the
aperture of the compressor inside the CPA system
limit the energy of the output laser pulse [2] and [3].
Currently, the grating with the best performance is the
multilayer dielectric (MLD) diffraction grating, but it
is very difficult to fabricate such gratings with sizes
on the meter scale. Thus, most researchers around
the world have adopted tiled gratings to obtain large
gratings so as to enhance the energy of pulses output
by lasers [4] and [5]. Because the quality of the laser
beam depends upon stable tiled gratings as a key
component [6], stability research on precise tiled
gratings is important.

In 2009, Zhong-xi et al. [7] devised a macro-micro
dual-drive parallel mechanism with a few degrees of
freedom for a tiled-grating device, and provided an
error-correction method and control algorithms. In
2011, Zhou et al. [8] designed a tiled-grating structure
with a large aperture and high precision in the form
of a 2x2 array; the design is based on modularization
and a frame-style structure to ensure the stability of
the device. The experiment showed that the device
can adjust rapidly in a timely manner and also that the
stability time is greater than one hour. In 2011, Junwei
et al. [9] suggested using a material with a high degree

of damping to improve the connection status of the
motion junction surface of the frame so as to lessen
the dynamic response of the tiled brace and enhance
the stability time. Here we describe and analyze a
tiled-grating brace that is based on a newly designed
tetrahedral structure and is designed to further enhance
the stability of the tiled grating.

To further improve the stability of the tiled
grating, a novel tiling-grating device has been
developed. A tetrahedral brace is used as the main
body of the device to increase the natural mechanical
frequency of the device. Additionally, a virtual tripod
is built to fix the grating in place, and the transmission
chain is improved to reduce the influence of
transmission errors. In terms of the control techniques,
because the four-point central difference method
and latch compensation method have been used to
improve the PID algorithm of the actuator, the short-
term fluctuations in the control variable are smoothed
out, and the influence of environmental disturbances
is reduced.

1 TILED-GRATING SYSTEM

This tiled grating consists of two sub-gratings, one of
which is fixed and called the reference grating, and the
other of which is an adjustable grating. The adjustable
grating must take into account three degrees of
freedom associated with the grating coordinates (x,
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», 2): the tilt (6)), tip (6,), and longitudinal piston (d.)
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(Fig. 1).

Actuator
Fig. 1. Tiled-grating frame structure

The stabilization of a precise tiled grating relies
on the structural stability of the vibration resistance
of the device itself, the transmission precision and
control stability of the device, and the ability of the
control mechanism to compensate for environmental
disturbances (Fig. 2). Therefore, we designed a tiled-
grating device based on a tetrahedral structure; the
tetrahedral structure enhanced the vibration stability
of the device. We adopted an optimized transmission
chain to increase the transmission precision and
decrease the effect of errors; we also improved the
control algorithm driving the actuator. As shown in
Fig. 1, the device mainly consists of three parts: an
adjusting component with three degrees of freedom, a
grating brace, and a mount to hold the grating. Three
piezoelectric actuators were used to adjust the three
degrees of freedom.

Opverall stability

\ 4
Random Error Control
vibration transmission algorithm
Structural Transmission Stability of
stability stability control

Fig. 2. Schematic of the stability-control mechanism for the tiled-
grating device

2 STABILITY ANALYSIS OF TILED-GRATING DEVICE
2.1 Vibration Stability of Tiled-Grating Device

The mount that holds the whole precision tiled-grating
device is composed of a baseboard and a tetrahedral
brace. We modified the 2x2 parallel-board structure
holding component of the tiled-grating brace to form
a 2x1 brace. The finite-element random vibration
analysis and Lanczos modal analysis of both of the
tiled-grating frames are carried out using ANSYS
software. In these analyses, the grating is defined to be
formed from C9 glass; the other elements are defined
to be formed from structural steel, and the bottom of
the grating is assumed to be fixed. The analyses show
that the vibrations of these points (marked by the
points with teal labels in Fig. 3 along the top edge of
each grating) have amplitudes that are as large as 5.2
and 9.1 um, respectively. Both of these amplitudes are
less than 12.9 um; therefore, the two devices meet the
requirement given in [10]. Additionally, the tetrahedral
mount has an important characteristic: the tetrahedral
brace is a trussed structure; it helps in effectively
decreasing the weight and enhancing the natural
frequency of the structure. As shown in Table 1, the
Phase 1 natural frequency of the tetrahedral brace
was improved to 393.62 Hz; such a Phase 1 natural
frequency can effectively avoid the risk of resonance.

5.2014.-006_Z

Max

al
Fig. 3. Result of simulating the random vibration of two tiled-
grating device designs; a) the parallel-board structure and
b) the tetrahedral-brace structure

Table 1. Natural frequency of two different tiled-grating frames

odes
?mk 1 2 3 4 5 6

Parallel
Pl 2405 20401 37273 40785 51682 5701
E‘:;f:e‘"a' 39362 51008 52046 5722 87808 10134

2.2 Vibration Stability of Tiled-Grating Device

In the device, the adjustment of the grating relies on
the collective effect of the three drivers. Actuators 1
and 2 directly act on grating drivers 1 and 2, while

100 Yunfei, L. - Yi, Z. - Youhai, L. - Dong, Z. - Bo, T.


http://www.iciba.com/stability_of_vibration
http://www.iciba.com/stability_of_vibration

Strojniski vestnik - Journal of Mechanical Engineering 61(2015)2, 99-106

actuator 3 transmits the driving force to grating driver
3 through the connection rod. When only actuator 3
is operating, the grating will rotate around the X axis.
This movement is shown in Fig. 5a; in this situation,
there is only one degree of freedom. Slider A
represents the piezoelectric actuator, Y represents the
position of the piezoelectric actuator, the connection
rod AB represents the rear connection rod, and the
grating is along BC. Thus, the position of slider A is
described by the equations:

Y =rsina—Lsinf 0
Lcosf+rcoso=b
The partial derivatives of Eq. (1) are:
a_Y=M a_Y— 1 6_Y=—C()tﬂ_ (2)

or sin 8 0L sinfB’ ob

Thus, we can see that the error transmission
factors of each component, 0Y/0r, 6Y/0L, and 0Y/0b,
change with a, which is the angle between the grating
surface and the horizontal plane. A plot of the values
of the three error transmission factors against the
angle a is shown in Fig. 4.
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Fig. 4. Plot of the transmission error of each component against
the angle o

Fig. 5. Improvement of the mechanism for rotating about the X
axis

As shown in Fig. 4, within the considered value
range, the three error transmission factors increase
with a. For each error transmission factor, when it
reaches a certain point, its value begins to increase
rapidly. This means that the adjustment precision
and stability of the grating are greatly affected. In
order to decrease the impact of the growing error
transmission factor, as shown in Fig. 5b, we moved
the previous grating’s adjustment point from the point
B to the point B’; the grating itself remained in the
same position, along the segment BC. Moving the
grating’s adjustment point decreases the angle a to
a' = o—y, as shown in Fig. 5b. Decreasing this angle
effectively shifts the operating point on each of the
curves, as shown in Fig. 6. Therefore, the region of
rapid increase is effectively avoided and the error
transmission factors are lower in the new scheme.
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Fig. 6. The impact of the improvement about the error of each
component against the angle a

This result is equivalent to that obtained by
adding a virtual tripod (ABCB') to support the grating
and fixing this tripod to the original unmodified tiled
device. However, the current tiled device has avoided
the region with rapidly increasing error transmission
factors, ensuring good adjustment precision and
stability values.

After the improvement, an experiment is carried
out to test the vibration stability. The measuring points
are the points labeled “Max” in Fig. 3, and the test
time is 60 s. The experimental environment is different
from the idealized simulation environment, so there
are some acceptable differences between the two
results. As shown in Fig. 7, the range of the vibration
is narrower than before the improvement, which
we regard as evidence that the vibration stability is
improved under this new scheme. Statistical measures
of the vibration in the two designs are given in Table
2.
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Fig. 7. Z-directional vibration comparison between the two tiled-
grating devices
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Table 2. Statistical measures of the vibration of the two tiled-
grating devices

Max [mm] Average [mm] Variance
Original 0.015 0.006 3.20x10-5
Improved 0.0057 0.002 6.80x10-6

2.3 Control Stability
2.3.1 Actuator Placement

As shown in Fig. 8, the component for adjusting the
three degrees of freedom employed three actuators,
numbered 1, 2, and 3, which respectively act on
drivers 1, 2, and 3. Actuator 3 acts on the vertical
central line of the rectangular grating’s geometric
center O. Actuators 1 and 2 act on the two sides of the
vertical central line J.

Point 3

L

7

’

Y
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z
Point 1

Fig. 8. Schematic showing the locations of the drivers
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The grating adjustment action is chosen based
on Table 3. When actuators 1, 2, and 3 translate the
grating in the same direction at the same time with
the same displacement, the grating is translated along

the Z axis by an amount Az. When actuator 3 stops
and actuators 1 and 2 translate their respective points
in opposite directions at the same time and with the
same displacement, a rotation about the Y axis by an
amount A6, is realized, and the central axis of this
rotational adjustment is J. The spin degree of freedom
around the X axis is realized when actuators 1 and 2
translate their respective points in the same direction
at the same time with the same displacement while
actuator 3 is translating in the opposite direction,
and all three actuators impart the same displacement.
A displacement can be added to this pure rotation
by changing the amount of displacement associated
with actuator 3. The central axis of this rotational
adjustment is the horizontal central line 1. Thus the
adjustment of the three degrees of freedom of the
grating is realized.

Table 3. Relationship between the actions of the piezoelectric
actuators and the DOF adjustments

Adjusted
recton +6, -0, +0, -0, +I -
Actuator
1 0 0 +7 -Z +7 -7
2 0 0 -7 +7  +Z -7
3 +Z -Z 0 0 +7 -7

2.3.2 Actuator Control Algorithm

The scheme for controlling the actuator in this work
is based on using 1) an incremental PID control
algorithm, 2) a latch compensation method to avoid
the saturated loss caused by the integrated saturation,
and 3) the four-point central difference method to
obtain differential parameters for anti-disturbance
processing.

As shown in Fig. 9, the theory of the latch
compensation method is based on comparing the
controlled quantity u with the controlled quantity
of the actuator u,,,: if u<uy,,, then we use u; if
U> Uy, , then we use u,,,. In addition, the difference
Au=u—up,, is stored in a latch and added to the
next u value. There is an obvious advantage to doing
so, which is that although the last saturated loss is
discarded, all the other controlled quantities are used,
and the result is predictable and can be controlled
within .

In the digital PID algorithm, the disturbance
corresponding to differential terms has a considerable
effect on the control results. In PID control, it is
generally necessary to adjust the differential terms
although they cannot be eliminated easily. While
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the tiled-grating environment is standardized, there
are many parameters that can change. The working
environment of precise tiled gratings is subject to
various disturbances [10] to [12]. All disturbances
will impact the stability to a certain extent. In order
to keep the grating stable over a long period of time
and constrain most disturbances, we adopted the four-
point central difference method [13] to modify the
differential terms so as to control the disturbances.
The basic theory is as shown in Fig. 10; the improved
algorithm, when constructing a differential term, uses
not only the current deviation but also the average
deviations of the four-sample spot in the past and the
present and then weights the sum to get a differential
function similar to the form of Eq. (4), shown below.
From signal processing theory, we know that by using
the differential version of this method instead of the
difference method, we can double the SNR (signal-to-
noise ratio) [14].

Au is added to the next u

u is divided into
A wand Uy,

A U= U - Unax

latch

Fig. 9. Diagram of the latch compensation method

i€

05T [ O5T

Fig. 10. Four-point central difference method

The general format of an incremental PID
algorithm is:

Aun = Kp (en _enfl) +Kien +Kd(en _Zenfl +eﬂ*2)’ (3)

where K, is the proportionality factor, K; is the
integration factor, K, is the differential factor, and n
indexes the samples.

Using the four-point central difference method to
process the differential factor, we get:

Ae_n = é(e,7 +3e, ,—3e, ,—¢€, ;). (@)

Using AZ as a substitute for e,—2e, te,, in
Eq. (3), we can obtain the improved incremental PID
algorithm:

Au, =K, (e,—e,)+Ke, +
1
+g K, (e, +2e  —6e, ,+2e s+e, ,). (5)

We can see from the previous equation that the
control increment in the incremental PID algorithm
was improved using the four-point central difference
method, because the short-term fluctuation is
flattened to some extent. This mitigates the short-term
fluctuation to a certain extent and reduces the impact
caused by environmental disturbances. Furthermore,
based on the step response shown in Fig. 11, the
response speed of the improved PID algorithm is
enhanced.

1.2¢
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o %06 Improved PID
s |\ |/ | Classic PID
204
3 8
©.502f
0 ..~'~‘ X X . .
0 0.1 0.2 0.3 0.4 0.5

Time [s]
Fig. 11. Unit-step responses of the improved and classical
incremental PID algorithms

3 EXPERIMENTAL VERIFICATION OF STABILITY
OF TILED-GRATING DEVICE

3.1 Experimental Test
To test and verify the stability of the prototype (Fig.

12) of the tiled-grating device, with existing resources,
we designed a testing scheme, shown in Fig. 13.
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Fig. 12. Prototype of the tiled-grating device
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Fig. 13. Schematic of the stability-testing scheme

There are four chief components: a 532 nm laser
(which serves as the optical source), a 1:1 beam
splitter, the tiled-grating device, and a target. The
beam splitter and the tiled-grating device are parallel
to each other, at a 45° angle with respect to the laser,
5 meters from the target. The laser beam emitted by
the laser source is divided into two beams with equal
energies, which we refer to as beams I and II. Beam
I is projected onto the target after being reflected by
the beam splitter; beam 11 is transmitted to the beam
splitter and then projected onto the target after being
reflected by a mirror on the tiled-grating device. Then,
there are two spots on the target, as shown in Fig. 15.
We use a camera to capture a photo of the spots on the
target and obtain the relative position of the checked
spot after image processing. In the process, the center
of the spot is found to be the brightest position and
it is used in calculations. In the tiled-grating device,
the actuators are PSt 150/4/100 VS20 piezoelectric
actuators, which include mechanical packaging, and
the controller is a XE-500/501 PZT controller. Both
the acutator and controller are manufactured by

Harbin Core Tomorrow Science & Technology Co.,
Ltd. The resolution of the camera is 2 megapixels, and
its frame rate is 5 FPS.

In this stability experiment on the tiled-grating
device, the general method for checking the far-field
focal spot is not applied. If we used that method,
whether the spot is focused would be checked
qualitatively but not quantitatively; this is because
the sharpness of the spots would change with
changes to the displacement when the two spots are
very close together (Fig. 14). When the computer
program would analyze such images, the central
point would be different in each image, and different
measurement errors would be produced. It would
therefore be difficult to obtain an accurate calculation.
In our experiment, the spot’s sharpness will remain
unchanged, as shown in Fig. 15. Thus, all of the data
produced by the image recognition program has the
same measurement error in all of the images.

The displacement between the two spots is
defined as AS, which is used to characterize the
vibration of the tiled grating device. The position of the
reference spot in No.n image is defined as S,, and its
measuring error is E,,. Correspondingly, the position
of the checked spot in No. n image is defined as S,.,
and its measuring error is £,,. Therefore, the distance
between the two spots is S,=(S,, T E,..)—(Se, + E.)-
The relative displacement between the twos spots is
the distance difference between the two spots among
neighboring images, that is, AS=S,,.;—S,. Because the
measuring error remained unchanged, E,,=FE, and
E., =E,,always exist. Therefore,

AS, =S .,-S =
=[S,y + Errin) = Sy + B =
-I(S,, +E,) (S, +E,)]=
= (S, =8) = S,y =S 2)

The measuring error is removed. Here, the
subscript 0 is the initial.

b)
Fig. 14. Photographs of spots that are close together;
a) focal spot and b) split spot [15]

a)
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a) b)
Fig. 15. Photographs of spots that are far apart;

a) original configuration and b) after shifting

The angular deflection response of the grating
around the Y axis is:

0,=arctan(AS,/L). (6)

The angular deflection response of the grating
around the X axis is:

0,=arctan(AS,/L). (7

3.2 Analysis of Experimental Results

In the process of the dynamic response testing, the
total time over which the photographs of the spots are
collected is 380 s, and the collection time interval is 4
s, resulting in a total of 96 photos. We use MATLAB
to apply image processing to the photos collected by
the camera and to find the relation between the time
and the displacement response of the checked spot in
the X and Y directions.

0.15

01}
0.05 1

Displacement response of spot [mm]

-0.05 W
0.1 ¢ L
— Displacement response - X direction| } 1
-0.15 --- Displacement response - Y direction| *
-0.2

0 50 100 150 200 250 300 350
Time [s]

Fig. 16. Displacement response curves of the checked spot in the

X and Y directions

From Fig. 16, we can see that the displacement
response amplitude of the precision tiled-grating
device in the Y direction is significantly greater than
that in the X direction. With increasing time, the
displacement response of the device shows no obvious
increasing or decreasing trend, instead staying around
the zero-displacement line.

The statistics in Table 4 show that the variance
yields of the displacement responses in the X and
Y directions reached a level of 104, which shows

that the amplitude of the average deviation of
the displacement response is low. Therefore, it is
practical to use the average value of the displacement
response to represent the average value of the entire
displacement response.

Table 4.  Statistical characteristics of the checked-spot
displacement in the X and Y directions

Direction  Max. amplitude Average value Variance yields

X [mm] 9.84x10-2 -7.03x10-6 1.77x10-4

Y [mm] 1.51x10-1 -1.17x10-3 3.06x104

We substitute the average values of the
displacement responses in the X and Y directions into
the angle formulas, Egs. (6) and (7), and find that the
angular deflection response around the X axis of the
precision tiled-grating device is:

6.=arctan(1.17x10-3/5000) = 0.234 prad.
The corresponding value around the Y axis is:
6, =arctan(7.30x10-6/5000) = 1.46x10-3 prad.

This result shows that the angular deflection
responses around the X and Y axes are 0.243 prad and
1.46x10-3 prad respectively, which satisfy the design
requirement [10] of the SG-III system that the single-
angle drift be less than 0.48 prad.

4 CONCLUSION

High stability is one of the critical requirements for

a tiled grating. To determine how to realize a tiled

grating with high stability, we analyzed the stabilities

of newly designed tiled-grating devices.

1. The analysis results show that after the tiled-
grating device is modified from the parallel-
board structure to the tetrahedral structure, the
natural frequency in Phase 1 is enhanced, and
the maximum displacement of the device is
transferred from the grating surface to the brace
so that the vibration stability of the tiled grating is
obviously improved.

2. Through investigation of the transmission errors
of the device and the addition of a virtual tripod
to avoid the region where the error transmission
factor rapidly increases, we decreased the growth
speed of the error transmission factor, and the
impact on the control error was reduced.

3. To enhance the control stability of the device, a)
we adopted a latch compensation method and the
four-point central difference method to improve
the PID control algorithm used by the device; b)
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we avoided the saturated loss, and the impact of
environment disturbances was reduced; and c) the
response speed was increased.

Our experiment showed that the stability of the
sample device satisfied the target requirements
of Ref. 10: over 380 s, the grating-angle drifts
in the X and Y directions were 0.243 prad and
1.46x10-3 prad respectively.
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