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ABSTRACT This study is aimed at addressing the practical challenges of conducting hardware-in-the-loop
simulation (HILS) for a CubeSat attitude determination and control system (ADCS) with a magnetometer
and magnetorquer. The inherent problem of magnetometer time-varying bias is typically addressed using
compensation methods. Because compensation is performed in orbit, the application of such methods to
HILS is difficult. In addition, the magnetorquer has limited applicability to HILS if only magnetorquers
without reaction wheels or control moment gyroscopes are used. In general, HILS for CubeSat uses air
bearing; however, it cannot be applied to a solely magnetorquer-based ADCS owing to the inertial moments
and center of gravity effects induced by the air bearing table. To overcome these challenges, in this study,
the magnetometer reliability is enhanced by compensating for temperature, current, and iron effects, which
are modeled experimentally, in the pre-launch stage. Then, a novel single axis-based HILS for CubeSats is
developed to minimize the disturbances by the ground environment. The torque limit of the magnetorquer
is supplemented through a magnetic field generated by a Helmholtz cage. The proposed HILS environment is
mathematically modeled to simulate the performance of the CubeSat ADCS, and its reliability is ensured by
comparing the simulation with real-time experimental results. To validate the usefulness of the proposed
HILS, it is applied to an ADCS based on a low-cost sensor fusion extended-Kalman filter and a linear
quadratic regulator controller commonly used in CubeSats. The simulation and experimental results are
well matched, demonstrating the potential of the proposed framework.

INDEX TERMS CubeSat, hardware-in-the-loop simulation (HILS), attitude determination and control
system (ADCS), magnetometer, time-varying bias, magnetorquer.

I. INTRODUCTION system elements. HILS technology has been traditionally

The hardware-in-the loop simulation (HILS) of the satellite
attitude determination and control system (ADCS) is aimed at
constructing a simulation loop that includes actual hardware
in a real-time embedded system and verifying the integrated
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used as a satellite ADCS verification technique because it
can enable the conduction of tests on various flight scenarios
of satellite ADCS in a laboratory that simulates the space
environment, thereby increasing the operational reliability of
the design system [1]. When verification is performed based
on actual hardware through HILS, the conditions for delay,
signal noise, non-linear statistical measurements of sensors,
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actuator characteristics, and other parameters that were not
implemented in the software-in-the-loop simulation (SILS)
appear. Therefore, HILS verification based on the actual hard-
ware of the satellite ADCS is necessary to ensure the success
of satellite missions [2].

Compared with large-scale satellite projects, the develop-
ment timeline of CubeSat projects, from design to verification
in the development environment, is short. Moreover, the
process involves limited resources, facilities, and budget.
Consequently, it is challenging to establish space environ-
ment simulation equipment and test facilities in the laboratory
to perform HILS of the CubeSat ADCS. In addition, cer-
tified test equipment that has been used to perform HILS
in the space system industry cannot be applied to Cube-
Sat platforms that are lightweight, have a small moment
of inertia, and have a small actuator input. Therefore, the
verification of the CubeSat ADCS is typically performed
through SILS and end-to-end tests, and HILS research on
CubeSat platforms has been actively conducted to solve this
problem [1], [2], [3], [4], [5], [6], [7], [8], [9].

Notably, the existing HILS devices mainly use air bear-
ings [10], [11], [12], [13], [14]. To this end, it is necessary
to use micro air bearings suitable for CubeSat platforms
and expend additional efforts to calculate a mathematical
model of the external force acting on the test bed for the
center of gravity and moment of inertia. This requires the
effectiveness of the HILS of the CubeSat ADCS to be eval-
uated based on functional operation, and it is challenging
to demonstrate the reliability of the system through a com-
parison of ADCS simulation and actual experiment results
for the built HILS environment. In addition, small CubeSats,
which are classified as nanosatellites weighing 1-10 kg,
have limited space for actuator mounting. Because of the
space limitations, most CubeSats of 2U or lower adopt a
magnetorquer as the only actuator [15]. Because the mag-
netorquer has small torque input characteristics, the center
of gravity shifts or the moment of inertia of the existing
test bed may act as a large disturbance factor [7]. In order
words, the performance analysis of the weak torque of the
actuator becomes more difficult in the HILS facilities. Fur-
thermore, from the perspective of using actual hardware, the
time-varying bias of the magnetic field sensor, which is a
well-known problem of CubeSats [16], must be resolved to
perform HILS.

This study is aimed at the development of HILS for a
CubeSat platform equipped with a low-cost magnetometer
and magnetorquer, considering the following aspects: First,
considering the characteristics of the CubeSat project, it is
necessary to build the HILS environment of the CubeSat
platform with an easily accessible device. Second, the system
must be able to be verified by installing it on the ADCS
using actuators and sensors commonly mounted on Cube-
Sats. In particular, the small input torque of the actuator
and influence by the moment of inertia of the HILS devices
must be considered. Next, the HILS must be performed
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through a practical solution for actual hardware by solving the
time-varying bias problem of the magnetometer used for atti-
tude determination. Finally, the HILS devices for verifying
the ADCS of the CubeSat should be mathematically modeled,
and all experimental characteristics verified through HILS
must be compared with the simulation results to demonstrate
its validity. Furthermore, the HILS environment should be
configured such that commonly used ADCS algorithms can
be applied.

As a key condition for performing HILS, considering the
characteristics of actual hardware, we present a solution to
the time-varying bias problem of the magnetometer. The
time-varying bias issue that occurs in magnetometer mea-
surements was analyzed through experimental compensation,
and the statistical characteristics of the measurements were
reflected in the attitude determination algorithm.

Next, the HILS construction method is simplified. To this
end, a single-axis-based HILS environment is constructed
by hanging the CubeSat onto a string so that any devel-
oper can easily access it. The performance of the applied
ADCS algorithm was verified using a proposed HILS with
only a magnetorquer on the ground environment. The accu-
racy of the designed attitude-determination algorithm, which
employs a low-cost magnetometer sensor, was verified simul-
taneously with the ground verification of the designed
controller. Also, considering that the torque of the magne-
torquer was very weak, the performance of the proposed
method was verified using a Helmholtz cage. The magnetic
field generated in the Helmholtz cage was perpendicular to
the axis, helping point the magnetic field for attitude determi-
nation and verify the single axis control performance of the
CubeSat. Here, the magnetic field was set to be three times
the size of the magnetic field of the LEO, which amplifies the
control input torque, thereby reducing the influence of ground
disturbance. By modeling the dominant disturbance torque
applied to the CubeSat suspended on a string with a single
axis, the ADCS performance was compared and analyzed by
performing a simulation.

All the proposed methods have the advantage of effec-
tively compensating for the magnetometer time-varying bias,
which has been a chronic problem in CubeSat, and effectively
verifying the ADCS algorithm on the ground and analyzing
its performance. To confirm the usefulness of the proposed
method, experimental compensation of the magnetometer
and HILS was performed using SNUGLITE-I engineering
model (EM), which is 1.9kg 2U size CubeSat [17], and the
results were analyzed.

The remaining paper is organized as follows: Section II
describes the ADCS and magnetic field compensation
method used in existing CubeSats. Section III describes the
proposed time-varying bias solution method for the mag-
netic field sensor. Section IV describes the commonly used
ADCS algorithms that are verified using the HILS. Section V
describes the proposed single-axis ADCS HILS configura-
tion and experimental results.
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Il. AN EXISTING CubeSat ATTITUDE DETERMINATION
AND CONTROL SYSTEM

CubeSat ADCSs, which perform active three-axis attitude
control, have been developed for radio communication and
scientific missions using combinations of thrusters, reaction
wheels, magnetorquers, and other actuators [15], [18]. The
three-axis active attitude control is performed based on the
estimated attitude provided by the attitude determination
algorithm.

It is well known that a star tracker, which is the most
commonly used device for attitude determination, can esti-
mate satellite attitudes precisely at the arcsec level [19], [20].
However, building an attitude determination sensor for Cube-
Sats is relatively expensive, which is unsuitable considering
the budget of the CubeSat project for educational pur-
poses. In addition, arcsec-level accuracy is not required
to perform missions for educational purposes, and it is
difficult to verify star tracker without simulator in the labo-
ratory. Therefore, in general, CubeSat attitude determination
utilizes the on-board MEMS sensor fusion method [21].
It is well known that TRIAD or QUEST vector esti-
mation attitude determination [22] can be achieved eas-
ily. Based on this algorithm, techniques such as using a
Kalman filter (KF) combining a magnetometer, sun sen-
sor, gyroscope, and other measurements have been pro-
posed [23], [24], [25], [26], [27], [28], [29]. In the case
of a LEO satellite, the geomagnetic vector and sun vec-
tor are the main indicators of direction for references,
including the International Geomagnetic Reference Field
(IGRF) model [30] and NASA Jet Propulsion Laboratory sun
model [31].

For the attitude determination, magnetometers have been
used as critical indicators that can always be employed in
LEO satellites [32]. In particular, because CubeSats can-
not mount many sensors in a limited physical space, the
magnetometer is vital for attitude determination, and its mea-
surement quality significantly affects its performance [33].
However, magnetometer measurements experience time-
varying bias because the components are densely arranged
in a very small space in the CubeSat, and the magnetometer
is mounted in the middle of the on-board area. Many com-
mercial products adopt a tip or boom structure that prevents
the distortion of measurement values by moving the magne-
tometer away from the CubeSat body [34]. However, to adopt
this structure, an additional magnetometer deployment device
must be designed and added, which is not suitable for
CubeSats with insufficient space. In addition, environmental
factors must be considered because these devices include the
risk of deployment failure and move away from the satellite
body.

To overcome the above-mentioned problems, solutions for
the time-varying bias of the magnetometer of the CubeSat
have been proposed, but they are limited to on-orbit compen-
sation [16], [35], [36]. To date, only a few methods have been
proposed to compensate for CubeSat magnetometers before
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launch. Recursive magnetometer calibration algorithms have
been proposed that combine attitude as the most effective way
to compensate for the magnetic field sensor on-orbit. The
methods listed reduce the measurement error for time-varying
bias using a KF [37], [38], extended Kalman filter (EKF) [35],
or unscented Kalman filter (UKF). However, these methods
require a complex filter design and are compensated for under
the assumption that the satellite attitude is known. Therefore,
they cannot be applied to CubeSats, where a magnetometer is
used as the main indicator to determine the attitude. Methods
of compensating the magnetometer independently of attitude
have also been proposed [39], [40]; howeyver, their application
to CubeSats is limited as on-orbit data must still be received
and a recursive algorithm must be applied.

As is well known, CubeSats exhibit an angular velocity of
up to 30 deg/s upon ejection from the poly picosatellite orbital
deployer (P-POD) [41]. The reliability of the angular velocity
estimate is affected by the gyroscope bias, necessitating the
use of the magnetometer’s rate of change during the initial
angular velocity stabilization phase. If magnetometer com-
pensation is to be carried out in orbit, it is necessary to review
the performance of the initial operational system, including
detumbling control, power generation, communication, and
operating methods. Furthermore, guaranteeing the accuracy
of compensated results using on-orbit, attitude-independent
methods in a CubeSat equipped with limited sensors presents
significant challenges [33]. These compensation methods are
not applicable for performing HILS in the pre-flight stage.
To ensure the reliability of CubeSat’s subsystem for short-
term missions, it is recommended to enhance the potential
for success through preliminary ground testing and conduct
tests that predict possible in-orbit events [42]. Therefore,
to determine the orientation of the CubeSat using the mag-
netometer as the main indicator, it is crucial to check the
characteristics of the CubeSat magnetometer in advance and
prepare a solution for the time-varying bias.

Next, for the attitude control, several methods have been
introduced for the CubeSat case using a combination of
reaction wheels and magnetorquers. The reaction wheel is
suitable for performing attitude control of the CubeSat. How-
ever, due to space limitations, most CubeSats of 2U or lower
use a magnetorquer as the only actuator [15]. Unfortunately,
when using only a magnetorquer, this system is nonlinear
time-invariant owing to the continuously changing geomag-
netic field in a LEO. Depending on the geomagnetic field, the
control torque calculated in the magnetorquer generates an
exceedingly small force compared to other actuators. Also,
three-axis magnetorquer decoupled each other to calculate
the torque according to the cross product between the dipole
moment and geomagnetic field. Therefore, for three-axis
active attitude control using only the magnetorquer, the afore-
mentioned problem must be addressed.

There are studies on three-axis attitude control algorithms
for CubeSats using only a magnetorquer. The PD con-
troller, which is generally used as a satellite attitude control
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algorithm, has been used in CubeSats. However, this method
requires an input transformation matrix due to decoupled
inputs and gain selection, which typically relies on empirical
method [43]. In other ways, infinite-horizon, finite-horizon,
and constant-gain controllers based on a linear time-varying
system that solves the Lyapunov equation [44], [45] have
been introduced. To solve the changing geomagnetic field
problem, the geomagnetic field was considered to be peri-
odic and included in the linearized model of the spacecraft.
Fuzzy [46], predictive [47], and sliding-mode control [48]
methods have also been proposed for the magnetorquer con-
trol problem in LEO. These methods have been attempted to
be applied to the CubeSat platform as innovative strategies.
However, in general, the most intuitive method to solve the
magnetorquer decoupled problem is to use a linear quadratic
regulator (LQR) controller [23], [49], [50], [51].

In this study, a widely used CubeSat ADCS algorithm
is applied, which can be verified using the proposed HILS
method. The objective is to simplify the ADCS verification
process by adopting an easily accessible algorithm while
leveraging existing methods. To this end, we first estimate
the attitude and angular velocity of the CubeSat by using
the EKF as the attitude determination algorithm. The EKF
combines measurements from a sun sensor, gyroscope, and
magnetometer that compensates for statistical errors caused
by time-varying bias. Also, in this study, as the well-known
attitude control algorithm, a linear quadratic regulator (LQR)
controller was designed. The control states include the Euler
angles, angular velocity, and gyroscope bias. The actuator is
equipped with PCB-integrated magnetorquers to perform 3-
axis active attitude control.

Notably, in the case of the existing on-orbit compensation
method, the time-varying bias problem of the magnetometer
used in the adopted ADCS cannot be applied to HILS per-
formed pre-launch. Therefore, we establish a new compensa-
tion method for the time-varying bias of a magnetometer that
can be verified on the ground. The time-varying bias of the
magnetometer was divided into temperature, current, and iron
effects, and each time-varying bias was experimentally mod-
eled and compensated for before the measurement update of
the attitude determination algorithm. The three factors con-
sidered in this paper, influencing the magnetometer appear
prominently owing to the characteristics of CubeSats because
the parts are densely arranged in a very small space.

IIl. COMPLETE SOLUTION FOR MAGNETIC
MEASUREMENT DISTORTION

A. TEMPERATURE COMPENSATION

In general, MEMS sensor measurements are affected by
temperature. In particular, in a space environment, the tem-
perature changes significantly depending on the presence or
absence of the sun. For a gyroscope, which is the MEMS
sensor mounted on the CubeSat, the influence of temperature
is reflected by estimating the bias as an attitude determination
algorithm state of the EKF, because it is difficult to model the
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bias change with respect to the temperature in a gyroscope.
In addition, low-cost MEMS gyros used in CubeSats are more
efficient in estimating bias than in modeling because of their
instability. However, the well-known fluxgate-type magne-
tometer changes depending on temperature [52]. Therefore,
the influence of the temperature compensation of the mag-
netic field measurement B! - at the current temperature T
can be easily distinguished by a function of the temperature
scale factor s(7"). At the current temperature, the magne-
tometer measurements for a reference temperature Ty can be
expressed as Eq. (1):

BT = s(T)BL 1)

meas temp

Here, the scale factor at the current temperature can be
expressed by Eq. (2), assuming a first-order linear model:

s(Ty=s0+s1T ()

Rewriting Eqs. (1) and (2), the temperature-compensated
magnetometer measurement can be expressed by Eq. (3):

gl _ BZl;eas 3)
temp so+ 51T

To obtain the scale factors of the magnetometer model
coefficients for the temperature, the CubeSat was placed in
a clean booth. If a thermal vacuum chamber, which is the
best apparatus for temperature change assessment, is uti-
lized, the magnetometer measurements will be affected by
the mechanical operation of the chamber. Thus, thermally
varying magnetic data collection was conducted in a place
where the influence of the magnetometer is as small as pos-
sible. The temperature sensor attached next to the sensor
was used as the reference temperature because the magne-
tometer did not provide temperature measurements. In this
study, a temperature in the range of 10-30 °C was modeled
by changing the clean booth temperature, and the modeling
temperature range was referred to for the on-orbit case of the
inner products of the CubeSat [17], [53]. Next, to analyze
the effect of the magnetometer on the temperature, the bias
effect in the static state was checked. Because it was placed
in a static environment, the influence of external factors other
than the temperature change on the measurements could be
neglected. At this time, the reference temperature was set
to 25 °C, adopting the datasheet reference temperature of
the magnetometer. The scale factor could easily be calculated
using the least-squares method by constructing Eq. (4) from
Eq. (3) for the kth collected magnetometer and temperature

data:
1 T(tl) * Bryrqleas(tl)
50 1 1 T (1) Bg;eas(&)
_ , . @)
S1 B0 : .
temp : :
1 T (1) Braeas(tk)

Here, superscript + indicates a pseudoinverse matrix, and
the magnetometer estimate for the reference temperature was
calculated using the least-squares method for the collected
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magnetic field for each axis and temperature data. The scale
factors calculated using Eq. (4) are listed in Table 1.

TABLE 1. Temperature scale factor for each axis.

Scale Factor X Y Y4
0[] 1.11 1.07 1.08
s[=1/1°C] —4.33x107° —2.73x107° —-3.03x10°°

The coefficients are presented in Table 1, and the com-
pensated results using the verification dataset are presented
in Fig. 1. In Fig. 1, the bias of the magnetometer changes
according to the temperature. And the result shows that
the magnetometer measurement in the temperature domain
can be modeled linearly. Thus, it can be confirmed that
the bias component is removed, only noise remained, and
the time-varying bias is stable with respect to the reference
temperature.

X [mG]

| | |
10 15 20 25 30
Temperature [*C]

Y [mG]

1
10 15 20 25 30
Temperature [*C)

200 T T T T =

10 15 20 25 30
Temperature [*C]

FIGURE 1. Time-varing bias due to temperature variation. The blue and
red lines indicate the measurements before and after compensation,
respectively. The reference temperature is 25 °C.

B. CURRENT COMPENSATION

The arrangement of the components concentrated in Cube-
Sats causes magnetic field interference between the internal
circuits [16], because a magnetic field is generated by the
current flowing in the circuit. In this study, it was found that
the current flows through the internal circuit, especially when
charging through the solar panel in the EPS where the largest
current flows, and the current appears the most prominently.
The distortions in the magnetometer measurements generated
during charging in the integrated CubeSat are depicted in
Fig. 2. As shown in Fig. 2, when the current flows through
the EPS and solar panels due to sunlight, distortion of the
magnetic field measurements occurs. This measurement dis-
tortion phenomenon is caused by a magnetic field generated
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by the current flowing in the EPS internal circuit charged
by sunlight from the solar panels. This bias change must be
removed in advance to reduce the statistical uncertainty of
attitude determination algorithm measurements.

Therefore, in this study, the idea is that the magnetic field
generated by the current is the same as that of a wire with
an electronic circuit fixed to the CubeSat internal body came
into focus. The magnetic field generated by the current can
be defined using the Biot—Savart law, as shown in Eq. (5).
Because the magnetometer attached to the CubeSat and the
wire flowing inside the EPS are fixed, the three-axis magnetic
field generated by the current vector i can be simplified.

s
5B(i)=“—°'/ T AK, i )
47 r2

sB=[5B, B, &B.]",
Kll KIZ K13

e e e
K. =| K2 K? KZ|,
31 32 33
KE Ke Ke
. . ; . T
i= [lx iy zz] (6)

Here, o represents the permeability of free space,
d? represents a vector line element of the current direction, r
represents the distance from d ¢, and 7 represents a unit vector
in the direction of r.

In other words, the magnetic field phenomenon caused
by the current can be interpreted as being expressed as a
magnetometer measurement Bj” (i) obtained by adding a
reference By and a current-distorted magnetic field éB(i),
which can be written as

B} eqs() = Bo + 8B(i) (N

meas

Therefore, by modeling the coefficient K, from Eq. (6)
because of the distortion of the magnetic field with respect
to the current, the current-distorted magnetometer measure-
ment can be compensated. Thus, because the current flowing
through each axis can be measured by EPS, the magnetic
field distortion coefficient of the current can be modeled.
The method of modeling the magnetic distortion coefficient
owing to the current charged to the EPS through the solar
panel proceeds in the following steps.

[Step 1] Prepare a device that can fix the CubeSat and a
sunscreen that blocks the entire CubeSat body without one
side.

[Step 2] Cover all sides with sunscreen to prevent charg-
ing current, and collect magnetometer measurements. The
collected measurements are the undistorted reference mag-
netometer measurements By.

[Step 3] As shown in Fig. 3, install a sunscreen to charge
only one side of the CubeSat, and collect current i and mag-
netic field measurements BS7 on that side.

[Step 4] Repeat steps 2 and 3 to collect current and mag-
netometer data for all solar panel attached surfaces.

[Step 5] From Eq. (7), obtain the magnetic field mea-
surement §B(i) generated by the current using the reference
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FIGURE 2. Magnetometer measurement distortion when charging solar panels. The upper
and lower panels present the magnetic field and photodiode type sun sensor

measurements, respectively.

FIGURE 3. Sunscreen and CubeSat cradle for current compensation
experiment, which is composed of a screen that exposes one side of the
CubeSat and a screen that covers the entire surface.

measurements Bg, current i, and distorted magnetic field
measurements BS7 collected on each side.

[Step 6] Now, organize all the collected data into a matrix
and calculate the magnetic field distortion coefficient due to
the current using the least-squares method in Eq. (8). In this
case, a more accurate modeling coefficient can be estimated

as the number of datasets increases.
K, = 6B - [iT(i : iT)—l] 8)

[Step 7] To verify the accuracy of the modeled coefficients,
collect the magnetometer distortion for all axes and reference
magnetic field measurements.

[Step 8] Compensate the magnetic field measurements
that are distorted with respect to the current using modeling
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coefficients, and compare and verify the results collected in

Step 7.
The calculated coefficient is shown in Eq. (9) below:
42.21 52.54 —-21.79 [mG]
K.=| 546 —134.14 474.03 A )
4083 5029 668.83 | Al

Checking the coefficients calculated above confirms that
the magnitudes of the coefficients in the second and third
columns of the matrix are relatively large, which can be
interpreted as the current being distorted more in the Y- and
Z-axis directions. In particular, because the coefficient in
the Z-axis direction is the largest, the electronic circuit of
the CubeSat generates a magnetic field in the corresponding
direction. To verify the results calculated above according
to Steps 7 and 8, the distorted magnetic field measurements
and compensation results for the current flowing through the
solar panel on each axis are provided in Fig. 4. As shown
in Fig. 4, even if the current changes, the distortion of
the magnetometer measurement remains at a certain level.
This approach is an ingenious way to model experimen-
tally the time-varying bias of magnetic-field measurements,
which has been a chronic problem in CubeSats. The resid-
ual error for current compensation is presented in Table 2
and is considered a characteristic of magnetic field sensor
measurements.

C. HARD- AND SOFT-IRON CALIBRATION

Owing to the arrangement of the integrated components in
the CubeSat, the magnetic field sensor has another problem
caused by the metal. Magnetic field distortion occurs due to
the metallic material of the CubeSat. The influence of iron on
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TABLE 2. Current compensation measurement residual error.

RMSE X [mG] Y [mG] 7 [mG]
Before 13.87 4531 98.28
Proposed method 4.60 759 828

(Current compensated)

360 T T
— sl R oz . o
o r et s S22 =i T
g0 i ‘#’g"‘;-ﬂ?ﬁ b
> edvll
320 I
1] 50 100 150 200 250 300
Time [sec]
100 o p—— . g — . —
T psatnpeulsd g N .
s N R AT S R, SRS T e g ] -._<:-;5,‘,‘,‘_.;‘.=4x.“¢ e
g i, ref
E sof T
-
0 | | | | |
o 50 100 150 200 250 300
Time [sec]
600 T T T T
meas.
—as0f comp.
('EI:l ref
~ 500
450 ; T T T T i
o 50 100 150 200 250 300

Current [mA]

50 100 150 200 250 300
Time [sec]

FIGURE 4. Current compensation results in time domain at each axis: the
result of before/after compensation of the magnetic field measurement
of each axis, and the reference measurement is collected when all
CubeSat surfaces are covered.

magnetometers is well known mainly from strapdown-type
magnetic field sensor calibration for aircraft [54], [55]. The
effects of metals can be divided into two types. The first
is the hard iron effect, which causes an offset error in
the magnetic field measurements. The second is the soft
iron effect, which causes distortion of the uniformity of the
geomagnetic field in all directions, i.e., the ellipsoid error.
An ellipsoidal calibration method was utilized to eliminate
these errors. The magnetic field measurements employed
for ellipsoid compensation use temperature- and current-
compensated measurements.

Data collection for performing hard- and soft-iron calibra-
tions of the magnetometer can be conducted in two ways. The
first is to use a Helmholtz coil to generate a three-dimensional
spherical magnetic field. The second is to collect magnetic
field data by directly rotating the CubeSat in an outdoor
environment, where the size of the magnetic field is known.
The method proposed in this paper is a practical approach that
anyone can access, and the data are collected by rotating the
CubeSats outdoors. The obtained measurements can yield the
true value from the IGRF-12 model. Data were collected for
30 min at 50 Hz, temperature compensation was performed,
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FIGURE 6. Overall block diagram of ADCS.

and data were collected at night when the sun went down to
prevent current from flowing.

The results of the magnetometer measurements performed
with hard- and soft-iron calibration are shown in Fig. 5.
Unlike the results in which the magnetic field was highly
biased owing to the arrangement of the parts of the CubeSat,
the corrected results are close to a sphere. In this way, by per-
forming temperature and current compensation and magnetic
field correction by iron, the time-varying bias of the magne-
tometer measurements was compensated, and the uncertainty
was reduced. The final time-varying bias of magnetometer
were considered to be measurement noise in the EKF of
attitude determination by reflecting the statistical error.

IV. ATTITUDE DETERMINATION AND CONTROL SYSTEM
FOR HARDWARE-IN-THE LOOP SIMULATION

A. OVERALL SYSTEM CONFIGURATION

The entire ADCS system is configured as shown in Fig. 6.
To establish a HILS method applicable to a general
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CubeSat platform, well-known ADCS hardware and algo-
rithms are adopted and configured. The parts that constitute
an ADCS are divided into sensors, an on-board computer,
and an actuator. A three-axis MEMS MPU-3300 gyro-
scope by InvenSense and an HMC5843 low-cost three-axis
magnetometer by Honeywell were utilized. Five SLCD-
61N8 photodiode-type coarse sun sensors were attached
to solar panels on the +x, —x, +y, —y, and —z sides.
The dipole momentum of the magnetorquers was approxi-
mately 0.038 A-m?, and three-axis PCB-integrated magne-
torquers were integrated into the solar panels along each
axis.

When the CubeSat is ejected from the P-POD, momen-
tum is generated from the biased center of gravity of the
CubeSat, causing it to rotate at an arbitrary angular velocity.
Therefore, immediately after ejection, the B-dot control mode
is first implemented to stabilize the angular velocity of the
CubeSat. Here, the B-dot controller that decreases the change
rate of the magnetic field is designed. When the angular
velocity is stabilized within 0.3 deg/s, nadir pointing ADCS is
performed. In the mission mode, ADCS is performed using
all sensors. GPS navigation solutions provide a position on
the orbit, which is used to calculate the reference vector
from the magnetic field model (IGRF-12) and solar system
model (DE405). By utilizing the reference vectors, the EKF
is constructed using measurements from the magnetometer,
gyroscope, and sun sensors. The estimated state from the
EKEF is then provided to the LQR controller and employed
for attitude control. The control input calculated by the LQR
controller is reflected in the EKF dynamics. The coordi-
nate system used was based on the Earth-centered inertial
(ECI) and Earth-centered Earth-fixed coordinate systems,
and the radial, in-track, cross-track (RIC) coordinate system
was defined as a local frame. The relationship between the
coordinate systems is shown in Fig. 7. The sun ephemeris
model, which is used for attitude determination, is defined
in the ECI, and the magnetic field DE405 model is defined in
the north-east-down coordinate system. All reference models
are converted into the local coordinate system through the
rotation matrix (Cftfom) relationship between each coordi-
nate system. The RIC coordinate system defined by the ECI
coordinate system is defined as shown in Eq. (10). Here,
r and v represent the position and velocity of the satellite,
respectively:

R TECI R TECI X VECI ~  ~ _ «
ey = , )= ——"—, e3=¢e3 Xe¢]
lrect | lrecr X Vecr|
(10)
Local - - -
CEOC?a = [63 —en —el] (11)

B. ATTITUDE DETERMINATION ALGORITHM: EXTENDED
KALMAN FILTER

To construct the EKF used for attitude determination, state
variables such as those in Egs. (12)—(15) are considered. The
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FIGURE 7. Coordinate system used in SNUGLITE-I CubeSat ADCS.

state variables include a quaternion ¢, angular velocity w, and
angular velocity bias b. The angular velocity is defined in the
body frame with respect to the local frame, and the angular
velocity bias is a state variable introduced to estimate the
unstable bias of the gyroscope:

x)=[q © b]" (12)
a=[e0 @ @ &) (13)
o=[o. o o] (14)
b=[b b b (15)

The nonlinear system described for each state variable is
composed of Eqgs. (16) and (17) [56]:

q i 1Qw)q 0
o |=J"uxB-—wxJ o) |+ tauin
b L 033 Nbias
(16)
[0 —w, —wy, —w;
_ | o 0 ; —wy
Q@) = wy —wy 0 Wy (7
| @z wy — Wy 0

where J is the moment of the inertia tensor of the CubeSat,
u is the magnetorquer vector for the control input, B is
geomagnetic field vector, and 74,4, and 1,,,, are the process
noise for the system equation.

Next, the equation of the KF described in a nonlinear form
is composed of Egs. (18) and (19), where the disturbance is
considered to be Gaussian noise:

X(t) = f (x(t), u(t)) + w(r), wt) ~ N (0, Q) (18)

U;I4X4 0 0
0= 0 023 0 (19)
0 0 O’b213><3
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Here, the process noise w(z) is assumed to be zero-mean
white noise with a variance matrix Q. The covariance matrix
Q reflects disturbances that are not modeled in dynamic
equations as noise. These values are documented in detail
in [57].

Next, Egs. (20)—(23) are used to define the measurement
equation of the Kalman filter. The measurement vector con-
sists of magnetometer B,45, SUN S€NSOr S;,¢,45, and gyroscope
®meas Measurements. The magnetometer measurements used
in this study compensate for the time-varying bias of the
magnetometer. The nonlinear measurement equation can be
composed of a magnetic field model, solar system model, and
estimated angular velocity and bias:

Z(t) = h(x(t)) + v(2), v(t) ~ N(O, R) (20)
z(t) = [Bmeas Smeas ~ ®meas ]T (21)
[ B
h(x(1)) = S
| @+ Db

[~ ~Body ~Local ~ECI ~ECEF Bigrr
CL()calCECl CECEFCNED IBiGrF|

= Croet CES  spEA05 22)
w+b
[ Omag/ IBIGREI 33 0 0
R = 0 6s2un13><3 0
L 0 0 o2wl3x3
(23)

Here, Bjgrr is the reference vector of the geomagnetic
field model (IGRF-12), spr40s is the reference vector of the
sun ephemeris model (DE405), and the symbols of 04¢, sy,
and 0,4, represent measurement noise of the magnetometer,
sun sensor, and gyroscope, respectively.

Linearizing the equation given by the definition of EKF
leads to Eqgs. (24) and (25):

Xx=Fx+Gu+Tw,w~ N, Q) (24)
z=Hx+v,v~N(,R) (25)

where F and G in Eq. (24) are the partial derivatives of
f(x(2),u(r)) with respect to x and u, respectively. I" is a
partial derivative of w with respect to 5. H in Eq. (25)
is the partial derivative of h(x) with respect to state X.
a)léL refers to the angular velocity at which the local frame
changes while orbiting and can be writtenas [0 —n 0] .Each
matrix used to construct the EKF can be found in described
in [58].

C. ATTITUDE CONTROL ALGORITHM: LINEAR QUADRATIC
REGULATOR CONTROLLER

To represent attitude as an equation of motion M, we assume
that CubeSat is a rigid body and that the body frame is fixed at
the center of mass. Because the CubeSat is a rigid body and
the center of gravity is assumed to be located at the center
of the rectangular parallelepiped, the diagonal component of
the moment of inertia becomes zero. Then, the moment for
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the rotational motion can be written as in Eq. (26) [59], [60].
Here, the disturbance considered in the design of the attitude
controller is the gravitational gradient torque tge in Eq. (27).
In addition, as an input, the control torque 7, is defined as
the cross product of the dipole moment of the magnetorquer
and the magnetic field of the earth, as shown in Eq. (28):

M, Jp +(J; — Jy)qr
M = My = qu—l—(]x—.]z)rp
M; JoF + Wy —Jpg
= ng + T (26)
(J; — Jy)sin¢ cos ¢ (cos 0)?
Tge = 3n? (J; — Jx)sin B cos 6 cos ¢ 27
(Jx — Jy)sing sin 6 cos 6
Tt = U X B
uyBz — By
= | nzBx — uxB; (28)
HxBy — pyBx

To introduce the Euler angles ¢, 6, and i as state vari-
ables, the body-fixed angular velocities p, ¢, and r can be
expressed using the Euler 3-2-1 transformation relationship,
and a small-angle approximation can be assumed to linearize
equations as in Eq. (29) [57].

3n2(J, — 1) 1
- : ¢+ J_x (Msz - :Uszy)

~ n(J; — Jy)r +

Jx Jy
.3t —Jy) 1
q~ — 0+ — (zBx — uxBz)
Jy Jy
n(Jy, — Jy) 1
ra }—xp + = (MxBy - I/LyBx) (29)
v J:

Here, n represents the mean motion.

Next, the states variables x. of the LQR controller are
defined as consist of Euler angles and body-fixed angular
velocity in Eq. (30). The input variable u is defined as the
control torque calculated from the magnetorquer, as shown
in Eq. 31):

xx=[¢ p 6 s¢ v r| (30)

u=tm,=[ux Uy uz]T 31D

Here, 8q is designed as a controller for maintaining the
mean motion, which means that the CubeSat maintains the
center of the Earth.

The system for constructing the LQR controller is shown
in Egs. (32)-(33):

X, = AcX. + Beu (32)

where Eq. (33), as shown at the bottom of the next page.
Because the input matrix B, changes with the geomagnetic
field, the control gain is calculated using the following cost
functions at each measurement interval. A steady state is
assumed to facilitate convenient implementation. The LQR
gain solution obtained by solving Eq. (34) is implemented
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using the method of Potter [58]:

2
K.(t) = R7'B()T P(1), u(t) = —K.(1)x(1)

=1 / T e Qexelt) + u( Reu(ydr (34)
0
(35)

where P is the solution of the following algebraic Riccati
equation:

Poo =0,ATP+PA—PBR;'BTP+0Q0.=0  (36)

V. A SINGLE AXIS-BASED HARDWARE-IN-THE-LOOP
SIMULATION

A. SIMULATION CONFIGURATION

We establish a single-axis-based HILS environment that
incorporates twist torque modeling for the string of a hang-
ing CubeSat. Because the system is based on a single axis,
the ADCS performance can be intuitively evaluated, and
we demonstrate that it is possible to compare and verify
actual experimental results and simulations by modeling the
twisting torque of the string. The purpose of HILS is that
verifying ADCS algorithm in two ways. First, the accuracy
of the EKF must be guaranteed by properly compensating
for the time-varying bias of the proposed compensation and
calibration algorithms. Second, the active control accuracy of
the LQR controller should be verified. The Helmholtz cage is
used for two purposes: to verify the time-varying bias com-
pensation of the magnetometer, and to minimize the effect
of ground disturbance on the small torque force of the PCB-
integrated magnetorquer. The objective is to confirm whether
time-varying bias compensation is appropriately reflected in
the EKF by minimizing the influence of magnetic distortion
and to amplify the torque of the magnetorquer that is depen-
dent on the external magnetic field. To this end, SNUGLITE-I
CubeSat EM was suspended on a string to simulate
a single-axis zero-gravity environment in a clean booth, and
real-time ADCS HILS was performed.

The overall configuration of the CubeSat HILS is shown in
Fig. 8. The CubeSat is located in the Helmholtz cage, and the
HILS control station configures the experiment environment
to allow the data to be checked outside the Helmholtz cage.
To receive the status data determined through CubeSat in
real time, a wireless fidelity (Wi-Fi) module is addition-
ally installed to ensure that data can be transmitted and
received wirelessly. The CubeSat consists of all hardware
that can perform ADCS verification. The coarse sun sensors,
magnetometer, and gyroscope for attitude determination are
configured, and the onboard temperature sensor and EPS cur-
rent sensor are used to implement the proposed magnetometer
compensation algorithm. For attitude control, only the mag-
netorquers included in each axis integrated PCB modules are
used.

To simulate the magnetic field and sun used as measure-
ments in the EKF, a halogen lamp was utilized to simulate
sunlight, and a Helmholtz cage was employed to simulate the
magnetic field. However, unlike in the space environment,
inside the ground clean booth, position, time, and velocity
information of the GPS navigation solution cannot be pro-
vided; therefore, model reference vectors cannot be used from
the magnetic field model and sun ephemeris model used in
the EKF. To overcome this issue, after fixing the CubeSat
with respect to the reference direction, the average measure-
ments of the magnetometer and sun sensor are defined as
model vectors of local coordinates, as shown in Eqgs. (37)
and (38):

N
1
BIGRF £ ]V Z Bmeas(k)

(37)
k=1
| N

SDE405 £ ]v Zsmeas(k) (38)
k=1

Next, the following method overcomes the environmental
factors of attitude control. The PCB-integrated magnetorquer

r 0 1
3n2(J; — Jy) 0
Jy
0 0
A. =
¢ 0 0
—n 0
0 n(lJy — Jy)
L J.
T 0 0 0 ]
o B _B
Je J
0 0 0
B. = _Iﬁ 0 ]ﬁ
Iy Jy
0 0 0
B _B
A J; i
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0 0 n 0
0 0 o Mzh)
Jx

0 10 0
3, — J,
U=l 0

]y

0 0 0

0 0 0 0

(33)
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FIGURE 8. Proposed HILS environment system configuration.

equipped with SNUGLITE-I produces very small torques of
up to 107% N-m, making it vulnerable to disturbances in
the simulated single-axis zero-gravity environment, and its
control performance is difficult to verify. In particular, the
twisting torque of the string simulated by the zero-gravity
environment of the CubeSat acts as a disturbance because
this torque is not modeled in the controller. Therefore,
in this study, focusing on the characteristics of the magne-
torquer depending on the magnitude of the external magnetic
field, we developed a method for verifying the performance
of the ADCS algorithm on the ground by improving the
control-torque performance with the magnetic field generated
by the Helmholtz cage. The proposed single-axis HILS envi-
ronment is shown in Fig. 9, and the actual built environment
using the CubeSat is depicted in Fig. 10. In Fig. 9, the mag-
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netic field generated by the Helmholtz cage is perpendicular
to the axis on which the CubeSat is hung, and it is a static
vector in which the magnetorquer can apply the maximum
force on the X-Y plane. In addition, the control torque defined
in Eq. (28) increases with the generated magnetic field by
setting it to 1500 mG, which is more than three times the
average magnetic field of the earth. By increasing the control
torque, the uncertainty of the disturbance factor was reduced
and the convergence speed of the ground experiment was
improved. Simultaneously, the ADCS data calculated in real
time on the CubeSat for the experiment were monitored using
the Wi-Fi module.

A single-axis HILS environment was modeled to compare
and verify the performance of the ADCS with that obtained in
the simulation. This environment works differently from the
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FIGURE 9. Single-axis HILS environment for verification of ADCS. The CubeSat is hung on a string
and generates a magnetic field from a Helmholtz cage. Sunlight is simulated by a halogen lamp.

FIGURE 10. HILS environment built using SNUGLITE-1 EM.

space environment because of the twisting torque of the string
used to hang the CubeSats. This torque can be modeled [61]
using Eq. (39):

Tar = KV, kK =5.76 x 1078[N - m/rad) (39)

Here, « is a constant for the twisted string and is the modeling
result of the rotation period after the CubeSat is hung on the
string. From Eq. (39), it can be observed that the torque acts
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in proportion to the rotation angle ¢ from the equilibrium
point of the string. That is, the external force can be mini-
mized only when the experiment is performed by maintaining
the state of rotational equilibrium of the string under the
experimental conditions. The torque of Eq. (39) was added
to the derived nonlinear equation in Eq. (29) to analyze the
simulation results for a single-axis HILS and compare them
with the actual experimental results. The HILS results for the
proposed method are presented in Figs. 11 and 12. Here, the
results are compared between the environments in which the
magnetic field is generated using a Helmholtz cage and that
in which it was not. The comparative group has the follow-
ing meaning. First, the controllable magnetic field direction
vector is reflected in the update of the EKF measurements.
It can be inferred that the statistical error corresponding to
the time-varying bias of the magnetometer is well reflected.
The second is to propose a ground HILS environment that is
not affected by disturbances by amplifying the input torque
of the magnetorquer. The environment has many additional
disturbance factors compared to space. In particular, the pro-
posed system cannot be vulnerable to disturbances if a small
input actuator is used as a PCB-integrated magnetorquer.
To prove this point, the amplified and non-amplified magnetic
fields from the Helmholtz cage were compared.

B. SIMULATION RESULT

As shown in Fig. 11, the proposed HILS can be performed on
the ground with or without a Helmholtz cage. First, the results
obtained when the HILS was performed using the magnetic
field of the original environment without generating a mag-
netic field from the Helmholtz cage show a different tendency
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FIGURE 11. ADCS single-axis HILS experiment results. Comparison of
simulation and experiment results when a magnetic field is generated by
a Helmholtz cage and when it is not generated.

compared to the simulation results. This difference exists
because disturbance factors, which are the dominant factors
with respect to the control torque, are not considered in
the simulation and affect the ADCS performance. Moreover,
even in the steady state, an error exists around a control input
of 0°. In addition, the control input continuously used 100%
of the input within the initial 300 s. In contrast, the proposed
HILS results using the Helmholtz cage were consistent with
the simulation and experimental results, because the domi-
nant error element was removed from the Helmholtz cage by
amplifying the control input torque from the magnetic field.
The control input results also confirmed that less saturation
occurred. The simulation results first confirm that a valid
attitude is provided by the EKF. In other words, the statistical
error reflected from the proposed time-varying bias compen-
sation method of the magnetometer was well reflected in the
EKEF. In addition, effective control experiments on the ground
are possible by reducing the disturbance and improving the
torque performance of the magnetorquer by generating an
amplified magnetic field from the Helmholtz cage.

To compare and analyze the performance, the results of
enlarging the graph for the Euler angles are shown in Fig. 12.
The convergence time is reduced to approximately half when
the magnetic field is generated by the Helmholtz cage. Con-
sidering that the ADCS of a CubeSat is a very slow system,
its performance can be quickly and accurately verified on the
ground when a magnetic field is formed through a Helmholtz
cage. In addition, the fast control performance indicates
that the action of the control-torque input is remarkable.
Thus, even the HILS experimental environment, which is
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FIGURE 12. Expanding HILS experimental results. Comparison of
simulation and experiment results when a magnetic field is not generated
by a Helmholtz cage (upper) and when it is generated (lower).

vulnerable to external forces on the ground, can be interpreted
as an environment in which the same performance as that of
the simulation can be demonstrated. The results of comparing
the performance by setting the control input to 0° are directly
related to the ability of the CubeSat to perform missions
in space. In Fig. 12, when the estimated Euler angle errors
between 400 and 1200 s are defined as steady state, the RMS
values are 1.17° and 0.32°, respectively, and the maximum
values are 2.38° and 0.87°, respectively, showing perfor-
mance improvement of 72% and 63%, respectively. In the
case of the control input, the magnetic moment approaching
the saturation was consumed in the results obtained without
the Helmholtz cage up to the initial 100 s, whereas the pro-
posed method shows performance improvement of 35% using
an input of 64.2%. In the steady state, the ADCS performance
is improved by 6%, from 44.5% to 41.1%. Thus, if the
HILS method proposed in this paper is used, the performance
results prove that the ADCS of the CubeSat can be efficiently
verified using a simple device on the ground. In particular,
focusing on the advantage that CubeSats are light and small,
a simple space simulation environment was established by
hanging them on a string. The time-varying bias compensa-
tion of the magnetic field was well reflected in the attitude
determination in the proposed environment. In addition, the
control input limit of the magnetorquer as the only mounted
actuator, which is difficult to verify on the ground, was sup-
plemented with a magnetic field generated by a Helmholtz
cage. The results of the simulation and experiment matched.
In addition, overall verification of the hardware and interface
was performed by verifying the ADCS performance through
actual experiments.

VI. CONCLUSION
This paper proposes a HILS method for a CubeSat plat-
form, which developers can easily access. We developed a
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HILS technique focused on CubeSat platform equipped with
a magnetorquer and magnetometer. The time-varying bias
of the magnetometer, which has been a chronic problem in
CubeSats, was experimentally compensated, and based on
this, the EKF was constructed for attitude determination.
A 3-axis active control using an LQR controller was applied
using the magnetorquer of CubeSat, and a single-axis based
HILS technology using a Helmholtz cage was proposed to
verify the CubeSat ADCS. This research has the following
significance. First, a solution to the time-varying bias of a
magnetometer that occurs on a very small platform, such as a
CubeSat, was presented. In particular, because the hardware
characteristics of the magnetometer are checked in advance
before launch in the proposed approach and a solution is
presented, HILS can be performed without the need for com-
pensation using on-orbit data. The proposed algorithm was
experimentally compensated for and reflected in the EKF,
and its performance was demonstrated. In addition, a simple
solution was proposed without introducing additional devices
for the magnetometer, such as commercial boom products.
Next, the active ADCS performance of CubeSat was veri-
fied on the ground in a simple and practical manner. Unlike
the previous use of expensive devices, such as air bearings,
to verify ADCSs on the ground, the ADCS performance could
be verified very easily by simply hanging a CubeSat on a
string and performing single-axis HILS. The uncertainty in
the ground experiment was amplified by the control input
of the magnetorquer through the magnetic field generated by
the Helmholtz cage. In addition, considering the dominant
disturbance torque of the modeled experimental environment,
it was shown that the simulation and experiment yielded
consistent results. Owing to the practicality and simplicity of
the proposed method, it is anticipated that all developers who
manufacture CubeSat platforms in the future will be able to
perform ADCS verification reliably and improve the success
rate.
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