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A three-axis attitude estimation scheme is presented using a set of albedo interfered coarse sun sensors (CSSs) of

Earth,which are inexpensive, small in size, and light inpower consumption. Formodeling the interference, a two-stage

albedo estimationalgorithmbasedonautoregressivemodel is proposed.Thealgorithmdoesnot require anydata, such

as albedo coefficients, spacecraft position, sky condition, or ground coverage, other than albedo measurements. The

results are comparedwith fivealbedomodels on thebasis of tworeference conditions.Theestimatedalbedo is fed to the

CSSmeasurements for correction. The correctedCSSmeasurements are processedunder three estimation techniques

with two different sensor configurations. The relative performance of the attitude estimation schemes when using

different albedo models is examined.

Nomenclature

A = area, m2

aj = inverse variance of the sensor j
B = magnetic field, nT
�BN� = direction cosine matrix from inertial coordinates to

body coordinates
�BR� = direction cosine matrix from reference coordinates to

body coordinates
b = sensor observation vector in the body coordinates
dA;ΔA = incremental area, m2

F = solar flux, W∕m2

f�⋅� = system function
H = measurement matrix
h�⋅� = measurement function
I = output current, A
K = Kalman gain matrix
NA = number of differential areas
n̂ = unit normal vector
p = number of previous measurements
r = measurement model vector in the reference coordi-

nates
rsc = spacecraft positionvector froman incremental area,m
r̂sc = spacecraft direction vector from an incremental area
ŝ = sun heading vector
U = zero-mean Gaussian noise vector with covariance Q

∼V = output voltage, V
V = zero-mean Gaussian noise vector with covariance R

∼
w = zero-mean Gaussian noise vector with covariance Q

x0 = initial state with mean μ0 and covariance P0

xk;Xk = state vector at time tk
ŷ = prediction vector
y;Z = measurement vector
zk = albedo measurement at time tk
α = albedo coefficient
ε = zero-mean Gaussian noise vector with covariance R
σB∕R = modified Rodrigues parameters in body coordinates

with respect to reference
φi = ith model parameter
ω = angular velocity, rad∕s
Ξ = scaling term

Subscripts

A = central point of dA on a planet
d = caused by the sun
I = instrument
in = incoming
max = maximum
out = outgoing
P = planet
s = sunlit
sc = spacecraft
α = caused by albedo

I. Introduction

S PACECRAFT instruments need to be oriented to achievemission
directives in space. Depending on themission, there may be strict

performance requirements in terms of attitude estimation or necessity
to a safe-mode operation or sanity checks. For these purposes, addi-
tional attitude sensors, such asmagnetometers and sun sensors, can be
used with less accuracy, but less power need, lower cost, and smaller
size. Sun sensors are frequently used in both planet-orbiting satellites
and interplanetary spacecraft missions in the solar system. They can
be divided into two classes as fine or digital sun sensors (DSSs) and
coarse sun sensors (CSSs), which are commonly used in a form
of photodiodes [1]. Coarse sun sensors function almost proportional
to the cosine angle between the boresight of the sensor and the sun
directionvector from the spacecraft. They are often usedonplatforms,
including multiple CSSs.
A spacecraft close enough to the sun and a planet receives electro-

magnetic radiation of direct solar flux; reflected radiation, namely,
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albedo; and emitted radiation of that planet. The solar flux is the largest
source of radiation for the spacecraft,whereas the albedo is the fraction
of sunlight incident and reflected light from the planet. The spacecraft
can be exposed to albedo when it sees the sunlit part of the planet
(Fig. 1). The albedovalues vary depending on the seasonal, geographi-
cal, and diurnal changes, as well as the cloud coverage. The most
reflectance is caused by thickest, highest clouds, whereas the least by
snowing clouds [2]. The CSS not onlymeasures the light from the sun,
but also the albedo of the planet [3]. So, the albedo interference of a
planet can causeanomalous sun sensor readings.According toRef. [4],
albedo might worsen the sun pointing accuracy more than 20 deg.
On the other hand, albedo might be an important factor in selecting
the characteristics of optical-sensor systems, such as cameras or star
trackers, and in spacecraft thermal and power design. For example,
Ref. [5] underlines that the thermal control system on the spacecraft
must consider the light reflectance and emittance of the planets as
it causes a highly dynamic variation in thermal load. Another study on
a spacecraft thermal analysis is carried out to evaluate the thermal
conditions for temperature stability of sensitive instrument and radia-
tors by using the albedo data from the Clouds and the Earth’s Radiant
Energy System (CERES) instruments [6] of NASA.
The mathematical model of the sun sensors can include diffusive

and specular reflections from the planet, which represent the per-
turbed sun sensor measurements. In Ref. [7], perturbed sun sensor
measurements are validated by the telemetry data of Ørsted satellite.
The currents of the modeled CSSs are improved about three times
more than the case not including any albedo model on the measure-
ments in Ref. [7] and four times in Ref. [8]. A sun heading estimation
algorithm is also applied by O’Keefe and Schaub [9] using extended
Kalman filter (EKF). The sun direction is estimated with an accuracy
under 4 deg based on albedo-interfered CSS and rate gyro (RG)
measurements, and 10 deg without RGs despite the fact that an
underdetermined sun sensor coverage is considered in the study [9].
References [10,11] present extended consider Kalman filter based

on modified Rodrigues parameters (MRPs) for CSS calibration. The
presented filters require inertial attitude measurements, but they give
scale factor accuracy less than 1% and misalignment accuracy about
1 deg even under poor attitude knowledge. Another calibration filter
is proposed for photodiodes through the estimation of attitude and
calibration parameters simultaneously [12]. An arbitrary number of
photodiodes along with an albedo model are calibrated using both an
EKF and an unscented filter. The filter estimates improve the sun
vector measurements by 10 deg and attitude by 1 deg by combining
a three-axis magnetometer (TAM) and RG in the study. To make
the albedo model lighter in computations, two constant albedo coef-
ficients are applied rather than various spatial data in Ref. [13]. From
the analyses, the errors are reduced by taking the average albedo
coefficient as 0.105 instead of 0.30. Even though the presentedmodel
provides a significantly better CSS accuracy for most of the times
than uncorrected outputs, its predictions based on 0.30 value may
occasionally overcorrect the CSS. This overcorrection causes an

increase on the sensor error. It is stated that the detailed mathematical
model, including the albedo coefficient changes depending on the
active surface elements, can be used for the most accurate case, but
it is computationally expensive for online usage. Reference [13]
concludes that because of the albedo model complexity, it is more
reasonable to use a filter on the sun sensor that restricts the sensor not
sensitive to the albedo. This suggestion might be more suitable for
DSSs. In Ref. [14], a less complex albedo model is generated via
polynomial functionswith 13 parameters for each albedo component,
including functions based on latitude and longitude. The polynomial
is fitted to the reflectivity data set from Earth Probe Total Ozone
Mapping Spectrometer (TOMS) instead of using excessive data in
lookup tables. The work also estimates the spacecraft attitude states
with 1 deg accuracy in nominal mode and 2 deg in worst mode by
EKF with 0.5% noisy measurements from TAM and corrected CSS.
The main purposes of our study were to estimate the albedo by

using a simplemodelwith less parameter dependency than any albedo
models, and to estimate the attitude by comprising the corrected CSS
measurements. The estimation process using only the CSS platform
and using it along with TAM is presented to be considered during the
sanity checks and/or in the safe-mode operations of a spacecraft
missions or in the validation algorithm of other sensors’ outputs. This
aids themission bymaking the albedo estimates available for the other
subsystems.
As a simple model, autoregressive (AR) albedo model is proposed.

Here, the purpose is to estimate the albedo without using any data
related to albedo coefficients that depend on position, time, ground,
and cloud coverage parameters. Autoregressive model or enhanced
versions of the ARmodel are widely used in forecasting geomagnetic
storm indices and estimating gyro drifts aswell aswind speed [15–18],
but to the best of our knowledge, it is used in albedo estimation for the
first time in this study. The CSS measurement equations contain
disturbances, most notably due to the albedo of Earth, which is
dependent on too many parameters. Therefore, modeling albedo is
complex and computationally heavy for online usage. In the mean-
while, AR is a simple model based on only a couple of parameters in
accordancewith howmanymeasurements are used. However, attitude
informationof a spacecraft is necessary to estimate thealbedobasedon
the AR model. So, an attitude estimation procedure is also presented
using the estimated albedo. Reference [7] indicates that it is possible to
perform a three-axis attitude estimation by using only CSSs with
albedo interference, but the nondifferentiability of the output equa-
tions makes the estimation harder. This is why the attitude estimation
procedure proposed in this study is composedby estimating the albedo
first and correcting the CSS after. In this way, any albedo model is not
considered in the last output equations in the attitude estimation filter.
The remainder of this paper is organized as follows. Section II

presents the albedo and CSS mathematical models. The attitude
estimation filter and AR-model-based two-stage albedo estimation
filter used in this study are given in Secs. III and IV, respectively. In
Sec. V, the analysis and results of several scenarios for the albedo data
of Earth, albedo effects onCSSs, possible albedomodels, and attitude
estimation filters are presented and discussed. The last section sum-
marizes and concludes the paper.

II. Albedo and CSS Modeling

A. Mathematical Model for the Albedo of a Planet

Themathematicalmodel for the total albedo froma planet affecting
an instrument (e.g., CSS) on a spacecraft is given in this section. The
parameters affecting the albedo model can be itemized as the attitude
and position of the spacecraft, field of view (FOV) of an instrument,
placement of other instruments (that might block/shadow), and
albedo coefficients related to several parameters (such as ground
coverage, seasonal changes, and cloudiness).
The generic vectors can be described as unit normal vector n̂, sun

headingvector ŝ, and directionvector fromA toBr̂AB. InFig. 2, n̂A and
n̂I are the unit normal vectors of the differential area dA on the planet
and the instrument cell, respectively; ŝP and ŝI are the sun heading
vectors of the planet and of the instrument cell, respectively. Here, the
position vector of the instrument from the incremental area is rAI andFig. 1 Illustration of considered radiation sources on a spacecraft.
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the unit direction vector is r̂AI � rAI∕krAIk. The direction vector of
the spacecraft from dA can be expressed as r̂sc.
The differential areas 1) on the sunlit portion of the planet where

�ŝP ⋅ n̂A > 0� forming As (sunlit region), 2) in the FOVof the instru-
ment with a half-angle of Δ where �−r̂AI ⋅ n̂I ≥ cos�Δ�� forming AI

(instrument FOV region), 3) in the maximum FOVof the instrument
cell where �r̂AI ⋅ n̂A > 0� forming AImax

(maximum area that can be

seen from the instrument cell), and 4) in the FOV of the spacecraft
where �r̂sc ⋅ n̂A > 0� forming Asc (spacecraft FOV region) can be
used for the total albedo calculations contributing to the instrument or
the spacecraft. The total area that is sunlit and visible to the instrument
results in A ≡ As ∩ AI (see Fig. 3).
The solar flux reaching to a point is found asFsun�ŝ ⋅ n̂� (inW∕m2)

when using the generic vectors. So, the solar flux reaching the
incremental area �Fin� is [3]

Fin � Fsun�ŝP ⋅ n̂A� (1)

where Fsun is the solar constant at the top of the atmosphere (TOA).
Themeanvalue of the solar flux at themean distance of the sun–planet
is called solar constant, which slightly changes depending on the solar
cycle and the distance of the planet from the sun. The solar constant
value for Earth is 1366.1 W∕m2. The incoming solar flux is both
absorbed and reflected partially. The reflected portion is proportional
to the albedo coefficient α as

Fout � αFin

� αFsun�ŝP ⋅ n̂A� (2)

Using the conservation of energy [3], the irradiance due to the
albedo of the planet at the position of the spacecraft is

Fα �
Fsun

π

ZZ
A

α�ŝP ⋅ n̂A��r̂AI ⋅ n̂A��−r̂AI ⋅ n̂I�
krAIk2

dA (3)

where Fsun is the solar constant at the TOA; ŝP is the sun heading
vector of the planet, n̂A and n̂I are the unit normal vectors of dA and
the instrument cell, respectively; and r̂AI is the unit direction vector to
the instrument from dA. Equation (3) is rewritten in a summation form
to obtain a discrete version as [19]

Fα �
Fsun

π

XNA

i�1

α�ŝP ⋅ n̂Ai
��r̂AIi ⋅ n̂Ai

��−r̂AIi ⋅ n̂I�
krAIik2

ΔA (4)

whereNA is the number of differential areas �ΔA� inside the intersec-
tional area A.

B. Albedo Coefficients

Albedo coefficient α is the ratio of the reflected and incoming solar
radiation over a unit area that ranges from0 to1.As it is described in the
previous section, the data are required to comprise albedo based on the
latitude and longitude of a planet, and it might optionally include
information of date/time, cloudiness, etc. The most reflective planet
in the solar system isVenusby its globalBondalbedo around 0.76 [20].
The average albedo of Earth evolved over time, but converged to 0.29
in the mean in the last 40 years and had only 0.2% interannual
variability on globalmean albedo [21]. In order not tomodel a complex
albedo close to the real case, which depends on many parameters as
discussed, a constant global albedo coefficient can be used. However,
the use of this kind of straightforward planet interference might be
insufficiently accurate [13].
To determine the total albedo affecting the instrument, the planet

should be divided into grids based on the albedo data size. Figure 4
shows an illustration of the albedo contributions from each grid
element within the FOV to the instrument. The albedo data might
include irregularities on the latitude and longitude (see Fig. 5). The
grid elements to be considered can be determined using their central
points. The grid element with the central point within the FOV can be
considered as an active element. In Fig. 5, regular and irregular grid
examples are given. Even the area seen is the same (red elliptical
area); the active grid elements to be used (blue rectangular areas) for
the calculations differentiate. Another method to apply here is to use
an interpolation technique [22], such as inverse distance weighting,
kriging, bi-cubic, nearest neighbor, etc., so as to use the exact area of
interest in the calculations. It is also possible to convert the irregular
grids into the regular version.
The albedo data of Mars can be obtained from the instrument

Thermal Emission Spectrometer (http://tes.asu.edu/) on the Mars
Global Surveyor spacecraft launched in 1996. The data have irregu-
larities in the sense of latitude and longitude intervals.
The albedo data of Earth can be obtained from instruments, such as

TOMS (https://ozoneaq.gsfc.nasa.gov/) and CERES (https://ceres.
larc.nasa.gov/). The TOMSmeasures the albedo of the atmosphere of
Earth in the near-ultraviolet region. The data are mapped with a grid
size of 180 × 288 and a latitude and longitude resolution of 1 × 1.25°.Fig. 3 Illustration of the observed illuminated area.

Fig. 2 Illustration of the unit normal, sun, and spacecraft heading

vectors.
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The most recent data are obtained from the Earth Probe mission
between 1996 and 2006. The CERES albedo data up to with 1 × 1°
resolution can be found with surface or TOA options under clear-sky
and all-sky conditions. The clear-skymonthlymeanTOA fluxes from
CERES are provided completely cloud free according to Moderate
Resolution Imaging Spectroradiometer data with 1 km resolution
[23,24]. There are several satellites having CERES instrument
onboard, such as Tropical Rainfall Measuring Mission, Terra, Aqua,
SuomiNational Polar-orbiting Partnership, andNOAA-20. Terra and
Aqua satellites have two CERES instrument pairs to provide an
enhanced product quality. The hourly, daily, and monthly satellite
pair (Terra–Aqua) data are available starting from 2002. A sample
albedo coefficient data of Earth from CERES averaged over 2018 is
presented in Fig. 6.

C. Modeling of CSS Measurements in the Presence of Albedo

As the CSS senses any light received, the light reflected from a
celestial body will also affect the sensor. Here, one celestial body is
considered close enough to a spacecraft for modeling the CSS mea-
surements without having any blockage to the FOVof the sensor from
the structural components of the spacecraft. Adding more than one
celestial body to the simulations is possible by adding another albedo

Fig. 5 Illuminated FOV area with a) regular and b) irregular grid examples.

Fig. 6 Albedo coefficients averaged over CERES 2018 monthly data under a) clear-sky and b) all-sky conditions.

Fig. 4 Illustration of the albedo influence on an instrument from

observed incremental areas of a planet.
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summing term. The structural blockage can be avoided at the design
stage ormodeled in the FOVof theCSS.The process of simulating the
CSS readings excited by the albedo of a planet is given in Fig. 7.
The output current of the CSS is proportional to the angle between

the boresight of the sensor and the direction of the light source
in general [3]. By using the solar irradiance formula on an instrument
as Fsun�ŝI ⋅ n̂I�, the output current generated from the CSS can be
expressed as

Id �
8<
:
Imax

Fsun

Fcal

�ŝI ⋅ n̂I� if �ŝP ⋅ n̂A > 0� ∩ �ŝI ⋅ n̂I ≥ cos�Δ��

0 otherwise

(5)

where Fcal is the calibration flux determined during ground testing,
and Imax is the possible maximum output current of the CSS. The
current of the CSS contributed from albedo is written as [7]

Iα �
8<
:
Imax

Fsun

Fcal

XNA

i�1

α�ŝP ⋅ n̂Ai
��r̂AIi ⋅ n̂Ai

��−r̂AIi ⋅ n̂I�
πkrAIik2

ΔA; if ΔA∈A

0 if ΔA∈=A
(6)

The resulting CSS current gives

I � Id � Iα � εCSS (7)

where εCSS is zero-mean Gaussian noise on the measurements. One
might need to use voltage outputs depending on the given instrumen-
tal data sheet. Thevoltage output can be calculated in a similarmanner
by including the maximum voltage of CSS, Vmax, instead of Imax, in
calculating Vd and Vα. The resulting voltage of the CSS is

V � Vd � Vα � εCSS (8)

The presented CSS readings in a current or a voltage format belong
to only one photodiode, and the calculations need to be repeated for as
many photodiodes as are available.

III. Gaussian Estimation Filters

The general estimation state-space problem is expressed as

xk � f�xk−1� �wk (9)

yk � hk�xk� � εk (10)

wheref�⋅� is the systemandh�⋅� is themeasurement function,xk is the
state vector at a time tk, wk is the zero-mean Gaussian noise vector
with the covariance ofQ, yk is the measurement vector, and εk is the
zero-meanGaussian noisevectorwith the covariance ofRk. The initial
state is x0 with mean μ0 and covariance P0; its probability density
function can be denoted as p�x0� � N�x0jμ0;P0�. Approximations
based onKalman filtering can be represented using theGaussian filter

(GF) technique [25]. This technique uses the parameters μk;Pk in
p�xkjy1: k� � N�xkjμk;Pk� for the distribution of state estimation by
two stages. The first stage is composed of predictions using the system
function to determine the predicted mean:

μ−k �
Z

f�xk−1�N�xk−1jμk−1;Pk−1� dxk−1 (11)

and the predicted covariance

P−
k �

Z
�f�xk−1� − μk−1��f�xk−1� − μk−1�T

× N�xk−1jμk−1;Pk−1� dxk−1 �Q (12)

The second stage updates thepredictions using themeasurements as

ŷk �
Z

hk�xk�N�xkjμ−k ;P−
k � dxk (13)

Ψk �
Z
�xk − μ−k ��hk�xk� − ŷk�TN�xkjμ−k ;P−

k � dxk (14)

Φk �
Z
�hk�xk� − ŷk��hk�xk� − ŷk�TN�xkjμ−k ;P−

k � dxk (15)

The innovation can be found as

ek � yk − ŷk (16)

with the innovation covariance

Sk � Φk � Rk (17)

which is used in constituting the Kalman gain as

Kk � ΨkS
−1
k (18)

Finally, the posterior mean and the associated covariance can be
found as

μk � μ−k � Kkek (19)

Pk � P−
k −KkSkK

T
k (20)

The integrals given in Eqs. (11–15) can be approximated using
different Kalman-type filters [26,27]. The attitude of a spacecraft
can be estimated using conventional approaches, namely, the EKF
[28] or unscented Kalman filter, which is derivative free [29], based
on nonlinear system and measurement functions defined in Eqs. (9)
and (10). An EKF is used in this study, and the attitude is represented
using MRPs indicated with σB∕R symbol, which is in body coordi-

nates with respect to the reference (inertial) coordinates [30,31].

Coupling

Illuminated Part 
of the Planet

Spacecraft 
Attitude/Position

CSS 
Alignment/FOV

Sum of 
Albedo 

Contribution 
from Each

Grid Element

Albedo Data
- Values

- Size

CSS Readings
Caused by 

Albedo

Fig. 7 Process for simulating the CSS albedo readings.
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Another approach is using deterministic attitude determination
techniques called single-framemethods (SFMs) as a substep to make
the attitude part of the measurements linear with respect to the states
[32–36]. The SFM-based preprocessing step is also implemented
before the update stage of the filter by minimizing Wahba’s loss
function [37]:

L�Ak� �
1

2

X
j

ajk jbjk − �BR�krjk j2 (21)

where �BR� is the direction cosine matrix (DCM) from reference
coordinates to body coordinates,aj is the inversevariance of the sensor

j, bj is the sensor observation vector in the body coordinates, and rj
is the measurement model vector in the reference coordinates. The
attitude can be determined by SFM and used in the GFs as linear
attitude measurements. The loss function can be minimized using one
of the SFM methods, namely, singular-value decomposition (SVD),
Quaternion Estimator, q, Fast Optimal Attitude Matrix (FOAM),
etc. [33,38].
The attitude measurement from the SFM is

~yk � Hxk � εk (22)

where the part of the measurement matrix corresponding to the
attitude states is an identity matrix; ~yk is the attitude measurement

with covariance ~Rk, which is updated inherently by SFM. The
innovation in Eq. (16) is replaced by

ek � ~yk − ŷk (23)

and Eq. (17) by

Sk � HP−
kH

T � ~Rk (24)

Single-frame-method-aided Kalman filters are expected to benefit
from having the initial attitude determined by SFM, especially for the
transient region of the estimations. According to Ref. [33], the SVD
method is faster than the qmethod andmore robust than the computa-
tionally fast methods (e.g., FOAM and Estimator of the Optimal
Quaternion [39]). In this regard, SVD, SVD-aided EKF, and conven-
tional EKF estimation methods are implemented to the computer
simulations in this work.
In this study, a spacecraft is considered to have two or three

measurement sensors out of CSS, TAM, and RG, because these
sensors are commonly used for spacecraft missions.
Each CSS can be modeled using Eq. (7), which gives the current

generated by one CSS in the body frame. For the platform, the sun
direction measurement vector can be obtained as

ycss �
XNcss

i�1

Ii ⋅ n̂cssi
(25)

where n̂cssi
is the unit normal vector of the ith CSS cell, andNcss is the

number of CSSs.
Three-axis magnetometer measurements can simply be modeled

as

Btam � �BN�Bmodel � εtam (26)

where �BN� is theDCMfrom inertial to the body frame, εtam is the zero-
mean Gaussian magnetometer measurement noise vector, and Bmodel

is the magnetic field model output, such as those of the International
Geomagnetic Reference Field (IGRF),WorldMagneticModel, dipole
model, etc. [40,41]. InternationalGeomagneticReferenceField isused
for this work.
Rate gyros are used tomodel the angular velocity of the spacecraft.

The measurements can be modeled as

ωRG � ωBN � εRG (27)

where ωRG are the body measured angular rates based on the space-
craft dynamics model angular velocity ωBN of the body frame with
respect to the inertial frame, and εRG is the zero-mean Gaussian
gyroscope measurement noise vector.

IV. Two-Stage Albedo Estimation Filter Using AR
Model

This section presents a two-stage estimation using AR time-series
approximation for the planet’s albedo estimation. The AR model
is based on simple summing term, which uses a number of previous
measurements, and a noise term as

zk �
Xp
i�1

�φizk−i� � εk (28)

where zk represents one component of the albedo measurements
(the difference between the sun sensor measurements in the body
frame and the sun directionmodel transformed into body frame using
the spacecraft’s attitude information), φ is the model parameter, p is
the number of previous measurements to be used, and εk is the zero-
mean Gaussian noise. Akaike criterion can be used to determine the
order of the AR model [42]. The first stage estimates the AR model
parameters using the recursive least-squares method. By substituting
the collectedmeasurements of zk, thematrix formof themeasurement
equation can be expressed as

Yk � ~ZkΦ∼ k
� εk (29)

where Yk � zk, ~Zk��zk−1 zk−2 ··· z1 �, andΦ∼ k
��φ1 φ2 ··· φk−1 �T .

The formula for the estimation of themodel parameters can bewritten
as [17]

Φ
∼ k�1

� Φ
∼ k

� Ξk�Yk − ~ZkΦ∼ k
� (30)

Here, the scaling �Ξk� in the correction term is determined
by

Ξk �
1

1� ~ZkΓk
~ZT
k

Γk
~ZT
k (31)

where

Γk � � ~ZT
k
~Zk�−1 (32)

The model parameters estimated from Eq. (30) can be used in the
second stage. The linear system is defined as [17]

Xk � FkXk−1 � BkUk (33)

and the measurement is

Zk � HXk � Vk (34)

where Xk � � zk zk−1 · · · zk−p�1 �T1×p is the state vector, Uk�
�εk 0 ··· 0�T1×p is the zero-mean Gaussian noise vector with the proc-

ess noise covariance matrix Q
∼
, Vk is the zero-mean Gaussian noise

vector with themeasurement covariancematrixR
∼
,H��1 0 ··· 0�1×p

is the measurement matrix, and Fk and B are given as

Fk �

2
666664

φ1 φ2 · · · φp

1 0 · · · 0

..

. ..
. . .

. ..
.

0 0 0 0

3
777775

p×p

(35)
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B �

2
666664

1 0 · · · 0

0 0 · · · 0

..

. ..
. . .

. ..
.

0 0 · · · 0

3
777775

p×p

(36)

The Kalman-type filtering algorithm based on the defined system
and the measurement functions is able to estimate the albedo state
vector using Eqs. (16–20). The innovation in Eq. (16) is replaced
by

ek � Zk −Hμ−k (37)

The innovation covariance in Eq. (17) is replaced by

Sk � HP−1
k HT � R

∼
(38)

Finally, the Kalman gain in Eq. (18) is replaced by

Kk � P−
kH

TS−1
k (39)

for representing the Kalman filtering of the second-stage estimation.
By using the two-stage estimation form, the albedo of a planet can be
estimated at each time step.

V. Analysis and Results

A. Albedo Data of Earth and Sun Sensor Measurements

Eleven years of Synoptic TOA and surface fluxes and clouds
(SYN) 4.1 edition of Terra–Aqua satellite pair CERES data product
is used with 1 × 1° global grid of Earth. The global albedo for 11
years from 2008 to 2018 is presented using box plots for each month
in Fig. 8 under clear-sky and all-sky conditions. The small range of
the box plots of each month demonstrates that the interannual albedo
does not significantly change over the years for anymonth.While the
averages slightly change or do not differ in years, values depending
on the month grossly vary under both sky conditions with a similar
trend. The trend of the plots is similar for the clear-sky and all-sky
cases. The lines in the figures are Fourier series model-based fitted
curves to themeanvalues from the box plots of eachmonth identified
as the red color for the all-sky condition and blue for the clear-sky
condition. The all-sky condition is almost as twice as the clear-sky
albedo averages. From the data, the global average of the albedo over
the years and months is found to be about 0.23 under clear-sky
condition and 0.37 under all-sky condition.
The albedo coefficients given in Fig. 9 are 11 years (2008–2018)

averaged over four consecutive seasons as season 1 (December to
February), season 2 (March to May), season 3 (June to August), and
season 4 (September to November). The values are distributed based

on the data under clear-sky and all-sky conditions globally. The
albedo differentiates globally with the seasonal changes and with
the sky conditions. The coefficients for each season and sky condition
are presented by the maps prepared using the Hammer–Aitoff pro-
jection [43]. The null grids are shown with the white color, which is
not excessive for the monthly mean data, and the continents with the
black lines. In this way, the albedo dependency on the land coverage
can be realized, which is more noticeable in the clear-sky condition
than the all-sky condition. The all-sky case mostly has a cloudy sky
that causes the neighboring regions having similar albedo values and
reduces the ground cover effects. In addition to the cloud formations,
the highest reflectivity is observed in the polar regions and Green-
land [14].
The albedo coefficients in Tables 1 and 2 are also 11 year averaged

values using spatial and seasonal scales. The spatial scales include
global, tropics, polar, andmid-latitude regions at the northern (N) and
southern (S) hemispheres, whereas the seasonal scales have four time
intervals as described. The values are averaged based on clear-sky
(Table 1) and all-sky (Table 2) conditions. The cells with no data are
ignored in the averaging process. Several remarks can be itemized by
looking at the albedo variations as
1) The maximum averaged albedo is at the polar regions under

all cases.
2) Albedo is the most effective in boreal winter (December to

February) at the northern hemisphere and in austral winter (June to
August) in the southern hemisphere under all cases.
3) The peak values are found in the same spatial regions under the

all-sky condition (minimum at the tropics and maximum at the polar
south region).
4) The peak values are found in slightly different spatial regions

under clear-sky conditions.
5) All values are greater in the all-sky case compared to the clear-

sky case.
6) The lookup table can be implemented for attitude estimation

purposes by dividing the planet into spatial regions and seasonal
periods for less computation instead of using every grid on the planet
over several years.
For analyzing the effects of the albedo of Earth on CSS measure-

ments, it is possible to use an arbitrary year rather than the exact year
of spacecraft flight because the average values do not differ signifi-
cantly in years by referring to Fig. 8. The data sample averaged over
arbitrarily chosen year, 2018, is employed (Fig. 6). A scenario is
performed for observing the albedo effects on the CSSmeasurements
particularly.
Here, CSS platforms are put on every face for convenience in the

observation of the albedo of Earth. Photodiode placement on each
CSS platform is illustrated in Fig. 10 in platform coordinates
fp̂1; p̂2; p̂3g. Each CSS has Δ � 60 deg half-FOV angle and is
assumed to read a maximum of 1 A under direct sunlight.
For the first spacecraft setup, a fixed craft with no rotational

dynamics is placed on the Sun–Earth line at 800 km altitude for
simplicity in observing the CSS outputs. In Fig. 11, the positions of
the sun, spacecraft, and Earth are illustrated without scaling. In this
scenario, a symmetrical behavior might be expected in CSS platform
outputs on spacecraft–face–counterparts in terms of only sun expo-
sure except for�x and−x directions. Here,�x is pointing to the sun
and −x to Earth. However, albedo also excites the CSS. The satellite
faces are numbered, respectively, for �x;�y;�z;−x;−y; and − z
directions in Fig. 11. For the analysis, face 4 (−x direction) of the
satellite, which is exposed only to the albedo of Earth and not to the
sun, is used. To inspect the parameter dependence of albedo, two
parameters—altitude and longitude—are tested by differentiating
one parameter and fixing the other. The FOV of each CSS on face
4, in which the outer frame is marked with a black line, can be seen in
Fig. 12. The base albedo map behind each region is shown in Fig. 6a.
For better illustrative analysis, CSS 1 on face 4 is presented. The

CSS FOV region in the sunlit area of the planet in Fig. 13 is marked
with the colored base albedomap. The observed area is getting larger
with rising altitude. However, even if the observed area is getting
larger, the current readings of each CSS caused by the albedo—
without any noise on the sensor—decrease and converge to zero

Fig. 8 Monthly albedo box plots for 11 years under clear-sky (bottom)
and all-sky (top) conditions.
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Fig. 9 Eleven-year averaged global albedo coefficients over four seasons under clear-sky (left) and all-sky (right) conditions.

Table 1 Eleven-year averaged albedo coefficients over regions and seasons indicated (clear sky)

Season 1 Season 2 Season 3 Season 4

Averaging scale (Dec. to Feb.) (March to May) (June to Aug.) (Sept. to Nov.)

Global 0.3017 0.2999 0.2704 0.2852
Polar North �60° − 90°N� 0.5310 0.5068 0.3093 0.4224

Mid-latitude North �30° − 60°N� 0.2602 0.1798 0.1370 0.1792

Tropics �30°N − 30°S� 0.1210 0.1178 0.1195 0.1177

Mid-latitude South �30° − 60°S� 0.1017 0.1476 0.1779 0.1165

Polar South �60° − 90°S� 0.4947 0.5475 0.6082 0.5905
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when going up from 500 to 20,000 km altitude (see Fig. 14) because
of the inverse square law of the light intensity.
It is known that there is a large dependency on latitude, but it is

sometimes assumed that there is only a small dependency on longi-
tude [4,14,44]. To inspect this assumption, the longitude dependency
of the albedo on a CSS is examined for both cases (clear sky and
all sky). The CSS readings depending on the longitude changes are
seen in Fig. 15 for f60°N; 30°N; 0°; 30°S; 60°Sg latitudinal lines.
Even if it was expected to have similar current readings caused by
albedowhen differentiating the longitude at high latitudes, outputs on
panels 1 and 5 of the figures still highly depend on the longitude
change of the spacecraft. In fact, 0° latitude differs the least in the
clear-sky case. The standard deviations are calculated, respectively,
as σclear��0.018 0.006 0.004 0.012 0.018 � for the clear-sky con-
dition and σall��0.017 0.005 0.014 0.011 0.018� for the all-sky
condition. However, there is no regular trend seen for differentiating
longitudes on the same latitude line; therefore, their effects need to be
taken into account. The results from this examination are special to
our case, but point out that the albedo value at the instrument depends
on the longitude. There might be some cases where the albedo is

having almost a constant value on a latitude line or a region if several
conditions meet simultaneously, which is a rare case.

B. Spacecraft Attitude Estimation Using the Albedo-Interfered Sun
Sensors

In the second setup, the simulations are performed for a spacecraft
with the principal moment of inertia I�diag�0.055 0.055 0.017�kg⋅
m2 on an almost circular near-Earth orbitwith 730kmaverage altitude
andwith inclination i � 96.5 deg starting on 1March 2018 or 1 June
2018 at 2400 hrs Coordinated Universal Time. The spacecraft is
tumbling during the simulations on an orbit propagated by employing
the Simplified General Perturbation Version 4 (SGP4) model intro-
duced by Ref. [45]. (The SGP4 source code is available at http://
celestrak.com/publications/AIAA/2006-6753/.) The sun direction is
formulated using the model presented by Vallado [46]. The CSSs are
processed at 1 Hz and corrupted by Gaussian zero-mean noise with a
standard deviation of 2% (unitless).
The first part of this section is devoted to analyzing the albedo

estimation using different albedomodels. For this purpose, themodels
are divided into roughly two different categories as albedo-data-based
models (empirical albedo models) and the AR albedo model. The
estimationprocedures for eachmodel categorycanbeseen inFigs.16a
and 16b, respectively. The attitude information for the sun direction
vector transformation from inertial to body frame is assumed to be
estimated by using star trackers with 1 arc second accuracy without
considering anymisalignments on the sensors. In Fig. 16a, the albedo
estimation procedure is based on themodel requiring to find the sunlit
area within the FOVof the sensor and to obtain the albedo coefficient
data. Albedo estimation based on the AR model, on the other hand,
does not require any of this information but a two-stage estimation.
The AR albedo model is also tested for a one-stage estimation filter,
but the results were not promising so that only the two-stage estima-
tion filter based on the AR model is proposed to be used for albedo
estimation. The estimation procedures use the albedo measurements

Table 2 Eleven-year averaged albedo coefficients over regions and seasons indicated (all sky)

Season 1 Season 2 Season 3 Season 4

Averaging scale (Dec. to Feb.) Season 2 (March to May) (June to Aug.) (Sept. to Nov.)

Global 0.4346 0.4270 0.4110 0.4252
Polar North �60° − 90°N� 0.5910 0.5692 0.4636 0.5461

Mid-latitude North �30° − 60°N� 0.4309 0.3465 0.3016 0.3536

Tropics �30°N − 30°S� 0.2350 0.2242 0.2361 0.2315

Mid-latitude South �30° − 60°S� 0.3205 0.3687 0.3986 0.3414

Polar South �60° − 90°S� 0.5955 0.6261 0.6550 0.6535

Fig. 10 Illustration of CSS placement on each platform.

Fig. 11 Illustration of the sun, spacecraft, and Earth positions for scenario 1.
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generated by the difference between the sun direction measurement
vector of the CSS and the modeled sun direction vector transformed
into the body frame. However, as the albedo measurements are
dependent on the CSSmeasurements directly, possible sensor-related
continuous or time-varying biases will be treated as part of the albedo
as well.
The considered albedo models are presented in Table 3. The first

two rows list the reference models used in creating the CSS measure-
ments and the rest are selected to see the differences of the model
outputs with respect to the references. More than 11 years of CERES
albedo coefficient data of Earth are available for the public. So, the
first reference model is based on 1 month averaged data over March
2018 for the clear-sky condition, whereas the second reference aver-
aged over 11 years of data from 2008 to 2018 for July under the clear-
sky condition. The first five albedo models are named by sequential
numbers and produced using CERES data or a constant value, and the
last row shows the AR albedo model. Model 1 uses the albedo data

averaged over March 2018 under the all-sky condition. Model 2 uses
the albedo data averaged over thewhole year of 2018 under the clear-
sky condition. Model 3 uses the lookup table presented in Table 1.
Models 4 and 5 are based upon the given constant values. Model 3
differs according towhich spatial region of the instrument is looking at
and in which season the spacecraft is flying. The references are based
on two differentmonths in our case, somodel 3 uses two seasons from
the lookup table as seasons 2 and 3 corresponding to referencemodels
1 and 2, respectively.
The albedo model outputs of reference models 1 and 2 are given

for three orbits in Fig. 17. There is no albedo contribution during
eclipse, as seen from the figure. Therefore, a portion of the simulation
is analyzed. The first 1000 s is selected to be analyzed as the
differences between two reference models are more distinct. The
albedo model outputs from several albedo models are presented in
Fig. 18 for comparing each one of themwith referencemodel 1 on the
left panel and reference model 2 on the right. As the same condition

Fig. 12 CSS FOV on face 4 of the satellite at 800 km altitude.

Fig. 13 CSS 1 FOV on face 4 of the satellite at three different altitudes (left to right: 500, 5000, and 10,000 km).
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and configuration for the spacecraft and instrument are used, models
1–5 do not differentiate from one case to another, exceptmodel 3with
different seasonal values. From the results, it can be said that only the
AR albedo model follows the reference models for both cases.
Among the other albedo models, model 4, which uses a constant
albedo value α � 0.29 over all spatial points on Earth, is superior
under reference model 1 case and model 2 under reference model
2 case.
A complementary table is composed of albedo rms error and the

computational time for each model in Table 4. The rms errors are
calculated based on the albedomodel outputs and the estimationswith
respect to the reference models. The rms errors confirm the results
of Fig. 18. Albedo data-driven models are also processed under a
conventional estimation filter to make a fair comparison with the AR
albedo model, which is based on a two-stage estimation. The albedo
estimations based on models 1–5 give more than three times better
accuracy than theARmodel-based estimations.However,models 1–5
depend on many parameters, unlike the AR model. In the meantime,
the computational burden is lighterwhen it comes to theARmodel, as
seen fromTable 4.TheARmodel does not require anydata processing
at the beginning, and the total processing and estimation speed is
around six times faster than the others.

The limitation of the AR albedo model might be caused by
inadequate or faulty albedo measurements, as it highly depends on
the measurements. For example, if there is a sensor-related bias on
CSS in addition to the albedo, this will be compensated by the AR
albedo model estimation procedure; yet, the albedo estimation will
not represent the actual albedo this time. Thismight cause an issue for
the other subsystems in need of estimated albedo information, such as
solar panels. On-ground calibration is suggested for preventing such
a problem.
Attitude information is assumed to be knownwith high accuracy in

the first part. As the AR albedo model is greatly dependent on the
albedomeasurements with a necessity of attitude information, albedo
estimations are most likely to be disrupted in the case of no proper
attitude information like a malfunction of the star trackers. If there
are no star tracker outputs available, then magnetometers and/or sun
sensors could conceivably be used for attitude determination pur-
poses. It is possible to use them separately as a single sensor in
recursive estimation methods or together for an improved estimation.
In the analysis, the estimations are first presented usingTAMandCSS
pair, and then CSS without TAM. Using TAM measurements in the
estimations is performed by closing the switches for TAM and mag-
netic field model boxes seen in Figs. 19a and 19b, and open switches
are for not using them.
The albedo is assumed to be in the form of referencemodel 2 based

on the 11 year averaged July CERES albedo data under the clear-sky
condition in all cases. A wrong albedo model in the form of model
4 and AR model that does not require any information other than
CSS measurements and attitude of the spacecraft is considered in
the attitude and albedo estimation algorithms for comparison. The
RG-driven kinematicmotionmodel is used for the attitude estimation
filters in this study, but the use of a dynamic model with no RGs is
also an option [47,48].
The “Albedo-data-based model” box in Fig. 19a represents the

wrong albedo model (model 4) in the analysis. The CSS outputs are
corrected by using the albedo models before using it in the attitude
estimation methods. Attitude is represented by MRPs �σB∕R�, where
B stands for the body andR for the reference (Earth-centered inertial)
coordinates in the simulations, but transformed into Euler 3–2–1
angles in degrees for presentation. The estimation error levels of
the components vary between different simulations possibly due to
the randomized values used in the models and the filters. Therefore,
the attitude error norms are presented instead of giving the results in
component by component. The attitude error norms of the listed
estimation methods are given in Fig. 20a using model 4. The same
procedure is applied by replacing model 4 with the AR model, as
presented in Fig. 19b. But this time, the attitude error is a little more,
especially in the transient region until compensation at around 600th s
seen in Fig. 20b.

Fig. 14 Altitude-dependent CSS current outputs on face 4 of the satel-
lite.

Fig. 15 Longitude-dependent CSS 1 current outputs on face 4 of the satellite at 800 km under clear-sky (left) and all-sky (right) conditions.
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It is possible to estimate the spacecraft attitude usingonlyonevector
observation in the recursive estimation methods; CSS measurements
are used in this case. The structures of model 4 and the AR model-
based estimation filters are shown in Figs. 19a and 19b, respectively,

with open switches for magnetic-field-related blocks. Having only
CSS with albedo interference makes the results deteriorate more, as
seen in Figs. 21a and 21b. The mean attitude estimation errors are
given in Table 5.

Fig. 16 Albedo estimation procedure based on a) albedo-data-based models and b) AR albedo model.

Table 3 Details of the models used for albedo estimation

Model name Albedo data Average type Sky condition Additional information

Reference model 1 Ref. [1] CERES Monthly average March 2018 Clear sky ——

Reference model 2 Ref. [2] CERES Monthly average July 2008–2018 Clear sky ——

1 CERES Monthly average March 2018 All sky ——

2 CERES Yearly average 2018 Clear sky ——

3 CERES Yearly average 2008–2018 Clear sky Lookup table based on spatial and
seasonal regions (see Table 1)

4 Constant — — —— α � 0.29

5 Constant — — —— α � 0.15

AR — — — — —— No need to find the sunlit FOVarea;
model parameters to be estimated first

Fig. 17 Albedo model outputs of reference models 1 and 2 for three orbits.
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Table 6 is composed using normalized rms (nrms) errors of attitude
estimation averaged over 100 Monte Carlo simulations, which con-
firms the results except that EKF gives slightly improved results than
presented in Fig. 20b.
From the analyses, it is identified that albedo-data-based models

(models 1–5) differ from the referencemodels case to case, but on the
other hand, the AR albedo model follows the reference. So, it cannot
be directly stated which model is the best among the five data-driven
albedomodels, and they can only be evaluated case by case. For a fair
comparison in the estimation sense, a conventional estimation filter is
applied to the albedo models that also follow the reference trend like
theAR albedomodel. This comparison ismade under the assumption
of having highly accurate attitude information from star trackers. In
terms of computations, the AR albedo model processing and estima-
tion speed is around six times faster than the others. Among the
albedo-data-basedmodels, model 4 �α � 0.29� is found to be the best
of confirming the first reference and model 2 (2018 yearly average)
of confirming the second reference. Unfortunately, Model 3 under-
performed expectations for our case. Based on these, it is recom-
mended to use the AR albedo model because of its consistency
between cases. However, the AR albedo model is limited with the
used albedo measurements, which might include CSS-related bias.
On-ground calibration is suggested for preventing such a problem.
Two sensor configurations and twoalbedomodels (model 4 andAR

model) are considered in the attitude estimation sense.Overall, EKF is
an accurate attitude estimation method with less computational bur-
den than the preprocessed filter (SVD-aidedEKF) for TAM–CSSpair.
It can be used in CSS-only case as well. The other attitude estimation
methods can also be implemented using the proposed framework in
Fig. 19. The TAM–CSS pair case provides the most accurate attitude
estimation when using model 4 corrections. The CSS-only case, on
the other hand, provides the most accurate attitude estimation when

using the AR model corrections. Therefore, the albedo model to be
used can be determined based on the configuration as well.

VI. Conclusions

This study considers a spacecraft setup close enough to the sun
and Earth receiving electromagnetic radiation of direct solar flux and
reflected radiation, namely, albedo, in which both are sensed by the
sun sensors. The albedo data of Earth are obtained from the CERES
instrument. By evaluating the data, the maximum albedo of Earth is
found in the polar regions and under all-sky conditions. Continental
areas have higher albedo values, especially under clear-sky condi-
tions. Albedo contributes to sun sensors from each incremental area
of Earth in the sunlit areawithin the sensor FOV. The albedo intensity
has a higher impact on sun sensors when getting closer to Earth.
Themain purpose of this studywas to find a simplemodelwith less

parameter dependency than the empirical albedo models. The second
purpose was to estimate the attitude by comprising the corrected CSS
measurements free from albedo so as to obtain better accuracy. The
AR albedomodel is proposed, which does not use albedo coefficients
depending on the position, time, ground, and cloud coverage param-
eters. To the best of the authors’ knowledge, the AR model is used in
albedo estimation for the first time in this study. For comparison, five
different models are evaluated under the albedo-data-driven model in
addition to the AR albedo model. The two-stage albedo estimation
filter is applied based on the AR model so as to mitigate the albedo
error source from the CSS measurements and to feed into the neces-
sary subsystems. It is proposed to use theAR albedomodel because of
its simplicity and consistency between cases. However, spacecraft
attitude information is necessary to estimate the albedo based on the
AR model. So, an attitude estimation procedure is also presented
using the estimated albedo. The procedure is composed by estimating
the albedo first and correcting the CSS after. In this way, it has the

Fig. 18 Albedo model outputs of several models compared to reference model 1 (left) and reference model 2 (right).

Table 4 Performance comparison of the albedo models considered

RMS error Computational time, s

Model only Estimation

Model name Ref. [1] Ref. [2] Ref. [1] Ref. [2] Data processing Model processing and estimation

1 0.1201 0.0902 0.0028 0.0027 1.3082 0.0188
2 0.0395 0.0216 0.0028 0.0027 1.4038 0.0188
3 0.0991 0.0612 0.0028 0.0027 0.0014 0.0188
4 0.0277 0.0647 0.0028 0.0027 0.0004 0.0188
5 0.0897 0.1274 0.0028 0.0027 0.0004 0.0188
AR — — — — 0.0094 0.0111 —— 0.0030
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Fig. 19 Attitude estimation framework based on a) albedo-data-based models and b) AR albedo model.

Fig. 20 Attitude error norms using TAM and CSS with albedo interference based on a) model 4 and b) AR model.
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advantage that any albedo model is not considered in the last output
equations of the attitude estimation filter. The attitude is estimated in
accordance with two different sensor configurations by the Kalman-
type estimation filters. Three-axis attitude is estimated with around
4 deg accuracy using onlyCSSmeasurementswithout any correction
and around 2 deg accuracy when CSS is corrected by the AR model.
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