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Abstract

For small earth observation satellites, alignment between the optical components is important for precise observation.
However, satellite cameras are structurally subject to misalignment in the launch environment where vibration
excitations and impacts apply, and in space environments where zero gravity, vacuum, radiant heat and degassing
occur. All of these variables can cause misalignment among the optical components. The misalignment among optical
components results in degradation of image quality, and a re-alignment process is needed to compensate for the
misalignment. This process of re-alignment between optical components is referred to as a refocusing process. In this
paper, we proposed a 3 - axis focusing mechanism to perform the refocusing process. This mechanism is attached to the
back of the secondary mirror and consists of three piezoelectric inertia-friction actuators to compensate the x-axis, y-
axis tilt, and de-space through three-axis motion. The fabricated focus mechanism demonstrated excellent servo
performance by experimenting with PD servo control.
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1. Introduction [1]. This trend has continued, and today we say
miniaturized spacecrafts as well. Thanks to the
development of electronic and mechanical industries,
the performance of components has improved, and
prices have been lowered. Together, these reasons
provide an environment suitable for miniaturization
of satellites [2].

However, as satellites are miniaturized, there is a
disadvantage that small satellites are structurally
weaker than medium and large sized ones. In launch
and space environments, satellites are affected by
vibration, impact, extreme thermal changes, and de-
gassing of structures in a vacuum state. These
influences cause relative distances between the
optical components and degrade the image quality
they provide [3]. Especially, in a Cassegrain type
optical system, the relative distance between the

The early Earth observation satellites required high
resolution images for military purposes, and
correspondingly the size of the developed optical
cameras to be very large. However, such large
satellites required tremendous costs for production
and testing. Considering that the life span of low
orbit observation satellites is about 5 years,
development and operation maintenance cost of large
satellites is inefficient compared to small satellites.
These large satellites were faced with efficiency
problems as their performance versus operational
and development costs became expensive. As a
result, during the 1990s in the United States, the
research of small, high resolution satellites began
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primary mirror and the secondary mirror must be
kept within a submicron. However, in the case of
small satellites, it is difficult to maintain the initial
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alignment state because of the limitation of the
stiffness of the structure. Therefore, there is a need
for a refocusing process that realigns the relative
distance between the optical components on the on-—
orbit. The relative distance between optical
components when alignment is disturbed by
deformation of the optical structure is called
misalignments. There are three types of
misalignments: tilt, center, and space. With respect
to the primary mirror, de—space means a
misalignment in the optical axis direction, and the tilt
means that an angle is generated between the optical
components. De-center means that the center of the
optical component deviates from the optical axis with
respect to the vertical plane of the optical axis.

In the satellite optical system, a mechanism for re—
focusing is called a focus mechanism, and it is
classified into a servo drive type mechanism and a
thermal control type mechanism. The servo—driven
mechanism mainly performs re-focusing using step
motors and piezoelectric actuators. The SPOT series
developed by CNES and SEVIRI, the optical payload
of MSG satellite developed by ESA, and the Spitzer
Space Telescope developed by NASA, are satellites
to which the servo driven mechanism is applied[4].
The thermal control mechanism uses a heater to
generate thermal deformation of the optical structure
to perform refocusing [5]. The satellites to which
the thermal control mechanism is applied are the
Pleiades series developed by CNES and the
KOMPSAT series satellite developed in Korea. The
thermal control focus mechanism is simple in
structure and low in risk, but it has weakness such
as a long operating time and continuous power
consumption. The servo-driven focus mechanism is
free from the configuration of the actuators and the
controller, has a short time for operation and can
secure a wide driving range. On the other hand, it is
difficult to implement a servo—driven mechanism that
has proven stability and reliability in launch and
space environment.

The focus mechanism proposed in this study can
perform 3—axis motion for de—space and tilt by using
three piezoelectric inertia—friction actuators (PIFAs),
which enables precise refocusing compared to other
focus mechanisms. The target optical system to
which the focus mechanism is applied is selected as
a Schmidt-Cassegrain type optical system. To
efficiently utilize the space of the Cassegrain type
optical system, a focus mechanism is installed by
using a shielded space behind the secondary mirror.
In this study, we designed and fabricated a 3-axis
focus mechanism for a small satellite camera using
friction—inertia piezoelectric actuators. First, we set
up requirements for focus mechanism according to
the misalignments caused by the sources of vibration
of the satellites [6]. A flexure was installed between

the mechanism part and the Schmidt plate to prevent
damage to the optical components caused by the
impact of the launch process and the thermal
environment in the space. It was designed in
consideration of the precise mechanism motion and
the minimum wave front error on the mirror surface
using a kinematic analysis of the mechanism and the
opto—mechanical analysis. The mathematical model
was obtained by analyzing the structure of the PIFA
used in the focus mechanism and confirmed by
comparing with the experimental model obtained
through the open loop experiment. We also designed
a PD controller to improve the transient response
and steady-state error of the focus mechanism. For
the servo performance verification of this mechanism,
a mock—up for the focus mechanism was made and a
servo performance experiment of the focus
mechanism was performed through LabView.

2. Focus Mechanism Design

2.1. Target Optical System Design

The optical system of Earth observation satellites is
limited in weight and size, so Cassegrain type optical
systems will mainly be used. Earth observing
satellites are also prone to misalignment of optical
structures due to harsh launch and space
environments. To compensate for misalignment
errors, micrometer alignment errors are allowed
from the initial alignment state of the satellite
camera, and a focus mechanism is installed using a
shielded space behind the secondary mirror [7, 8].
The Cassegrain optical system is advantageous for
miniaturization because the length of the optical
system is short. The Schmidt-Cassegrain optical
system which is a Cassegrain type application has a
Schmidt plate attached to the front of the lens tube
to improve optical performance by correcting various
aberrations. However, the Schmidt-Cassegrain
optical system requires a field flattener lens group
for correcting distortion at the edge of the focal
plane.

The design process of the optical system proceeds
in the order of selection of major requirements,
optical system design, and performance analysis.
First, we set the size of the primary mirror to satisfy
the requirements, and then designed the optical
components considering the specifications of the
optical parts such as the detector and secondary
mirror. In this study, the target optical system was
adopted as a small satellite equipped with an optical
system with a primary mirror diameter of 200 mm.
Observation altitude was set at 685 km above sea
level, taking into consideration the altitude of most
earth observation satellites [9]. The target
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performance of the optical system is set to a swath
width of 12 km, GSD of 2.8 m, F # of 10, EFL of
2,000 mm, and observation bandwidth of 450 to 650
nm, which is a visible light band. Detectors used in
satellite cameras are classified into scanning type,
push-broom type, framing type, and imaging
spectrometer type depending on the arrangement of
sensors. Fig. 1 shows the shape according to the
type of detector [10]. In this study, we used the
CMOS sensor of Cannon's EOS-5D camera, a
commercial DSLR, for cost reduction and ease of
fabrication.

Analog Frame Camera Scanner
and Film (silver
halide crystals)

Linear Array “Pushbroom™

Fig. 1 Sensor Types of Earth Observation Camera

The design of the target optical system is based on
the requirements, and the optical design program
Code V is used for the design. The MTF
performance of the entire optical system is designed
to satisfy requirements of 10% or more. Therefore,
the MTF performance of the electronic system such
as the detector is assumed to be 40%, and the MTF
performance of the target optical system is designed
to satisfy 30% or more. In addition, the spot diagram
and the field curve were confirmed as performance
indicators.

2.2. Kinematic Design of Focus Mechanism

The proposed focus mechanism consists of three
PIFAs and three LVDTs. Fig. 2 is the CAD shape of
the focus mechanism using PIFA.

Fig. 2 Focus Mechanism Using PIFA

The working principle of the focus mechanism is
that if three PIFAs generate the same amount of
displacement, only de-space occurs, and if they
generate different amounts of displacement in each
PIFA, tilt occurs. In this study, the Kkinematic
relationship between the motion (de-space and x, y—
axis tilt) of the secondary mirror and PIFA and LVDT
can be defined using the following plane equation.

ax; + byt cz;+d=0,(i=1,2,3) (1

Zq +Zz +Z3

3 )

Despace =

In the above equation (1), z;, z, and z3 are the
displacement values of the respective LVDTs. (xq, y;),
(x5, y,) and (x5, y3) is the position of each LVDT
arranged in the focus mechanism. Equation (2) is the
definition of the generated de-space. The
coefficients a, b, and ¢ used in equation (1) are
expressed as follows.

1+y.1b+zc
a=—-—-—

3
X1
b= X3 — X — (X123 — X321)C 4)
X3Y1 — X1Y3
C
X1 (Y2 —y3) = %2(y1 — ¥3) + x3(y1 — ¥2) 5)

" x1(0223 — ¥322) — X, (V123 — ¥321) + X3(¥122 — Y271)

(a, b, ¢) shown in the above equations (3)-(5) is
normal vector perpendicular to the plane, and the
constant term d is canceled out because it is a
common term for equations (3)-(5). Normal vector
and de-space can be calculated by substituting the
position values of LVDT. The 6, and 6, can be
obtained as follows by inner products of the derived
normal vector and the basis vectors of the x and y-
axis.
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In equations (6) and (7), # is the normalized normal
vector obtained from equations (3)-(5), and b, and E
are the basis vectors of each axis. Using equations
(2), (6) and (7), the x and y-axis tilt, and de-space
values of the secondary mirror can be calculated for
the displacement of each LVDT during the focus
mechanism operation. Similarly, we can calculate the
displacements of the PIFAs by inversely calculating
the relation between the displacement values of the
LVDTs and those of the PIFAs. In this study, the
proposed focus mechanism consists of three PIFAs
arranged at equal intervals of 120° along the
circumference with a radius of 20 mm on the base
plate (installation plane), and the LVDTSs are installed
at a difference of 60° from each of the corresponding
PIFAs. Fig. 3 shows the computation process of the
tilt and de—space when the displacements of PIFAs
are given. Table 1 shows the displacements of PIFAs
required when only tilt is considered.

Table 1 Actuator Displacements Required for Assigned

Tilts
(:rgfi) Mam | 2em | #8em)
x | y [LVDT|PIFA [LVDT| PIFA [LVDT]| PIFA
0o 100 -1 | 21 1| 2 | 1
0 2000 2 | 4| 2 2|4 2
100/ o |173 o [ 173 0o | -173
200 0 | 346 | 0 |-346 346| 0 | 346
100100] 073 | 2 273 273 | 2 | -0.73
200 200| 146 | -4 |-546 s46| 4 | -146

LVDT
Measurement

v
Define De-space

— Using Tilt 8., &,

Calculate Plane ¥
Equation

Calculate Plane Equation
Based on PIFA(60° )

Get Normal Vector

v Calculate Displacement
Inner Product of PIFA

Normal Vector and

Basis Vector Print
Displacement of PIFA
Calculate Tilt &,, 8, |— P1, Pz, Pa

v
Print
o C__ D

De-space

Fig. 3 Flowchart for Tilt and De-space Calculation

2.3. Opto-Mechanical Design of Focus Mechanism

The deformation of the optical structure in launch
and space environment as well as the displacements
of the actuators of the focus mechanism affect the
secondary mirror surface. This influence is greater
than the machining accuracy of the optical
component surface, and thus introduces minor
deformation of the secondary mirror surface.
Therefore, it is necessary to attach a flexure
between the secondary mirror and the PIFAs to
minimize mechanical deformation, thereby preventing
image distortion.

The opto—mechanical design process consists of a
finite element analysis and an optical analysis. In the
finite element analysis, the mechanical deformation
data of the secondary mirror surface is calculated,
and then the optical analysis process is performed to
predict the optical performance error using the
deformation data. For the finite element analysis,
CAD modeling of the structure of the focus
mechanism and element, node, property and
boundary conditions are applied to the model to
calculate the deformation in the secondary mirror
surface. The wavefront error of the optical surface is
calculated by using the Zernike polynomial for the
obtained deformation data of the optical surface.

In this research the finite element analysis was
carried out by applying the focus mechanism with the
flexure to the maximum tilt (x and y-axis Tilt: 200
purad). From this, the deformation data of the
secondary mirror surface were extracted. The
deformation data of the secondary mirror surface
was divided into Zernike polynomials and then
wavefront errors of the secondary mirror surface
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were obtained. In Zernike polynomials, deformation
due to rigid body motion can be easily compensated
through the mechanism, so the rigid body motion
(de-space, tilts and de-center) terms are removed in
the calculation of Zernike polynomials. The optical
performance of the secondary mirror surface is
determined by the RMS value of the wavefront error,
which is composed of the remaining terms after
eliminating rigid body motion. After conducting finite
element analysis using ANSYS, Zernike polynomial
dividing and wavefront error analysis were
performed using MATLAB code.

The shape of the flexure was the same used in the
previous study [6]. As a result, the RMS value of the
wavefront error on the secondary mirror surface of
the focus mechanism using the flexure is about 1.38
nm, which is about 24 times lower than that of the
mechanism without the flexure. Table 2 shows the
properties of the materials used in the finite element
analysis. Fig. 4 is the wavefront error shape of the
secondary mirror surface from which the rigid body
motion terms are removed in the divided Zernike
polynomial.

Table 2 Material Properties used for FEM Analysis

. Young’s .
. Density Poisson’s | Element
Material 3. | Modulus .
[kg/m’] [GPa] Ratio (ANSYS)
Zeodur o530 913|024 SOLIDYS
(Mirror)
EC-2216 0.565
(Adhesive) 1,140 0.47 SOLID95
Super
;Vgr 8,140 | 145 0.23 SOLID95
(Flexure)
Removed Rigid Body: 1.38605 nm
% 200
>

n
&
=]

8
s

350

50 100 150 200 250 300 350 400
X-axis node

Fig. 4 Wave front Error of the Secondary Mirror

3. Servo Performance Verification of
Focus Mechanism

3.1. Configuration of Focus Mechanism

A mock-up of the focus mechanism was designed
and fabricated to evaluate the servo performance of
the proposed focus mechanism. The secondary
mirror for servo performance verification is made of
aluminum with density similar to Zerodur. The
Newport 8354 Picomotor was used as the PIFA, and
the DP/0.5/S of Solartron was used as the
displacement sensor. Mechanism controller design,
operational test, and data acquisition were performed
using LabView. The Picomotor 8354 has a stroke of
12.7 mm and a resolution of 20 nm per step. The
DP/0.5/S has a measurable range of 0.5 mm and a
resolution of 30 nm. Because of the characteristics
of the Picomotor, bearings and support structures
are used to exclude the rotational motion, as the
rotor generates the linear displacement through

rotation. Fig. 5 shows the focus mechanism
configuration.
<EEEE— .
——————— Secondary Mirror
T

-_— L ES—smaw Flexure

- 7 i

: - : R Bearing &

gl Support

Structure

N, Schmidt Plate /

Fig. S Focus Mechanism Assembly using PIFAs and
LVDTs

3.2. Modeling of PIFA

The PIFA used in this study is operated by rotating
the rotor using the expansion—-compression
phenomenon in the longitudinal direction of the
piezoelectric actuator. The working principle is as
follows. The force applied from the piezoelectric
actuator inside the PIFA is transferred to the flexure
inside the motor, and then the flexure is deformed.
The deformation of the flexure pushes out the
engaged rotor and generates the linear displacement,
and at that moment the piezoelectric actuator is
rapidly compressed to maintain the linear
displacement of the rotor. Fig. 6 shows the diagram
of PIFA, which can be expressed as Equations (8)
and (9).
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Rotation

FN

Mass

(Bolt)
Piezo
Actuator
Force

Flexure
Piezo
Actuator
Force

Stiffness
Fig. 6 PIFA Schematic Diagram

mpiezox + Cequivx + kequivx = Fpiezo (8)

Ibolté = (Fpiezo - Ffric)r 9)

In equation (8), My is the mass of the
piezoelectric actuator, cequiy is equivalent to the
damping constant of the actuator and flexure, keqyiv
is equivalent stiffness of the piezoelectric actuator
and flexure, and Fyje,, is the force generated when

the input voltage applies to the piezoelectric actuator.

In equation (9), Iy, is the moment of inertia of the
rotor and Fy is the friction force. The relationship
between the input voltage and the piezoelectric
actuator is as follows.

d
aV(t) = ﬂEFPiezo + Fpiezo (10)

In equation (10), a@ is a constant indicating the
relationship of the equation, and f is the time
constant of the piezoelectric actuator in PIFA. After
taking the Laplace Transform of the above equations,
it is the same as transfer function (input is voltage,
output is displacement) given by Equation (11).

X(s) a
V(S) B (,85 + 1)(m52 + Cequivs + kequiv)

(11)

These constants can be estimated experimentally
through an open loop experiment that drives the
PIFA to produce the displacement. When the PIFA is
driven, the voltage input per step is confirmed by
oscilloscope. Fig. 7 (a) is the result of the
oscilloscope measurement, and (b) is the graph of

the input to the MATLAB.

(a) Measured Voltage using
Oscilloscope

Fig. 7 Input Voltage for PIFA

(b) MATLAB Input

In the open loop experiment, the input voltage and
the displacement of the PIFA were obtained. The
transfer function of the PIFA was obtained by using
the MATLAB system identification tool. The
modeling of the PIFA is constructed in the form of
the third order system as shown in Equation (11).
The values of the constants are summarized in Table
3.

Table 3 Parameters of the PIFA

m,; Cornyi k .

Coefficient o piezo | Cequiv equiv

P [kg] | [keg/s] | [N/m]

Valie | 2,674 | 22151 ATH g g6 | 2206

e-6 e-6 eb

3.3. Focus Mechanism Servo Performance
Experiment

For the servo performance experiment of the focus
mechanism using the PIFAs, we constructed the
experimental interface with LabView as shown in Fig.
8, Fig. 9 shows the experimental equipment
configuration. The closed loop is constructed by
using LVDTs, and the servo performance of the
system is improved by applying the PD controller.
The experimental conditions were as follows: De-—
space: 10 um, x, y Tilt: 200 prad respectively. The
PIFA was driven sequentially due to the power
limitation of the driver. When the three PIFAs
converge to the command within the error of 30 nm,
the loop termination condition is set to terminate
when satisfying the error condition.
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#3 LVDT Interface
& Controller

#1 LVDT Interface
& Controller

#2 LVDT Interface
& Controller

Picomotor
Interface

DAQ
(Displacement, Gommand, Error)

End of Loop
Conditonal Statement

Command Calculator
(Input : De-spacs, Tilt)

Fig. 8 Experimental Interface Configuration for the
Focus Mechanism

e e LVDT Interface

1 Focus Mechanism
’ P
1 ock-up

Picomotor Driver

Fig. 9 Experimental Device Configuration for
the Focus Mechanism

In the performance experiment, we designed the
PD controller in Simulink of MATLAB using the
modeling of the PIFA obtained in the previous
section and then adjust the gains of the controller
through an actual performance test. As a
consideration in designing the controller, the D-
controller is added to increase the damping ratio of
the mechanism to improve overshoot and transient
response. The gains of the controller obtained from
the MATLAB simulation are (P-gain: 1.1, D-gain:
0.3). Next, the servo performance of the focus
mechanism was improved through repeated
experiments in the actual servo experiment, and the
gains of the controller were determined to be (P-
gain: 1.2, D-gain: 0.5). Simulink simulation results
are shown in Fig. 10. Fig. 11 shows the servo
performance test result of each PIFA for the
specified de-space and tilt behavior. In the servo
performance test, the steady-state error of each
PIFA was confirmed to be within = 0.03 pm, and the
tilt error of the secondary mirror by the focus
mechanism was confirmed to be within £ 0.8 prad.

Simulation Result

I

Simulation 1
+ssn: Command 1
Simulation 2
Command 2
Simulation 3
+sss:Command 3

Stroke (um)

“0 02 04 06 08 1
time (sec)

Fig. 10 Simulink Simulation Result

De-space 010 jum, add TiH 0200 jrad

Storke (um)

" " - - e " " J
o 0s 1 15 2 25 3 35 4
time (sec)

Fig. 11 Experimental Results of Focus Mechanism

4. Conclusions

In this study, we proposed a 3-axis focusing
mechanism using PIFAs for the compensation of
misalignment in a small satellite camera. This
mechanism was applied to compensate for
degradation in image quality due to misalignment
occurring in the launch and space environments of
small satellite cameras. The focus mechanism
proposed in this study is applied to a satellite camera
of 200 mm class Schmidt-Cassegrain type. Based on
this, the size and the compensation range of the
focus mechanism were set, and the design
requirements were derived accordingly. The focus
mechanism consists of three PIFAs to compensate
for x, y-axis tilt and de-space, and the flexures
between the PIFAs and the second mirror were
installed to minimize optical performance degradation
when the mechanism works. In order to calculate the
wavefront error of the secondary mirror surface by
the focus mechanism operation, the deformation data
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was calculated through the finite element analysis

and

the wavefront error was calculated by

substituting the deformation data of the surface into
the Zernike polynomial. It was confirmed that the
application of the flexure to the focus mechanism
reduces the wavefront error of about 24 times

compared to the case where the flexure

is not

applied under the maximum tilt condition. As a result
of the position control experiment to verify the servo
performance of the focus mechanism, the position
accuracy of £ 0.03 ym was confirmed, which is less
than the de-space requirement of 0.5 pm. In addition,
the x and y-axis tilt error is * 0.8 prad which is
below the tilt requirement of 5 prad. Therefore, the
results of this study confirm that the precise
refocusing can be done by the 3-axis focus
mechanism using a PIFA when misalignment occurs

in small
environments. Through this study,

launch and space
basic valuable

satellite cameras in

results for a 3-axis focus mechanism of a small
satellite camera using PIFAs have been obtained.
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