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Estimation of Shape and Optical Parameters of Spinning Solar Salil
Equipped with Reflectivity Control Devices
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Spinning solar sail equipped with Reflectivity Control Devices (RCD) is expected as an ideal spacecraft which does not require
any fuel for orbit control and attitude control. In order to achieve more precise navigation guidance control it is necessary to estimate
the shape and optical properties of the sail on orbit promptly and precisely. Therefore, we propose a estimation method of the shape
and optical properties of the sail through estimating the model parameters of Generalized Spinning Sail Model (GSSM) which well
expresses the attitude motion of spinning solar sail although the number of parameters is small. In the proposed method we achieved
prompt and precise estimation by incorporating the nuation motion ignored by GSSM into the framework of GSSM.
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Fig. 1. Reflectivity Control Device(RCB)

Fig. 2. JAXAs solar sail demonstration spacecraft IKARDS
Nomenclature

azimuth angle relative to the solardirectiorllKAROS(F'g'z) mission that the attitude motion of spinning

a A .
6 elevation angle relative to the solar directiot%OIar S_all highly dgp_ends on SR'FGE“S causgd by slight .de-
0 spin rate ormation and variation of the optical properties of the sail sur-
2) i i
p control input of RCD switching phase fa(?e. Important]y, these parameter§ are not determined until
- sail deployment is completed on orbit. Therefore, the parame-
| :moment of inertia . . -
Subscripts ters must be estimated from flight data promptly and precisely
n nutation motion in order to pr_edlct and _control the attltu_de.
However, little attention has been paid to the prompt and pre-
1. Introduction cise estimation of the parameters. The Generalized Sail Model

(GSM) can precisely calculate the SRP torque exerted on the

Solar sails, which are accelerated by solar radiation pressur§@il Surface of an arbitrary shape, but there are thirty three pa-
(SRP), do not require any fuel for propulsion. In particular, r_ame_terssnecessary for Calc_ulatlon gnq it is npt suitable for es-
spinning solar sail is superior from the viewpoint of weight re- timation ) wheares Generalized Spinning Sail Model (G_SSM)
duction and large size, and is expected to play a role in the field®XPresses the SRHfects by o.nly threg parameters, buF it fo-
of deep space exploration in the future. On the other hand, theguses only on .the Q'Ob,a' motion that ignores the nutation mo-
spinning solar sail has a disadvantage that a large amount o?on, ,SO the estimation is slow and not pre(-ﬁ)se. ) .
fuel is required for attitude control due to a large angular mo- This paper proposes a prompt ar_1d precise _est|mat|on_ method
mentum due to spinning. As a solution for this disadvantage,c_)f GSSM pgra}meters _by mcorpor.atlng dynamics of nutaion mo-
Reflectivity Control Device (RCD)(Fig. 1), which can electri- tion, Wh"?h is ignored in GS_SM » Into t.he framewqu of GSSM:
cally generate torque, has been propoSdgy; using this RCD, We consider that the following benefits are obtained from this
it is possible to change the attitude of the solar sail only with study.
electric energy, and in the future it will be possible to realize e As the estimation is quick, estimation can be performed fre-
a spacecraft in which fuel is completely unnecessary in orbit quently, and it is also possible to cope with fluctuation of
control and attitude control. parameters due to spin rate change etc.

To make space exploration missions with spin type solar saile The quick estimation (about several days) makes it possible
more practical, it is necessary to achieve precise navigation, to take longer time for orbital control (attitude control), and
guidance and control, which requires a precise dynamics model itis also advantageous immediately after launch (it can move
including control by RCD. However, it has been revealed in  to the orbital control sequence quickly)



the SRP torqu@& exerting on the spinning solar sail are derived.

This paper is organized as follows. Section 2 describes Atti- A -B 0jfa
tude dynamics models as a prior study; GSM and GSSM. Sec- T=|B A 0 5} (2)
tion 3 proposes GSSM parameter estimation method. In Sec- 0 0 Cl1
tion 4, we constructed a simulator for estimation and estimate d @ 1 [A -B 0[a] [as
GSSM parameter on the simulator. Section 5 describes the con- at 6} 10 B A 0||s6]|- 63} (3)
clusion and future work. Q] 's*¥[0 0 Cllef [0

whereA, B, C are parameters determined by slight deformation
and optical properties of the sail surface. In addition, in the
previous work¥ similar assumptions were introduced to derive

2.1 Gen'eralized. Sail Model: GS_M ) the increment of SRP torqudT, generated when there is RCD
Generalized Sail Model(GSM) is a model that precisely cal- control input

culates the force and the torque of the SRP acting on the mem-

2. Attitude dynamics of spinning solar salil

brane surface of an arbitrary shapdn GSM, the SRP torque A -B 0jfa
T acting on the membrane surface is expressed by the following T=|B A 0]|df. (4)
tensor calculation. 0 0 Ci[1
T:P{Kz.r+r.K3.r} (1) AA —4B 0 11a]
AT = 4B AA 0|6
—4Dsing — 4AEcosp ADcosp — AEsing AC||1]
_ wher(_aP is_ the solar radiation pressure, anid a unit vector sing  coss O[Hi]
in the direction from the sun to the sail surfa¢€* andK? are +|-cosp sing 0||H,
tensor components whose parameters are determined by the 0 o 1llo
shape and optical properties of the sail surface. ‘(5)
2.2. Generalized Spinning Sail Model: GSSM where4A, 4B, AC, 4D, 4E, H; and H, are parameters de-

In GSSM, the following assumption is made for spin type termined by the shape and optical properties of the RCDgand
solar sail rotating at the spin rafe around the z-axis of the is a control parameter representing the phase angle at which the
aircraft fixed coordinate system and having inertia teriser RCD is turned ON. Also, when all the RCDs are turned ON, the
diag[lt It Is]. Fig. 3 shows the definition of attitude angle following torque is generated.

representation UA —24B 0 1la
e The SRP torque acting on the film surface uses the average AT = Z%B Z%A 230 ‘i (6)

value for one rotation of the spin.
e The spin axis is close enough to the sun direction and the
ecliptic planefl, [d], |6 < 1), 3. Proposed estimation method
e |gnore the nutation motion (nutation) of the spin axis.
1. Parameters to be estimated
In estimating the parameters of the GSSM, we will reorga-
nize the estimation target. The target to be estimated is the pa-
rameterA, B, C, 4A, 4B, 4C, 4D, 4E, H; andH, appearing

Under the above assumption, the Equations and dynamics o?'

\ YA in the following torque equation
Sun Direction A -B 0|[d
| Spin Axis T=|B A 0}]jd]. (7
P o o cll1
< AR 4B 01[a
Shle v! AT = 4B AA olls
\\‘:f/‘/ ] —ADsing — AEcos¢ ADcosg — AEsing 4AC|[1
e sing  coss O][H;
a . +|-cosp sing Of[Ha].
. ,,j‘f// 0 o 1lo
®)

Since all parameters appear in the torque equation, we can
observe the angular velocityy, w,, Q or attitude angler,” s

and estimate the parameters from the time series data.
Fig. 3. Attitude angle representation relative to inertial coordinate system
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This paper first proposes a method to estimate parameteB.2.2. Construction of Self-Organizing State Space Model

A, B andC without RCD control, and estimates parametéy
4B, 4C, 4D, 4E, Hy and H, with RCD control by using the
same method.

3.2. Estimation method for parameters without RCD con-
trol

In this study, dynamics is modeled by adding nutation motion

to GSSM. There, we set the following assumptions.
Assumption in modeling nutation moti

&, 6 are expressed by ' the sumagf, 6, extracting only the
nutaion motion and, ¢ extracting only the global motion.

G=an+a@ 6=06n+6 (9)

Under this assumption, the dynamics of the attitude angle can

be divided into the following expressions.
d [an] 0 —:—fQ an
dt|s,| :—jg 0 |lén]

dlal_ 1 [A -B|[a]_[as
dt[o|  1sQ|B  A|o| |0s]
Also, the dynamics of the spin rageis the same as GSSM.

_C
"

(10)

(11)

Q (12)

In this study, we use a Self-Organizing State Space
Model(SOSS model) that simultaneously obtains estimates of
parameters and state vectbThe SOSS model defines the ex-
tended state vectawhich is a combination of the state vector

x and the parameter vectér
z=[x, 6]" = [an, 6n, @, 0, Q, A, B, C]. (15)

Then, the extended state equation and the extended observation
equation are defined as follows.

dz -
a:f(z)+[8]= IsQ (16)

OO oOo<e

an+67
y=h@+w-= Sn+6 | +w.
Q

17

Thus, in the SOSS model, it is possible to adapt usual filter
theory such as the Kalman filter to the parameter estimation

With this division, considering the nutation motion, the Problem by extending the state space model. As a result,

global motion dominated by the parametétsB andC don’t
be buried in the nutation motion.

3.2.1. Construction of state space model

estimated values of the parametérsB, C are obtained.

3.3. Estimation method for parameters with RCD control
To estimate parameters related to RCD conté) 4B, 4AC,

This section constructs a state space model that considerdD, 4E, Hi andH,, it is necessary to give a control input to
nutation motion for estimation. Defining the state vector as the RCD and generate a torque increment. In this study, we

X = [an, 6n, @, 6, Q]T and parameter vector és= [A, B, C]”,
the following equation is derived.

—I—SQ(Sn
:—SQan
dx A~ B
a:f(x,0)+v= ls—ga—ls—gé +0v (13)
Is%‘?"' lSiQ(S
c
Is

wherew is the process noise.

consider two control input strategies and estimate parameters
with RCD control.

Strategy 1. Turn on all RCD
With this strategy, the following torque is generated in the sail.

A+24A —(B+24B) 0 a
T+A4T=|B+24B A+ 24A 0 0| (18)
0 0 C+24CJ||1

This equation is equal to the expression of the torque acting
on the uncontrolled sail replacing — A + 24A, B —

Also, when choosing attitude angle and spin rate as the obserB + 24B. C — C + 24C. That is, the estimation method in

vation vectory, the following observation equation is derived.
an+a
y=hX) +w= Sn+6|+w
Q

(14)

where w is the measurement noise.
problem of estimating parametefs B andC is replaced by

the previous section can be applied. By taking thedénce
between the estimated paramet&rs 24A, B+ 24B, C + 24C
and already estimatetd B, C, we can get an estimate of the
parameterglA, 4B, AC.

Strategy 2. Turn on RCD for one side

From the above, theWith this strategy, the torque as shown in Eq.(5) is additionally

generated in the sail. As in the previous section, by constructing

the problem of optimizing based on the state space model the SOSS model and adapting the filter theory, the remaining

from given observation data.

parameteriD, 4E, H;, H; is obtained.



Modeling arbitrarily
shaped sail surface
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Fig. 4. Outline of the attitude simulator

4. Numerical Simulation a4 : . s . s .
2094 2095 2096 2097 2098 2099
time [s] «10*

4.1. Precise model attitude simulator

To verify the proposed method, we created an attitude motion
simulator of spinnig solar sail(outlined in Fig. 4). Although the
estimation target in this research is a parameter of the GSSM,

Fig. 5. Enlarged view of estimated results @fafid « by the proposed
method

nutation motion can not occur in the simulator based on only ~ °'®"2%[ _S‘Ntm)
GSSM framework, and the parameter estimation result becomes o120 — Yestimated) | 4
an ideal value. Therefore, we constructed a simulator based on ;56
the precise model GSM, and compared the parameter estimate ozl
with the true parameter value. In this case, we derive the fol- _ '
lowing equation which can calculate the true value of GSSM 5 **™*[
from the GSM parameters. G 027
1 0.131265 |-
_ 2 2 3 3 3 3
A= E P (Kll + K22 - K113 - K223 - K311 - K322) : 0.13126 -
1 0.131255 |-
_ 2 2 3 3 3 3
B= EP(K12 — K5 = K+ Koa + K3 - K321) . orsosl ‘ | | | -
3.843 3844 3845 3.846 3.847 3848
) 3 time [s) 10t
C= P(_K33+K333)' . . o
Fig. 6. Enlarged view of estimation result@fby proposed method
1
3 3 3
AA = ZP( 11t Kzz 113— K323 — K311 - Kazz)- 0
1 1 i. ------ 1}-3\ errorggropose(c]i me:l}iog; 1
_ 3 3 3 i error(proposed metho
4B = Z P (K 12— K21 123 + K213 + K312 - K321) . i C error(proposed method)
i A error(simple method)
1 (19) = i ===B error(simple method)
AC = = P( K33 + K333) é 10+ i C error(simple method) |-
2 5 i A
: i
4D = :—LP(K fa— Kiss— K§31> é “'\ " i
T g 4l Vil |
1 3 ) A
4E = = P (K 23~ 233 K332) : \\ P
N SN .
S N \ RS
Hy = 2P(K2, - K N N N T
1= ju ( 317 313) 0 05 1 15 2 25 3 35
time [s] x10*
1 i I
Hy = _P(K32 nga) Fig. 7. Estimation results of GSSM parametérsB, C by the proposed
4 method and simple estimation method without considering the nutation mo-
tion
4.2. Estimation of parameters without RCD control by From Fig. 5 and Fig. 6, we can confirm that state vactor
EKF values such as attitude angle and spin rate can be estimated by

We applied Extended Kalman Filter(EKF) to the SOSS applying EKF.
model defined in the previous section, where the parameters Simultaneously with these state vector values, the result of
A, B, C were estimated simultaneously with the attitude angle estimating the parametess B, C is shown in Fig. 7. For
and the spin rate. The observation period was 12 hours and theomparison, the results estimated using a simple estimation
initial angular velocity waso = [0.001, 0, 1.5]" [rpm] (Other method focusing only on global motion without considering
specifications are given in Appendix). the nutation motion are also shown. Comparing the proposed
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Fig. 8. Convergence time of estimated value for the magnitude of nutationFig. 10. Estimated results of GSSM paramet¢s 4E, H1, Hy by the
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Fig.9. Estimated results of GSSM paramet&#24A, B+24B, C+24C
by the proposed method

method with the simple estimation method without considering
the nutation motion, the convergence of the parameieaad

B is particularly fast in the proposed method. This is due to the
difference whether or not considering the nutation motion. The
effect of the magnitude of nutaion motion on the convergence

time of the estimate is shown in Fig. 8.

4.3. Estimation of parameters with RCD control by EKF
Strategy 1. Turn on all RCD

Applying EKF to the same SOSS model with the Strategy 1
and estimating the parameteks- 24A, B + 24B, C + 24C at

proposed method

5. Conclusion

Parameter estimation of GSSM was performed using a preci-
sion model attitude simulator corresponding to control input of
RCD. It can be said that an estimation method with a short con-
vergence time of estimate could be established by SOSS model
considering nutation motion. Although it was able to estimate
many GSSM parameters, it turned out that some parameters can
not be estimated unless some control input is devised.

As a future work, we would like to conduct active sensing
research that optimizes control inputs and estimates parameters.

Appendix
Simulation for parameter estimation was performed using the

parameters shown in Table. 1 and the sail model shown in Fig.
11.

the same time as the attitude angle and spin rate is shown in

the Fig. 9. The observation period is 12 hours and the initial

angular velocity iso = [0.001, 0, 1.5]" [rpm].

Strategy 2. Turn on RCD for one side

Finally, estimate the parameterd, 4E, H;, H,. We ap-
plied EKF to the SOSS model with the Strategy 2 to estimate
the parametergD, 4E, Hi, H, at the same time as the atti-

Fig. 11. Sail model

tude angle and spin rate The result is shown in Fig. 10. The

observation period is 12 hours, the initial angular velocity is

w =[0.001, 0, 1.5]" [rpm], the control input ig = 0.

4D, 4E did not converge, anéfi;, H, resulted in the esti-

mated value converging to almost true value.



Table 1. Simulation data on parameter estimation

Inertia tensor

Division number

The length of one side of the sail
sail-center of gravity distande
Twist angle of sai¥

Warping angle of film surface
Total reflectance

Specularitys

RCD widthr

Total reflectance of RCD(ON)
Specularity of RCD(ON)

Total reflectance of RCD(OFF)
Specularity of RCD(OFF)

Initial attitude angled; &)

Change rate of sun directionrd '6s)
SRPP

Gyro sensor measurement noise)1
Sun sensor measurement noise(3
Observation frequency
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