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ABSTRACT

Compared to conventional large satellites in the past, small satellite classes (less than 150 kg) show their
advantages for mass production, such as short time and low cost for development and launch, to cope with
the demand for emerging missions that require a sufficient number of satellites in orbit. However, the traditional
communication method, in which a low earth orbit (LEO) small satellite sends data to a ground station using
radio frequency, has several disadvantages. Firstly, the limitation of radio-frequency bandwidth leads to a
low data rate and difficulty in getting a frequency license. Secondly, there is a significant delay during which
data cannot be sent to the ground due to lacking a line of sight between the LEO satellite and the ground
station. Additionally, the duration time for the small satellite to communicate with the ground station is just
less than 10 minutes approximately. To resolve the above issues, we investigate the case that a less-than-150-kg
satellite carries out a laser communication link from LEO to a satellite in geostationary orbit (GEQO). Due to
the constraints of size, weight, and power (SWaP), traditional bulky LEO-GEO relay systems cannot be applied
for the small satellite. However, using the combination of the satellite body pointing and a piezo Fast-Steering
Mirror (FSM), which reduces the SWaP considerably, makes it feasible that the LEO-to-GEO communication
can be implemented in a small satellite for the first time. While utilizing laser communication can increase the
data rate, the relay communication via the GEO satellite helps the small satellite to extend the communication
duration significantly. Moreover, since there is a line of sight between the two terminals in any of about 15 orbits
per day of the LEO satellite, data taken by the small satellite can be downloaded to the ground via the GEO
one in almost real time. This research aims at investigating and proving the feasibility of a small satellite to
transmit a laser communication link to its GEO counterpart. In this paper, we describe the LEO-to-GEO laser
communication of the small satellite with a study of pointing-budget and link-budget analysis. Furthermore, a
hardware-based simulation of the fine control mechanism is conducted. The hysteresis that affects severely to
the piezo mechanism, and hence, the final control accuracy, is modeled accurately and its effect is shown.

Keywords: small satellite, laser communication, LEO, relay, GEO

1. INTRODUCTION

Over the past few years, many remote-sensing applications require high-frequency-observing data produced by
LEOQ satellites. To cope with this demand, constellations formed by a sufficient number of satellites are required.
While it is infeasible for traditional large and costly satellites to fulfill the above requirement, the 100-kg class
and micro/nano-satellites have been emerging to be a good alternative. These small satellites that require low
cost and short time for development and launch show their potential for mass production and thus, make it
feasible to accomplish the above missions. Additionally, with the advancement of technologies, small satellites
have improved their capabilities to accomplish advanced missions. Until now, a 100-kg class satellite can take

Further author information: (Send correspondence to Phong Xuan Do)
Phong Xuan Do: E-mail: do-xuan-phong663@Qg.ecc.u-tokyo.ac.jp

Proc. of SPIE Vol. 11852 118523B-2



ICSO 2020

International Conference on Space Optics

Virtual Conference
30 March-2 April 2021

Table 1: Past LEO-GEO laser communication projects.

Year | LEO satellite LEgazztfig;e’s I&fgiztfﬁ\?[;g:)‘ GEO satellite
2001 SPOT-4 2550 50 ARTEMIS
2005 OICETS 570 50 ARTEMIS
2017 | SENTINEL 1A ~ 2300 1800 EDRS-A

high-quality images of the Earth’s surface at any time and in any weather conditions using the synthetic-aperture-
radar technology,’ which is used to be applicable for traditional large satellites. Because of these above facts,
100-kg class and smaller satellites have become a significant tool to provide always-up-to-date Earth-observing
data to users. Apparently, in the above missions, it is crucial that data taken by small satellites must be sent
to ground quickly to free up on-board memories and increase the efficiency of data utilization. However, the
traditional satellite-to-ground communication method is limited in terms of duration for communication and
responsiveness of data delivery. Moreover, with the rapidly increasing of the number of satellites launched, the
radio frequency spectrum has become more congested. Therefore, LEO-to-GEO laser communication for small-
satellite classes are promising for future missions. Compared to satellite-to-ground communication, the method
of relaying data through GEO satellites shows its merits in expanding the communication window and reducing
the delay of data delivery.

Over the past two decades, LEO-GEO laser communication relay was implemented in several projects.?
Since the first demonstration of the LEO SPOT-4 and GEO ARTEMIS satellites, the technology has been
advancing rapidly (see Tab. 1). Until recently, the LEO SENTINEL satellites have successfully communicated
with the GEO satellites of the European Data Relay System at an average data rate of 1.8 Gbps. Nevertheless,
there has not been a study on using the LEO-GEO laser communication model for 100-kg class or smaller
satellites. To fill this gap, we study the concept in which a 100-kg class satellite transmits data to a GEO
satellite via a laser link. In this paper, by investigating state-of-the-art technologies in laser communication for
small satellites, we conduct a trade-off study to propose a practical link budget for both initial and communication
phases. To realize the stringent pointing requirement derived from the link study, a piezoelectric fast-steering-
mirror (FSM) is considered to provide accurate pointing to prad level. Via a hardware-based approach, the
piezoelectric FSM is comprehensively simulated including both linear and nonlinear hysteresis parts. The rate-
dependent characteristic of the piezoelectric hysteresis is modeled and its effect on the final control accuracy will
be shown. Furthermore, based on the hysteresis model, an inverse controller is presented. A combination of the
inverse controller and a traditional PID one suppresses the effect of the hysteresis and thus, improves the control
performance.

2. OPEN-LOOP POINTING BUDGET AND LINK BUDGET ANALYSIS
2.1 Open-loop Pointing Budget

To establish a communication link between a 100-kg class satellite and its GEO counterpart, the small satellite
must initially transmit a laser beacon to search for the GEO satellite’s position. This process can be implemented
by either sending a wide laser beam or scanning a narrow one from the LEO satellite. In the present study, to
keep the optical control system of the small satellite simple, the former option was selected. Accordingly, the
small LEO satellite points a wide beam toward the predicted position of the GEO terminal by using its attitude
determination and control system. Once detecting the beacon, the GEO satellite will transmit back a narrow
beam to the small satellite in LEO orbit. Similarly, the LEO satellite predicts the GEO terminal based on the
received narrow laser beam and transmits another narrow beam back to track the GEO satellite. When both
optical systems of the two satellites lock to each other, data transmission can be started. During the initial
phase, generally, there are three main error sources that make the beacon light off the target (see Fig. 1). The
first one is the error of the orbit information that the small satellite uses to initially determine the position of the
GEO satellite. Another main source comes from the pointing capability of the LEO satellite. The body pointing
accuracy of a 100-kg class satellite can be of the order of 100 urad to several hundred prad.>% In this study, the
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Open-loop pointing (LEO-to-GEO)

~ 390 prad
GEO satellite's orbit Small satellite's ADCS pointing error Alignment errors
error 175 prad 300 prad 175 prad

GEO Satellite

390 prad

Small LEO Satellite

Figure 1: Open-loop pointing budget.

value of 300 urad is taken as a reference for the attitude control accuracy of the LEO satellite. Finally, the third
source is the misalignment errors constituted by the environmental and calibration errors. Adding the three main
sources as the root sum square (RSS), it can be concluded that a 780-urad beacon beam transmitted from the
LEO satellite is able to initially cover the uncertainty of the GEO satellite’s position so that the communication
link can be established.

2.2 Link Budget Analysis

In order to define a practical set of link system parameters, state-of-the-art laser communication technologies
of small satellites are investigated. Recently, a laser transmitter that can provide up to 4-10 W output power
was reported in the Aerocube-7 project.” Therefore, a 5-W transmitting power is assumed for the LEO-to-
GEO communication link. Due to extremely narrow laser beams, the pointing accuracy requirement must
achieve a prad level. To do that, the 100-kg class satellite’s body pointing is combined with a fine pointing
mechanism (FPM) using a piezoelectric FSM. Compared to other mechanisms such as voice-coils and micro-
electro-mechanical systems (MEMS), the piezoelectric actuator shows its advantages of achieving very high
control accuracy, fast response and satisfying the SWaP constraints. As for the counterpart of the small LEO
satellite, the National Institute of Communications and Information Technology, Japan, has been developing the
GEO ETS-XI satellite equipped with High Speed Communication with Advanced Laser Instrument (HICALI).®
With a 15-cm aperture and high receiver sensitivity, HICALI is suitable to be a relay node of the small satellite
because it can compensate for the lack of the small satellite’s resources. Based on the existing technologies, a link
budget of the LEO-to-GEO laser communication is calculated for both the initial and communication phases.
Using the link budget tool, the dependency of the link margin on the data rate and final pointing accuracy, two
important trade-off parameters, is shown in Fig. 2.

In order to achieve a 3-dB link margin, the required pointing accuracy for the relay communication is 10 prad
and the corresponding data rate is 300 Mbps. With approximate 45 minutes for each communication session,
a considerably larger amount of data can be transmitted from the small LEO satellite to the GEO terminal.'®
The results of the beacon and communication link calculation are summarized in Tab. 2.

3. PIEZOELECTRIC FAST-STEERING-MIRROR MODELING
3.1 Pointing, Acquisition, and Tracking System

In principle, to achieve the control accuracy of 10 prad as derived in Sec. 2.2, the pointing-acquisition-tracking
system of the small satellite must contain two stages. While a coarse control stage directs laser beams coarsely to
the GEO terminal, a FPM system points them accurately to track and communicate with the GEO counterpart.
Due to the SWaP constraints, the 100-kg class satellite’s body pointing is utilized as the coarse control stage
instead of bulky gimbal systems as in past projects. The 300-urad coarse pointing error can then be compensated
by the FPM system. In the FPM system, a piezoelectric FSM was chosen to direct laser beams accurately with
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Table 2: Beacon and communication link budgets of
the LEO-to-GEO transmission.

3.5

— % —300 Mbps
—O— 400 Mbps
500 Mbps | |

Rl S Item Beacon | Comm | Unit
251 J
g Transmit power 4 5 AW
5 aeeeeeoe@@eooeo Wavelength 1.55 1.55 pm
Em -0-0-0. SRSUEN o
Z 15t %oo0g LEO T, antenna
£ © . 5 5 cm
diameter
L
Strehl ratio 0.4 0.4 dB
i Pointing accuracy 300 10 prad
o 10 15 2 Distance 44,000 42,000 km
Pointing Accuracy (urad)
(i}i];]r(r?e?ez antenna 15 15 om
Figure 2: The dependency of the link margin on the data
rate and pointing accuracy. Margin + + dB

a high speed and fine resolution. Nevertheless, the control accuracy of the piezoelectric actuator is severely
affected by hysteresis phenomenon. Thus, it is necessary that the hysteresis must be modeled accurately so that
a proper controller can be derived to suppress it. In the following, a piezoelectric FSM that is suitable for the
LEO-to-GEO communication mission is comprehensively modeled including both a linear part and a hysteresis
part.

3.2 Experiment setup

A piezoelectric FSM manufactured by Core Tomorrow Science & Technology company was considered for the
LEO-to-GEO laser communication mission. With a nominal travel angle range up to 2.5 mrad, the FSM can
fully cover the residual error of the small satellite’s pointing. Additionally, it has a very-high resolution to help
realizing the final control accuracy at the prad level. In order to comprehensively simulate the piezoelectric
FSM, an experiment was conducted. Analog control signals generated by a functional generator were sent to
the controller through which the signals were magnified to excite the piezoelectric FSM. The amplification ratio
of the controller is 15. The displacement of the piezoelectric actuator was measured by a strain gauge sensor
(SGS). Both the analog control signals from the functional generator and the SGS’s signals were discretized
and recorded in a computer by using a National Instruments (NI) USB-6343 card and LabVIEW program for
the purpose of simulating the piezoelectric FSM. The sample frequency was set to 50 Khz. The setup of the
experiment is described in Fig. 3.

Functional Generator

|
Piezoelectric FSM | |

|
|
NI Card |
USB-6343 |

A
PC with | - .
LabVIEW <—|—{ Signal processing SGS

Figure 3: Block diagram of the experiment to collect data for modeling.
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Figure 4: Comparison of the simulated output response of the identified linear dynamics and output response
measurement.

3.3 Modeling linear dynamics and nonlinear hysteresis of the piezoelectric FSM

A comprehensive model of the piezoelectric FSM is divided into two parts: a linear dynamic part and a nonlinear
(hysteresis) one. Considering both electric and mechanical dynamics, the transfer function of the linear dynamic
part of the piezoelectric FSM can be expressed as:

a282 + a8+ ag
8% 4+ byst 4 bgs3 + bys2 + bys + by ’

Glincar(s) = (1)
To identify the coefficients of the transfer function in Eq. 1, a sinusoidal chirp signal of increasing frequency was
generated to excite the piezo-actuated stage in an open-loop configuration. The amplitude of the chirp signal
was set to be small to reduce the effect of hysteresis nonlinearity. Additionally, the 50-Khz sampling frequency
is sufficiently high to avoid the creep behaviour. In the experiment, LabVIEW program was used to record the
input chirp and the corresponding SGS’s signals in a host computer. Then, based on the stored data, a system
identification method was implemented in Matlab/Simulink to obtain the transfer function of the linear dynamic
part of the piezoelectric FSM:

1.979 x 101152 4+ 7.051 x 10135 4+ 2.973 x 1013

Gin T - .
tincar () s34+ 2.15 x 10454 + 3.737 x 10853 + 2.615 x 101252 + 8.489 x 1045 4 1.829 x 1014

(2)

The simulated and measured outputs of the linear dynamic part of the piezoelectric FSM are presented in Figs. 4.
The fitting level between the simulation and measurement data is 97% approximately, which validates the linear
dynamics model of the FSM.

Although a piezoelectric actuator shows its advantages in providing a very high control accuracy, it suffers
from the effect of hysteresis. Due to the natural nonlinear characteristic of the hysteresis, it is difficult to use
traditional methods to control the piezoelectric actuator accurately. Consequently, modeling the piezoelectric
hysteresis is of interest of many researchers to design proper controllers and suppress the nonlinear effect. Among
many models that have been studied the hysteresis behavior, the Bouc-wen model is attractive due to its simplicity
in numerical implementation and ability to describe many forms of hysteresis loops. In the present LEO-to-GEO
laser communication model, it is desirable to operate the piezoelectric FSM of the FPM system with a high
speed to suppress the effect of satellite’s vibration.'!»'2 Nevertheless, it is a well-known fact that the higher the
rate of control signals is, the more serious the hysteresis nonlinearity becomes. Therefore, for the purpose of
designing a proper controller, the rate-dependent characteristic of the piezoelectric hysteresis must be modeled
accurately. A modified Bouc-wen model that can capture the rate-dependent behavior of the hysteresis can be

described as:3

y(t) = 2(t) + h(t) = dye= 24Oy (t) 4+ h(t)

. . (3)
ht) = e Oli(ty — Ba(t) | h(t)] — ali(t)| k(1)
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Figure 5: The rate-dependent hysteresis of the piezoelectric FSM with the input frequency as 60 Hz, 80 Hz, and 100
Hz, respectively.

where, u(t) is the excited signal of the stage, y(t) is the corresponding displacement of the piezoelectric material of
the actuator, and h(t) is the hysteresis. di, ds €, §, 8, « are the parameters of the hysteresis model and they can be
identified by using data obtained in experimental trials. Accordingly, a set of sinusoidal signals u(t) = 6sin(27 f)+
6 (V) with different frequencies f were applied to excite the FSM. The control and corresponding displacement
signals were then recorded. Based on the obtained data of the 100-Hz control signal, Matlab/Simulink software
was again used for system identification. The nonlinear least square method using Trust-Region-Reflective
algorithm was implemented to identify the parameters of the nonlinear hysteresis model. The results of the
system identification are: d; = 0.089, dy = —2.96 x 1077, € = —0.048, § = 0.00047, 3 = 34.635, and a = 38.421.
The identified hysteresis was then compared with measured data for different input frequencies (f = 60 Hz
and 80 Hz). As can be seen in Fig. 5, the hysteresis model agrees well with the measurement results. This
indicates that the identified model can efficiently describe the rate-dependent characteristic of the hysteresis of
the piezoelectric FSM.

4. A COMBINATION OF FEEDFORWARD AND FEEDBACK CONTROL TO
SUPPRESS THE EFFECT OF HYSTERESIS ON CONTROL ACCURACY

In this section, the comprehensive identified model of the piezoelectric FSM was used in a simulation to verify
its control accuracy. At first, the traditional PID control method was used to drive the piezoelectric FSM to
track two reference sinusoidal signals whose both amplitudes are 300 urad and frequencies are 1 Hz and 15 Hz,

Control error 2 Control error
T T T
Without hysteresis Without hysteresis
2r With hysteresis 5l ——— With hysteresis | |
\
\
\ /
T\ /
\ i
£l \ i i)
g | g
ES | / 3
E or *g-
* \ [ “
\ Vo
\ )
A N
2 . . . 15 . ! . . .
1 2 3 4 0.05 0.1 0.15 0.2 0.25
Time (s) Time (s)
(a) 1 Hz (b) 15 Hz

Figure 6: Tracking errors of the PID controller with 1-Hz and 15-Hz input frequencies.
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Figure 7: The block diagram of the combined feedforward and feedback control scheme.
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Figure 8: Comparison of the control performance between the PID controller and combined controller with 15-Hz and
25-Hz input frequencies.

respectively. The tracking errors of the simulation with and without the hysteresis are shown in Fig. 6. It is
clearly seen that due to the hysteresis nonlinearity, the tracking errors become worse, especially when the driving
frequency increases. To improve tracking error in hysteretic systems, feedforward control is often combined with
feedback control.'%1® Therefore, a combination of the PID feedback controller and a feedforward controller
is proposed to suppress the effect of the nonlinear hysteresis and thus, improve the control performance. The
feedforward mechanism is based on the inverse multiplicative-parameter method proposed in Ref. 16. Hence, the
inverse controller can be simply derived based on the hysteresis model identified in Sec. 3.3. A block diagram of
the fine control stage with the combination of the feedforward and feedback control scheme is shown in Fig. 7.
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In Eq. 3, assuming the input reference is y4(t) and the hysteresis component is identified as in Sec. 3.3, the
output voltage uys of the feedforwad controller can be expressed as:

ugs(t) = O @

The output uss of the inverse model-based feedforward controller is then combined with the output wuy of the
PID controller to drive the piezoelectric FSM to track input references. The efficiency of the proposed controller
was investigated with two 15-Hz and 25-Hz sinusoidal reference signals. As being shown in Fig. 8, compared to
the PID controller, the combined controller significantly improves the tracking error. The error decreases of about
10 prad and 25 prad in two cases, respectively. These results indicate the efficiency of the combination of the
PID and inverse controllers in suppressing the nonlinear hysteresis and thus, improving the control performance.

5. CONCLUSION

In this paper, the concept in which a 100-kg class satellite transmits a high-speed laser link to a GEO terminal
has been introduced. In order to realize the LEO-to-GEQO laser link, open-loop pointing and communication
link budgets were conducted to propose a practical set of link system parameters. The result can be utilized for
further detailed designs in the future. To achieve the stringent pointing accuracy requirement, the LEO satellite’s
attitude control is combined with a fine control stage using a piezoelectric FSM. The FSM was comprehensively
modeled including both the rate-dependent nonlinear hysteresis part and linear dynamic part. Based on the
hysteresis model, an inverse controller was presented to work as a feedforward mechanism together with a
feedback PID controller. The combination of the feedforward and feedback control scheme has improved the
control performance, especially when rate of input control signals is high. Extension simulation that take account
of vibration disturbance and noise of feedback sensors is regarded as future work.
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