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Abstract—This paper presents a simulation workflow that couples a Keplerian orbit propagator and the World Mag-
netic Model to generate along-track magnetic-field predictions for typical CubeSat LEO missions. The satellite position
estimation mechanism was validated against International GNSS Service reference data, demonstrating acceptable day-
scale accuracy that’s fit for attitude determination and control system (ADCS) studies. The synthesized geomagnetic envi-
ronment shows field magnitudes spanning 18.3-51.7 pT (mean 36.2 uT) and rate of change up to 115.4 nT/s, which directly
informs magnetometer dynamic-range and sampling requirements. Using measured PolyITAN-12U coil parameters and
the spacecraft inertia, those conditions were translated into magnetorquer performance: torques about 2.3x107* yield angu-
lar accelerations of a few x10~° rad/s* depending on axis and local field strength. The workflow thus provides a quantitatively
grounded basis for planning Helmholtz cage hardware-in-the-loop tests and tuning ADCS controllers for PolyITAN-12U
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satellite.
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l. INTRODUCTION

CubeSats, modular nanosatellites built around stand-
ardized units (1U to 12U) 10x10x10 cm at size each [1],
have transformed access to space by drastically reducing
development time and cost while enabling focused
scientific, Earth-observation, and technology-demon-
stration missions. Launch expenses have also fallen since
such satellites are launched in groups as secondary pay-
loads, further lowering barriers to orbit. Together, these
factors have led to a pronounced post-2012 surge in
number of CubeSats created by private companies, uni-
versities and research organizations [2]. Igor Sikorsky Kyiv
Polytechnic Institute was no exception, launching
the first satellite of its PolyITAN series in 2014 and now
bringing the PolylTAN-12U spacecraft, focused on Earth
remote-sensing, to the final stages of development.
Despite their small form factor and tight resource budg-
ets in power, mass and volume, modern CubeSats are
expected to deliver precise pointing, stable imaging, and
repeatable experiments in low Earth orbit. Meeting
these mission requirements hinges on reliable
knowledge of the satellite’s attitude and the ability to
regulate it against environmental disturbances.

Attitude Determination and Control Systems (ADCS)
thus play a central role in CubeSat performance. Accu-
rate_attitude knowledge enables payload boresight

pointing, high-gain antenna alignment, optimal solar
panels orientation and thermal management strategies.
Magnetometers and magnetorquers have a long heritage
in small-satellite attitude control [3]. Three-axis magne-
tometers provide continuous, low-power measurements
of the local geomagnetic field, which, when compared to
a model of Earth’s field, can be used for attitude deter-
mination. Magnetorquers, current-driven coils producing
a magnetic dipole, interact with Earth’s field to generate
control torques for detumbling, coarse pointing, and mo-
mentum management. This approach is attractive for
CubeSats because it is mechanically simple, highly relia-
ble, and propellant-free.

Robust development of such ADCS architectures
relies on multi-level verification that covers software-
in-the-loop (SIL) and hardware-in-the-loop (HIL) testing
[4]. SIL integrates flight software with high-fidelity mod-
els of the environment, dynamics, sensors and actuators,
enabling early and safe evaluation of algorithms, param-
eter sensitivities and fault response. HIL complements
this by placing real flight hardware, on-board computer,
magnetometers and magnetorquer, into a real-time sim-
ulation. For magnetic ADCS specifically, HIL often incor-
porates a Helmholtz-coil cage to reproduce commanded
field vectors and dynamics, while injecting realistic
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sensor noise, bias, misalignment, quantization, and other
non-idealities.

These practices create a clear need for a rigorous
simulation model that couples orbital motion with
the surrounding geomagnetic environment. Further in
this article, the main elements for constructing such
a model are examined, namely, the coordinate systems
used in the tasks of spacecraft attitude determination,
the orbit-propagation algorithm for an artificial Earth sat-
ellite, as well as existing models of Earth's magnetic field.
Next, simulation results obtained in MATLAB are pre-
sented and a validation method that compares predicted
satellite positions with International GNSS Service (IGS)
reference data is proposed. In the end, the maximum
capabilities of the PolyITAN-12U magnetorquer under
real orbit conditions are assessed to demonstrate
the practical utility of the simulation results.

1. METHODS

A. Coordinate systems

Attitude determination is the process of finding
a spacecraft’s orientation (attitude) relative to a chosen
coordinate system. In practice, multiple coordinate
frames are used: an inertial frame for orbital motion,
Earth-fixed frames for ground references, local orbital
frames for Earth-pointing, and the spacecraft’s own body
frame. The key coordinate systems are described below.

Earth-Centered Inertial (ECI) frame has its origin at
Earth's center, with the Z-axis aligned with Earth's rota-
tional axis pointing toward the north celestial pole, and
the X-axis pointing toward the vernal equinox ( ).
The Y-axis completes the right-handed coordinate sys-
tem. Vernal equinox is the point where the Sun's appar-
ent path (the ecliptic) crosses the celestial equator as it
moves from south to north. This frame is considered
inertial because it does not rotate with Earth and serves
as the primary reference for celestial object directions,
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especially sun vectors, which are critical for sun sensor
operation and optimal solar panel pointing [5].

Earth-Centered Earth-Fixed (ECEF) frame is a terres-
trial, rotating reference system defined by the World
Geodetic System 1984 (WGS84) standard [6]. Its origin is
at Earth's center, the X-axis lies in the equatorial plane
and points toward the Greenwich meridian, the Z-axis
aligns with Earth's rotational axis, and the Y-axis forms
aright-handed system [5]. ECEF is essential for represent-
ing Earth-referenced coordinates in satellite ADCS, and is
also highly useful for ground-based applications such as
ground station communication, accurate antenna point-
ing, and satellite tracking. Furthermore, ECEF serves as
the intermediate frame for transforming between iner-
tial (ECI) and Earth-fixed coordinates [7], typically using
the Earth Rotation Angle (ERA) 6:

Xecer Xecr cos@® sinf 0
Yecer | =| Yeer || —sin@® cos@ 0
ZEcEF ZEcr 0 0 1

ERA is a function of time and can be calculated as fol-
lows:

8(t) = 2m(0.7790572732640
+1.00273781191135448 - t),

where t is Julian UT1 date minus 2451545.0 or days since
J2000.0 epoch.

Geodetic coordinate system specifies positions on or
near Earth's surface by latitude ¢, longitude A, and ellip-
soidal height h with respect to a chosen reference ellip-
soid that best approximates Earth's shape (e.g., WGS-84)
[6]. Unlike Cartesian frames, it is tied to a curved refer-
ence surface: ¢ is the angle between the ellipsoid normal
at the point and the equatorial plane, measured positive
northward from 0° to +90°, A is the angle between
the point’s meridian and the prime meridian, measured
positive eastward from 0° to £180°, and h is the perpen-
dicular distance from the point to the reference ellipsoid
surface along the ellipsoidal normal. The geodetic coor-
dinate system serves as the natural interface between
satellite orbital mechanics and Earth-based geophysical
models, as it directly corresponds to the geographical
locations where geophysical phenomena are measured
and catalogued. The transformation between ECEF
and geodetic coordinate systems requires reference el-
lipsoid characteristics [7] such as semi-major axis
a = 6378137 m, flattening parameter
1/f =298.257223563 and some useful derived
parameters:

e =2f - f?
a
N(p) = ———=
1 — (e - sin@)?

Here e is the eccentricity, and N(¢) is the distance from
the surface to the Z-axis in the downward direction,
called the Normal Distance. ECEF coordinates are
obtained from geodetic via:
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Xecer = (N(@) + h) cosgp cos A
Yecer = (N(@) + h) cos ¢ sin A
Zgcgr = [N(@) - (1 —e?) + h]sing
This transformation is exact. The inverse transfor-
mation is not so simple, since finding the latitude re-
quires solving a quartic equation [7]. Although direct so-
lutions exist, a more general approach is to use iterative
methods. One of them utilizes the following approxima-
tion for the transformation:

Q= arctan( Zrcer . ! )
- 2 o2 — )2
XéCEF +;’E?CEF (1 f)
A= arctan( ECEF)
ECEF

= \/X§CEF + Yicer + ZEcer — @

1—e?

2
1—e2-cos (arctan <%)>
VXgcer T Yecer

Once the approximate values are found, they are con-
verted back into ECEF coordinates. The error is calcu-
lated, the initial values are adjusted, and a new estimate
is determined. The process continues until the error is
reduced to a specified level.

To describe the orientation of a satellite, two local
coordinate systems are used: the Local Vertical Local
Horizontal (LVLH) frame and the satellite’s body frame
( ). They both have their origin at the spacecraft’s
center of mass and rotate with the satellite along its
orbit. In LVLH reference system the Z-axis points toward
the Earth's center (nadir direction), the X-axis aligned
with the spacecraft's velocity vector and the Y-axis com-
pletes a right-handed triad [5].

Body frame is anchored to a physical part of the
spacecraft chassis and serves as the basis from which
onboard subsystems derive their positions [5]. The Z-axis
is usually aligned with the main functional direction of
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the satellite (for example, along the axis of an antenna or
camera), the X-axis is perpendicular to the Z-axis, often
lying in the plane of symmetry, and the Y-axis completes
a right-handed system. For satellite attitude operations
such as pointing antennas and instruments toward Earth
or a specific ground region, it is necessary to determine
the relative orientation between the LVLH and the body
frames. This orientation is typically expressed using Euler
angles or represented by a direction cosine matrix (DCM)

[8].

The last coordinate system to consider is the North-
East-Down (NED) frame, a local tangent-plane system
similar to LVLH but with slightly different directions
of axes: X toward geodetic north, Y toward east and Z
pointing downward along the gravity (nadir) vector. For
attitude control, NED is especially useful because most
models of the Earth's magnetic field have their output in
local North—East—-Down components, enabling straight-
forward comparison with measurements once trans-
formed to the same frame. Transformations are obtained
by rotating to LVLH (or body frame) using spacecraft’s or-
bital geometry to construct the local rotation matrix.

B. Orbit propagation

Orbit propagation is the process of predicting a satel-
lite's position in space and velocity over time from
a specified initial state, while accounting for various per-
turbing forces. The satellite's orbit is elliptical, with
the Earth at one focus, and is fully described by a set
of parameters known as orbital elements. These include
six key values, commonly referred to as classical or Kep-
lerian elements ( ): the semi-major axis, eccentricity,
orbital inclination, longitude of the ascending node, ar-
gument of periapsis, and mean anomaly [9].

The semi-major axis a determines the size of
the orbit and represents half the maximum distance
between the periapsis (the closest point to the central
body) and the apoapsis (the farthest point from the cen-
tral body) of an elliptical orbit. It plays a key role in
the satellite's orbital period, as described by Kepler's
third law [9]. Eccentricity e defines the shape of the orbit
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and measures how much it deviates from a perfect circle.
For circular orbits, e = 0, while for elliptical ones,
0 < e < 1. Inclination i is the angle between the orbital
plane and Earth’s equatorial plane. It indicates how tilted
the orbit is relative to the equator and determines
the satellite’s geographic coverage. The longitude of
the ascending node 2 is the angle between the direction
of the vernal equinox and the ascending node — the point
where the satellite crosses the equatorial plane from
south to north. The argument of periapsis w is the angle
between the ascending node and the orbit's closest point
to Earth (the pericenter). The mean anomaly M
at a given time t indicates the satellite’s position along its
orbit at a specific moment.

Today, orbital elements for a specific satellite can be
obtained in the form of a Two-Line Element set (TLE)
from open databases like CelesTrak or Space-Track. TLE
set is a strict, fixed-width text format that encodes both
satellite’s orbital elements for propagation and some
administrative information such as the NORAD catalog
number, the International Designator and the epoch
specifying when the elements are valid. TLEs are opti-
mized for simplicity and distribution, are most accurate
near their epoch, and can diverge quickly for high-drag
or maneuvering satellites [10].

Most CubeSats fly in low Earth orbit (LEO), typically
400-600 km altitude, with orbital periods of about 90-97
minutes. Common inclinations are sun-synchronous (97-
98°) from rideshare launches, or 51.6° from International
Space Station (ISS) deployments at 400-420 km [2]. Life-
times range from a few months (ISS-like altitudes)
to several years near 550-650 km, driven mainly by
atmospheric drag. Sun-synchronous orbit (SSO) provides
repeatable local time of day for imaging and power, while
ISS orbits offer low-cost, frequent access. A minority
of CubeSats fly beyond LEO as mission-specific excep-
tions.

A two-body Keplerian orbit propagator is the simplest
but still accurate algorithm to predict trajectory of celes-
tial objects. A satellite's orbital motion is described as
the movement of a celestial body influenced by the grav-
itational field of the planet it orbits [9]. According to Kep-
ler’s and Newton’s laws, this motion follows an elliptical
trajectory, although in many cases, the orbit may be
nearly circular. Let’s explore the key aspects of satellite
flight in orbit.

If the satellite's orbit is assumed to be circular,
the distance r from the satellite to the planet’s center
remains constant. Under these conditions, the satellite
moves in uniform rotation around the planet’s center, as
the gravitational force F acting on it is constant. This
gravitational force serves as the centripetal force that
keeps the satellite on its circular trajectory [8].

GMm mv?

)

r2 r

where v is the satellite's orbital velocity,
m2
G=6,673-10"11 1\;:2 is the gravitational constant,

M = 5,974 - 10%* kg is Earth's mass, m is the satellite's
mass, and r is the orbital radius. The satellite’s velocity is
given by the following equation:

v= |—
r
Thus, the satellite's speed depends only on its orbit’s
parameters, particularly its altitude, rather than its mass
[8]. The orbital period can then be determined using
the following formula:

T_an_z r _, r3
v ™ am T 7" oM

For a more accurate determination of the satellite’s
coordinates, the elliptical shape of the orbit must
be taken into account ( ). In this case, the length of
the radius vector r between the Earth's center and
the satellite is not constant, nor is the orbital velocity v.
The satellite speeds up as it moves closer to Earth and
slows down as it moves farther away. This motion is
described by Kepler’s equation, which introduces three
types of anomalies [9].

The true anomaly 9 is the angle between the satel-
lite’s radius vector r and the direction of the periapsis
( ). The mean anomaly M is an imaginary angle rep-
resenting how far the satellite’s radius vector r would
have rotated if the satellite moved along a circular orbit
with a radius equal to the semi-major axis a. The eccen-
tric anomaly E is a parameter used to express variations
in the length of the radius vector r.

The eccentric anomaly E and the mean anomaly M
are connected through Kepler’s equation [9] for an ellip-
tical orbit:

M =E —esinE = n(t — t,),
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where e is the orbit’s eccentricity, t is time, t; is
the moment the satellite passes through periapsis, and n
is the mean motion, given by:

21 GM
BT

Since Kepler’s equation is transcendental (meaning it
cannot be solved algebraically for E), numerical methods
such as Newton’s method are used to approximate its
solution [11]. The true anomaly 9 is related to the eccen-
tric anomaly E by:

1+e E

8 1—e 87

9
2

Using these equations along with the classical orbital
elements, the true anomaly 9(t) can be expressed as
a function of time. To determine how the satellite’s ra-
dius vector r(t) changes over time, the equation of an
ellipse in polar coordinates is used:

_a(l—e?)
" 14ecosd
In order to go from the radius vector and true anom-

aly to the satellite coordinates in the ECI reference frame,
the following transformations must be performed [12]:

x(t) = r(t)[cos Q cos u(t) — sin QA sin u(t) cosi],
y(t) = r(Y[sin Q cos u(t) + cos A sinu(t) cosi],
z(t) = r(t)[sinu(t) sini],
where u(t) = w + 9(t) is the argument of latitude.

The equations above provide the foundation for
describing orbital motion under the influence of a central
body's gravity. However, they assume that orbital ele-
ments remain constant, which is not always the case.
In reality, various factors can cause these parameters
to change over time, including:

e Gravitational perturbations from other celestial
bodies (such as the Moon, the Sun, or other plan-
ets) and irregularities in Earth's gravitational
field, which is not perfectly uniform.

e Atmospheric drag. Satellites in low Earth orbit
(typically below 1000 km) experience resistance
from the remnants of Earth's atmosphere, grad-
ually lowering their altitude—a process known
as orbital decay.

e Solar radiation pressure. Sunlight exerts a small
but continuous force on a satellite, particularly
if it has large solar panels.

To account for these effects and improve accuracy in
predicting a satellite's trajectory, more advanced mathe-
matical models and numerical methods are used. One of
them is Simplified General Perturbations 4 (SGP4), which
incorporates Earth’s oblateness and atmospheric drag.
However, the Keplerian and SGP4 predictions agree
C hort simulation period, with differences

becoming appreciable only after several days [13]. There-
fore, at this stage, the first of them is used.

C. Earth’s magnetic field modeling

Earth’s magnetic field plays a crucial role in spacecraft
attitude control within near-Earth space. In popular algo-
rithms such as TRIAD, the magnetic field vector meas-
ured by magnetometer is compared against the model-
predicted geomagnetic vector at the satellite’s current
orbital position to estimate its orientation [4]. A variety
of mathematical models capable of predicting magnetic
field properties at any given point on or near the planet’s
surface are currently used. The simplest of these is
the dipole model [14], which treats Earth as a giant mag-
netic dipole centered at the planet’s geometric center,
while its magnetic poles are offset from the geographic
poles.

Despite its simplicity and convenience, the dipole
model is only an approximation of Earth's actual mag-
netic field. In reality, the field has a complex structure
that includes higher-order variations, described by more
advanced models such as the World Magnetic Model
(WMM) [15] or International Geomagnetic Reference
Field (IGRF) [16]. Notably, significant local deviations
in the magnetic field arise from anomalies in Earth's crust
and variations in the outer magnetosphere ( ). Alt-
hough IGRF and WMM exhibit comparable accuracy [17],
last one is designed for operational navigation and is
more commonly used in spacecraft attitude control.
Accordingly, WMM is selected for this simulation.

The World Magnetic Model (WMM) is jointly devel-
oped by the U.S. National Centers for Environmental
Information (NCEI) and the British Geological Survey
(BGS) and is updated every five years. It incorporates
magnetic measurements from multiple sources, includ-
ing satellite observations, ground-based magnetometer
networks, and oceanographic surveys [15]. According
to this model, Earth’s magnetic field B can be written
in geodetic coordinates as the negative spatial gradient
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of a scalar potential V, which may be further expanded
in terms of spherical harmonics:

B4, ¢,1,t) = =VV(4,¢,1,t),
1

2R &
VAer0=Re Y () ) (gR(®) costma)

n=1 r m=0

+ ht(t) sin(mA)) B (sin ¢),
where Ry = 6 371 200 m is the radius of the Earth, r is
the geocentric distance, A is the latitude, ¢ is the longi-
tude, gnt and h]}' are the time-dependent Gauss coeffi-
cients of degree n and order m, P™(u) are the Schmidt

semi-normalized associated Legendre functions defined
as:

(n—m)!
(n+m)!

B (u) lfJIn =0
PMw) = (1 —u®)z a P.(w)
P, () = Zinldg” (w? = 1"

The magnetic field vector in the NED reference frame
consisting of an eastern component By, a northern com-
ponent By and a vertical component By, is calculated
using a set of mathematical equations:

10V 1 av

XT Ty’ " rcospor’

15,{”(;1) — Pgn(ﬂ) if m>0

av

27 or”

The WMM is a highly accurate tool, but its predictive
accuracy decreases over time due to the dynamic nature
of Earth’s magnetic field. For example, the north mag-
netic pole has shifted significantly over the past decades,
which was one of the reasons for the off-cycle model
update in 2020. In addition, external sources of magnetic
field, in particular geomagnetic storms driven by solar
activity, can cause short-term deviations that the model
does not take into account. These deviations can intro-
duce significant error into the predicted attitude angles
when using only the magnetometer system, but the error
is greatly reduced by adding readings from other sensors
[18].

1. RESULTS AND DISCUSSION

To verify the correctness of the orbit propagation
algorithm, data on the position of GNSS satellites were
used. Such data is distributed in a special format, known
as SP3 (Standard Product 3), which was originally pro-
posed by Remondi in the late 1980s for GPS. Later it was
adopted and extended within the International GNSS
Service (IGS) product suite. An SP3 file is an ASCII record
of satellite state information sampled at fixed epochs.
After a header that declares the version, epoch count,
sampling interval, time system and reference frame,
each epoch block lists, for every satellite, Cartesian coor-
dinates in the ECEF frame and a clock correction.

IGS offers Ultra-rapid, Rapid, and Final precise
orbit/clock products in SP3, trading latency for accuracy

[19]. Ultra-rapid files include observed and predicted
halves suitable for near real-time. Rapid and Final prod-
ucts are post-processed combinations with the highest
consistency. Although SP3 orbits are derived from GNSS
microwave tracking, they are routinely validated with
Satellite Laser Ranging (SLR) to GNSS satellites equipped
with retro-reflectors. This enables the processed orbits
from IGS Final to achieve centimeter-level accuracy
(= 1-2 cm) [19].

IGS Final SP3 positions for NAVSTAR 83 (USA 440)
satellite on 1 May 2025 were compared with results
of Keplerian orbit propagator initialized with the corre-
sponding orbital elements obtained from the TLE set at
the same time epoch:

e Semi Major Axis: 2.6562 x 10" m

e  Eccentricity: 5.4703 x 10™*

e Inclination: 54.9546°

e Longitude of Ascending Node: 350.6580°
e  Argument of Periapsis: 4.2039°

e  True Anomaly: 344.0198°

It is nearly circular MEO with 20,200 km altitude and
period of 12 hours providing global coverage with two
passes per sidereal day over a given longitude band and
latitude reach to £55°. Its ground track is shown in

Absolute errors in the ECEF X, Y, and Z components,
together with the 3-D position error magnitude, were
calculated for the orbit-propagated states ( ). Each
axis component exhibits a smooth, near-sinusoidal vari-
ation with =12 hours characteristic period and phase off-
sets of =90°. The amplitude value reaches 57.6 km. The
3-D position error starts near 58 km and drifts downward
over the day to 24 km (mean 39.6). These signatures in-
dicate a coherent, low-frequency discrepancy rather
than random noise, which is typical for a phase/timing
mismatch. This may be caused by insufficient force mod-
eling in a two-body Keplerian propagation, since it does
not take into account Earth’s oblateness, lunisolar third-
body gravity, and solar radiation pressure. Nevertheless,
this algorithm, given its simplicity, provides adequate
and fairly accurate data on the position and speed of the
satellite, which is more than enough for the tasks of this
simulation.
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Fig. 9. Earth’s magnetic field vector and rate of its change

To study the parameters of the earth's magnetic field
that surrounds the satellite during its orbital motion,
a series of simulations were conducted using the previ-
ously described WMM model. Typical nanosatellite
orbits were considered, namely those with a quasi-circu-
lar shape (e < 0.005), an altitude of 400-600 km and
an inclination of 97-98°. The ground track of PolyITAN-1
satellite, whose orbital elements meet this description, is
shown in Fig. 8 as an example:

e  Semi Major Axis: 6.8897 x 10® m

e  Eccentricity: 0.0025

e Inclination: 98.2408°

e Longitude of Ascending Node: 108.2262°
e Argument of Periapsis: 127.7078°

e True Anomaly: 254.8342°

It is a sun-synchronous LEO with a perigee altitude
of 494 km and an apogee altitude of 529 km. The satel-
lite completes a revolution in =95 minutes (=15 revolu-
tions per day), providing global coverage of Earth’s sur-
face suitable for observation missions.

For each combination of orbital elements, the varia-
tion of the magnetic induction vector in three compo-
nents of the LVLH reference frame and the rate of its
change were analyzed (Fig. 9). Based on the results of
518400 simulations, the following conclusions can
be drawn. Along the considered orbits, the geomagnetic
field magnitude varies from 51.7 uT to 18.3 uT (mean
36.2 uT), while its rate of change associated with
the satellite's motion does not exceed 115.4 nT/s.

This data is extremely important and can be used
for many different tasks. For example, to calculate
the torque generated by a magnetorquer during a real
orbital flight. Magnetorquer is one of the most common
actuators for CubeSats attitude control, which uses elec-
tromagnetic coils or rods to create a magnetic dipole mo-
ment [20]:

m = NIAA,
where N is the number of turns of wire, I is the current
provided, A is the effective area of the coil, and 7 is
the normal to its plane. The dipole interacts with Earth’s
magnetic field B generating torque:

T=mxB

The torque changes the satellite’s angular momen-
tum, causing rotation about its center of mass (COM)

with corresponding angular acceleration [21], which is
derived from the Euler equation:

i=1"1(i-3x (1)),
where I is moment of inertia tensor in the body frame,
@ is angular velocity. If the body spins slowly or only
about one principal axis, the cross term of the equation,

the gyroscopic coupling, is much smaller than the applied
torque and can be ignored:

a=117

The magnetorquer of the new PolyITAN-12U satellite
consists of three coils implemented as four-layer printed
circuit boards (PCBs), each mounted to the spacecraft’s
side panels. This design increases coil area while conserv-
ing precious space inside the satellite. The irregular
geometry of the coils accommodates panel cut-outs and
mounting points and does not affect their performance.
An image of the PolyITAN-12U satellite indicating
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TABLE 1. PARAMETERS OF MAGNETORQUER'S COILS

Parmeter X Y z
Number of turns 56 56 32
Area, m2 0.0134 | 0.0136 | 0.0233
Resistance, Ohm 8.93 9.08 8.96
Nominal current, A 0.829 0.815 0.826
Dipole moment, A'm> | 0.622 0.62 0.616

the body reference frame and coil locations (marked
in green) is shown in . Main parameters of the coils
are summarized in the Table 1.

PolyITAN-12U uses a 2-cell Li-ion battery bus with
a 7.4 V nominal voltage (about 6.0-8.4 V over state-
of-charge). Applying the formula given above to the coil
parameters provides the magnetic dipole moment they
produce, the nominal values of which are also listed in
Table 1. The results show that, despite differing coil
designs, parameter tuning achieved similar magnetic di-
pole moments at the same drive current. It should also
be noted that the maximum achievable magnetic dipole
moment will vary depending on the battery charge level
within the range of 0.5 A*-m2 t0 0.7 A-m?.

The mass of the satellite is 23.8 kg, its center of mass
is shifted relative to the geometric center by the follow-
ing values: AX = 9.2 mm, AY = -6.6 mm, AZ = 8.1 mm
(in the body reference frame). These characteristics fully
satisfy the CubeSat Design Specification rev. 14.1 for 12U
nanosatellite [1] making it fully compatible with most
standardized CubeSat dispensers. The moment of inertia
tensor below describes the satellite’s mass distribution
about the COM and determines its rotational response
to applied torques:

The fundamental limitation of a magnetorquer is that
the torque it creates is always perpendicular to the ex-
ternal magnetic field, which significantly complicates

satellite attitude control. Therefore, several assumptions
are made for further calculations. Since the system of
three orthogonal coils allows the resulting magnetic
dipole moment vector to be oriented in any desired
direction, it is commanded to remain at 90° to the geo-
magnetic field vector in order to maximize the generated
torque. The magnitude of this dipole does not exceed
that produced by a single coil. Also, the satellite is
oriented in such a way that the Earth's magnetic field is
directed perpendicular to the rotation axis being studied.
Together, these considerations make it possible to assess
the maximum capabilities of the PolyITAN-12U magne-
torquer during operation in low Earth orbit.

With the maximum recorded geomagnetic field
strength of 51.7 uT the magnetorquer can produce
3.2x10° N-m of torque under nominal operating condi-
tions. Using the inertial characteristics of the satellite
given above, this torque values can be converted into
the corresponding angular accelerations along each axis
of the body reference frame: 6.402x107 rad/s? along X,
6.252x107° rad/s? along Y and 6.045x10° rad/s? along Z.
At the orbital location where the geomagnetic field is
weakest (18.3 uT), the generated torque drops
to 1.13x107° N-m, corresponding to an angular accelera-
tion of 2.269x107 rad/s? along X, 6.252x107 rad/s? along
Y and 6.045x10° rad/s? along Z. Other values obtained
for different orbital conditions and magnetorquer oper-
ating modes are summarized in the

As can be seen from these data, the magnetorquer is
capable of producing very small torques and its efficiency
is highly dependent on the external magnetic field. For
greater clarity, operating for 10 minutes at nominal
current and average geomagnetic field strength,
the magnetorquer will change the spacecraft’s angular
velocity by only 0.0264 rad/s or 1.513 °/s while consum-
ing about 1 Wh of energy. Nevertheless, the simplicity
of design and integration, as well as high reliability and
limited choice of alternative actuators make magne-
torquers indispensable for small spacecraft such as
CubeSats.

This is far from the only application of the obtained
model. In the future, it will be integrated into a broader
software-hardware simulation platform enabling com-
prehensive hardware-in-the-loop (HIL) testing of
the spacecraft. Knowledge of the geomagnetic field
extremes and the rate of its change along the satellite's
orbit enables correct specification of the Helmholtz coil
system, which is part of the simulation stand. Addition-
ally, data on the PolylTAN-12U magnetorquer’s on-orbit
performance limits will help improve existing algorithms
for both attitude control and power-management.

Ly  —Ly i 0.5043 —0.0328 —0.0037
I=|-1Lx L, -IL,[=]-00328 05155 —0.0069| kg m?
Ly —ly Iy —0.0037 —0.0069 0.5268
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TABLE 2. MAAGNETORQUER CAPABILITIES
Axis (body frame) X Y z
Coil current min nom max min nom max min nom max
.| Torque, 2607 | 3215 | 3.649 | 2.602 | 3209 |3.643 | 2582 |3.184 | 3.614
Max. magnetic | X10° N-m
field Angular accelera-
(51.7 uT) tion, 5191 | 6402 | 7267 | 5069 | 6252 | 7.097 | 4901 | 6.045 | 6.862
%107 rad/s?
| Torque. 1.824 | 2249 | 2553 | 1.821 | 2245 | 2549 | 1.806 | 2228 | 2528
Avg. magnetic | X10° N'm
field Angular accelera-
(36.2 uT) tion, 3632 | 4479 | 5084 | 3547 | 4375 | 4965 | 3429 | 4229 | 4.801
%107 rad/s?
. | Torque, 0924 | 1.139 | 1293 | 0922 | 1.137 | 1291 | 0915 | 1.128 | 1.281
Min. magnetic | X10° N-m
field Angular accelera-
(18.3 uT) tion, 1.839 | 2269 | 2576 | 1.797 | 2216 | 2515 | 1.737 | 2.143 | 2432
%107 rad/s?

Of course there are ways to improve the developed
model. The first of them involves upgrading the orbit
propagation algorithm to take into account various per-
turbation factors, which will reduce the error in predict-
ing the satellite position over long simulation periods.
Such an upgrade could be a transition to SGP4 or another
more advanced algorithm. The second improvement is
simulation of external magnetic field sources such
as magnetic storms and evaluation of their influence
on spacecraft’s ADCS operation.

CONCLUSION

The development of a simulation model that com-
bines the prediction of the satellite's orbital position and
the parameters of the Earth's magnetic field surrounding
it was carried out in this work. The model couples
the Keplerian orbit propagator, which despite its simplic-
ity provides good accuracy over short simulation inter-
vals, and the World Magnetic Model, a periodically (five-
year) updated model of Earth’s main magnetic field and
its secular variation. Validation against IGS reference data

showed average 3D-position error of 39.6 km which can
be caused by simplified force modeling in chosen orbit
propagator, but is still acceptable for solving current
tasks. Using this framework, the geomagnetic environ-
ment for typical LEO CubeSat orbits (400-600 km, 98°-98°
inclination) was quantified: the total field magnitude
varies from 51.7 uT to 18.3 uT, and the rate of change
along track remains below 115.4 nT/s. Then these
environmental limits were mapped to actuator capability
for the PolylITAN-12U magnetorquer. Given the coil
designs and the satellite’s inertia properties, the achiev-
able torque is on the order of 10> N-m, yielding angular
accelerations of a few x10~° rad/s? depending on axis and
local field strength. Consequently, even sustained opera-
tion at nominal current produces modest attitude-rate
changes, which should be taken into account when
developing attitude control and power management
algorithms. The obtained results, together with
the developed model, will be used to create a compre-
hensive HIL simulation platform for satellite test and
evaluation.
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MoaentoBaHHA MArHITHOro Noaa 3emni
ANA BU3HAYEHHA Ta KOHTPONO OPIEHTALT
PolyITAN-12U

1. B. Ceprees’, | 0000-0001-5613-4874
€. H0. KoBaneHKo®, KaHA4. TEXH. HayK, AOLEHT, ) 0000-0003-1249-2076

Kadepnpa enekTpoHHUX Npuaagis Ta cnucrem
HauioHanbHWA TEXHIYHMI YHIBepcUTET YKpaiHu

«KUWIBCbKUIM NONITEXHIYHUI IHCTUTYT imeHi Irops CikopcbKoro» R 00syn5v21
Kuis, YKkpaiHa

AHoTauia—Y cTaTTi NpeacTaBAeHO CUMYAALIAHY MOAENb, AKA NOEAHYE aNrOPUTM NPOrHO3yBaHHA Op6iTM HA OCHOBI piB-
HAHHA Kennepa Ta mogenb World Magnetic Model, ana Bu3HaueHHA peanbHUX XapaKTePUCTUK MarHiTHOro nons 3emii Ha TU-
noBuX ANa HaHocynyTHUKIB CubeSat opb6itax (Bucota 400-600 Km, Haxun 97-98°). NepesipKa NpaBUAbHOCTI 06UYUCAEHHA NO3ULLT
CYNyTHUKA, 34iCHEHa 332 AONOMOroI0 eTaJIoOHHUX 3Ha4veHb BiA International GNSS Service, nokasana Ao60By TO4YHiCTb, fOCTa-
THIO ANA AOCNIAKEHHA cUCTeMU OpieHTaLi Ta cTabinisauii. OTpumaHi 3a pe3ynbTaTammu YNCIEHHUX CUMYAALLIA OLiHKA MarHiT-
HOro CepeAoBULLA N1eXKaTb Y MerKax Big 51.7 MKTh Ao 18.3 MKTha (cepeaHe 3HaueHHA 36.2 MKTA), a WBUAKICTb 3MiHM MarHiTHOro
nons, nos’a3aHa 3 nepemileHHAM CYNyTHUKA, He nepesuulye 115.4 HTa/c. Ha ocHoBi napameTpis marHiTHUX KoTywwoK PolylTAN-
12U Ta Moro iHepLiliHUX XapaKTepPUCTUK NOKAa3aHo, WO B YMOBaX peasibHOi op6iTu BOHU 34aTHI CTBOPOBATH 06epTanbHi mome-
HTK Big 1.1x107° H-m Ao 3.2x10°° H-m, 3a6e3neyytoumn KyToBi npuckopeHHs Big, 2.1x107° pag/c? po 6.4x10° paa/c? B 3anexHoOCTI
BiA, OCi, CTPyMy KOTYLUOK Ta JIOKaZIbHOr0 MarHiTHOro nons. TakMm YMHOM, HaBiTb TPMBaNa pob6oTa HA HOMIHabHOMY CTPYMiI
CMPUYMHAE J,0BOJi HEBENMKI 3MIHM KYTOBOI LUBUAKOCTI anapary, WO Cig BpaxyBaTy Nig Yac po3pobKu anroputmis KepyBaHHS
Opi€EHTALLi€l0 Ta eHeprocnoXXMBaHHAM. Po3pobaeHa mogenb Ta OTpMMaHi YMCOBI AaHi byayTb 3acTocoBaHi Ana nobyaosuM NoB-
HouiHHoro hardware-in-the-loop TectyBaHHA PolyITAN-12U 3 BUKOPUCTaHHAM KNiTKU lenbmronbua, Wwo A03B0/IUTb 3HAYHO No-
KpaLuMT¥ npouec BignaroaxKeHHA aIropuTmiB KepyBaHHSA OPIEHTALLIEID CyNnyTHUKA. TaKOXK C/lif 3a3HAauYUTH, L0 3aNpPONOHOBaHI
nigxoAmn He BPaxoBYHOTb TaKi epeKTu AK rpasiTauiiiHi 36ypeHHs, aTmocdepHuMii onip Ta TUCK COHAYHOrO BUNPOMIHIOBaHHA Npu
PO3paxyHKy opbiTH, a TaKOXK 30BHiLLHI A¥Kepena MarHiTHOro No/A Taki AK reomarHiTHi 6ypi, BUKNIMKaHI COHAYHOIO aKTUBHICTIO.
Bce ue BigKpMBaE WAAX ANA NOAANbLIOIO YAOCKOHANEHHA Moaeni.

Kntouoei cnoea — CubeSat; kepysaHHsA opieHmayieto; mazHimHe nosne; Npo2HO3y8aHHA opbimu
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