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Abstract: This paper presents RelGNCPy, a comprehensive toolkit designed for the 
development, verification, and validation of relative Guidance, Navigation, and Control methods in 
distributed space systems. Based on the versatile and widely supported Python programming 
language, RelGNCPy facilitates the simulation and testing of satellite GNC systems with an 
emphasis on practicality and adaptability. The toolkit’s core feature is its integrated orbital motion 
model, validated against both state-of-the-art commercial software (ANSYS STK) and 
experimental orbital data. This validation demonstrates the high fidelity of the toolkit, with its 
model’s root mean square error five orders lower than the error of the two-body model, and 
propagation errors within acceptable ranges for formation maneuvers. Further, RelGNCPy’s 
capabilities extend to simulating complex scenarios such as formation reconfiguration and 
autonomous relative GNC systems. Its network feature allows for the execution of GNC systems 
on separate platforms, showcasing flexibility in platform choice and programming language. This 
paper details the toolkit’s design, including its perturbation sources model, and presents validation 
results against experimental data and commercial software. It also demonstrates the toolkit’s 
practical application in a networked experiment, emphasizing its potential for future development 
in closed-loop control and navigation methods for satellite formations.  
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1. Introduction

The concept of replacing a large satellite with a group of smal-
ler coordinated satellites has long attracted industry and aca-
demia [3, 25, 31]. A larger and reconfigurable baseline between 
the instruments allows for higher-quality data acquisition, as 
well as simultaneous multi-angle observations [10, 11, 38, 43]. 
Such formations can also use simpler satellite designs, which 
reduces the cost, complexity, and potentially even the mass to 
orbit [20]. Redundancy can be partially moved from the sub-
system level to the spacecraft level, which further enhances 
the aforementioned benefits.

However, the formation flight requirement makes designing 
and testing the Guidance, Navigation, and Control (GNC) mod-

ule more challenging. This system is responsible for controlling 
the state (typically the position and attitude) of the satellite. 
The guidance subsystem plans a trajectory that efficiently leads 
the system to the desired state [35], and navigation provides 
information about its intermediate state, based on measurements 
and prior knowledge [24, 29]. Finally, the controller executes the 
planned trajectory using actuators [34].

One of the factors that complicates the development of for-
mation-flight-capable GNC systems is the need for autonomy 
[1, 8, 15]. Fast, time-critical decision making requires mitigating 
constraints such as communication delay, data bandwidth, and 
limited communication windows. Multiple spacecraft operating 
in close proximity also pose a risk of collision, which cannot 
always be efficiently handled by ground operators. Unfortu-
nately, the use of autonomous GNC systems poses increased 
risks to the mission due to a rapid increase in complexity [6, 25]. 
Testing such systems also poses further challenges, as it is no 
longer enough to test a single system in isolation. Those chal-
lenges require developing a new breed of Verification and Vali-
dation (V&V) modelling tools. They are necessary for validating 
Model-in-the-Loop (MiL) proof of concepts and initial prototyp-
ing, as well as enabling the regression testing of the developed 
flight software. Furthermore, they can aid in transitioning devel-
opment to the target hardware platform by enabling Processor 
in the Loop (PiL) and Hardware in the Loop (HiL) test capa-
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bilities. Furthermore, those environments can also be used to 
investigate reliability and robustness by performing Monte-Carlo 
simulations, as well as investigating particular orbital scenarios 
to debug incidents happening during the mission.

Let us imagine a V&V tool tailored for the development and 
testing of GNC systems capable of formation flight. Such a tool 
should precisely model the physical world, allowing us to easily 
plug in our tested GNC algorithms modeled in various software 
environments. Ideally, it should be written in an open source, 
well-established programming language for which many physical, 
mathematical, and visualization libraries are available. This is 
essential to prototype future GNC solutions using model-based 
design. Furthermore, it should also have an interface that ena-
bles testing algorithms already deployed on a target hardware 
platform (microcontroller, prototype board, etc.).

The core functionality of such a GNC testing environment is 
the precise propagation of the orbital motion of the satellites. 
There are two approaches to propagating the relative motion 
of the spacecraft to analyze the results in the relative frame of 
reference. The orbital motion can be propagated in the inertial 
frame, and the resulting trajectories can be transformed into 
a relative frame. Alternatively, it is possible to directly propagate 
the relative motion of satellites with no regard for the absolute 
position. Each approach offers unique advantages and limitations 
that have informed the development of our novel simulation tool.

One of the state-of-the-art commercially available tools, 
ANSYS STK offers a High Precision Orbit Propagator (HPOP)1, 
which, in combination with GNC algorithms implemented in 
Python or the MATLAB scripting language, could be a good 
candidate for researching GNC algorithms. However, it does 
not support the typical workflow in designing closed-loop con-
trol systems, which includes modeling the measurements and 
actuation errors. There is also no well-established interface for 
multiple standalone devices, such as flight computers naively 
running the tested GNC source code.

Functionalities similar to ANSYS STK with regard to GNC 
systems testing could be implemented in MATLAB/Simulink 
environment in the form of Aerospace Toolbox. In addition, 
open-access toolboxes are available on a community exchange 

1  https://help.agi.com/stk/#hpop/hpop.htm?Highlight=HPOP

server [28]. MATLAB has good capabilities in supporting 
Software, Processor, or even Hardware-in-the-Loop testing. 
It is also possible to model measurement and actuator errors. 
However, although the Aerospace Toolbox provides a range of 
models that can be used for orbital propagation and simulating 
motion disturbances, the user is responsible for putting them 
together into a coherent model of the orbital motion process. 
Therefore, after putting them together, the correctness of the 
results is not guaranteed.

Both STK and MATLAB/Simulink are also relatively costly 
tools with time-limited licensing. This means that after selec-
ting them as a main V&V tool for a particular formation flight 
mission, the user is committed to the need to renew the licenses 
for the duration of the project.

In the following work, we propose a new tool intended to 
facilitate the development, verification, and testing of the new 
generation of formation flight GNC systems. It is based on the 
open-source Python programming language. This allows for easy 
extendibility, as this language is well-established, and has a vast 
array of openly available libraries. These provide a range of 
capabilities, from sophisticated numerical calculation to advan-
ced data visualization. In addition, a wide range of machine 
learning tools and libraries are made available in this language, 
which corresponds well to the future direction of research and 
development in modern GNC systems.

On the other hand, we provide the integrated orbital motion 
model, which has sufficient fidelity for most GNC-related appli-
cations and is validated both against the state-of-the-art STK 
propagator and experimental data from orbit. We also demon-
strate hardware-in-the-loop capability to run the provided plant 
model on one computer system, while an example GNC code 
runs on another platform interfaced with it.

The structure of this work is as follows: in section two we 
present a state-of-the-art of the motion propagation methods. 
Section 3 describes the design of the toolkit and lists the per-
turbation sources modeled in the software. In Section 4, we 
demonstrate validation of the toolkit against experimental orbi-
tal ephemerides and compare the toolkit against ANSYS STK 
commercial software. Additionally, the proof-of-concept har-
dware-in-the-loop setup of the toolkit is demonstrated. Section 
five concludes the paper with a high-level summary of the pre-
sented research.

2. Materials and Methods

2.1. Satellite motion propagation
There are two main techniques for propagating an Earth-orbi-
ting artificial satellite motion: special perturbation methods 
and general perturbation methods [39, 41]. The former seeks 
the solution by numerically integrating the equations of 
motion. The latter is based on analytical or semi-analytical 
solutions to these equations.

The motion of a satellite is generally affected by the gravi-
tational attraction of the Earth and the sum of the perturba-
tion forces. In the context of Guidance, Navigation & Control 
methods, an additional acceleration resulting from thrust stimuli 
is taken into account. Designing and prototyping a GNC system 
requires propagating the satellites motion in a simulated orbital 
environment. There is a wealth of literature on the modeling of 
orbital environment [26, 32], and propagating satellite’s motion 
[2, 12, 14, 21, 37].

The Cowell formula is a special perturbation method [41, 42], 
which propagates the motion of the satellite in the orbit by inte-
grating a system of second-order differential equations. These 
equations, which describe the position of the satellite in Carte-
sian coordinates, account for the forces acting on the satellite 
within the orbital environment. The acceleration of the satellite 
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is expressed and integrated in the inertial non-rotating reference 
frame such as the ECI frame.

Encke introduced a semi-analytical method [39], which com-
bines the analytical solution of unperturbed motion, which 
describes the osculating orbit, and the numerical integration 
of the perturbed motion, which causes a departure from the 
osculating orbit. It was proposed to utilize a time regulariza-
tion in Encke’s formula to evenly distribute the calculation 
steps in the case of elliptic orbits.

The motion of a satellite can be described by a set of ele-
ments that parameterize the orbit shape, orientation, and posi-
tion of the satellite in this orbit. The first set of elements used 
in variation-of-parameters was the Classical Orbital Elements 
(COE), which consists of two parameters describing the shape 
of the orbit: Eccentricity and Semimajor axis, Euler angles that 
orient the orbit w. r. to the Earth: Inclination, Longitude of the 
ascending node, Argument of Perigee and True anomaly, which 
describes the position of the satellite on the orbital curve at 
a specific time [41]. The use of Euler angles causes two singu-
larities in this description: when the orbit is circular and when 
the orbit is inclined by an integer multiple of Pi. Equinoctial 
Orbital Elements were introduced to remove the singularities in 
COE [4]. A survey of the different sets of elements used in orbi-
tal mechanics can be found in [19]. The Earth-Centered Inertial 
(ECI) frame is an inertial nonrotating reference frame, centered 
on the center of mass of the Earth [42]. One of the common ECI 
frames is the J2000 frame, which is defined by the Earth’s Mean 
Equator and Mean Equinox at noon Terrestrial Time on the 
1st of January 2000. The Earth-centered Earth-Fixed (ECEF) 
frame is a non-inertial frame that is typically used to describe 
the position of ground stations and to analyze the coverage of 
observation satellites. The ECEF frame rotates along with the 
Earth’s spinning motion.

2.2. Relative motion
In formation flying and relative motion analysis, one space-
craft is designated as the chief satellite (also referred to as the 
reference or target spacecraft). Its orbit, called the chief orbit, 
serves as the reference trajectory with respect to which the 
motion of other spacecraft, termed deputy satellites, is descri-
bed. The deputy’s motion is therefore expressed relative to the 
chief satellite’s center of mass and orbital frame.

The relative motion of satellites can be expressed in a Local-
-vertical, Local-horizontal (LVLH), which is a frame positioned 
at the center of mass of the main satellite (i.e., the chief satellite) 
[18]. The orientation of the LVLH frame is defined by a vector 
pointing outward to the Earth’s center of mass, a vector normal 
to the chief orbit (i.e., normal to the orbital plane of the chief 
satellite), and a vector that completes the right-handed system.

Different conventions for the assignment of the axes are pre-
sent in the literature and tools, in this paper the following is 
used: XLVLH – Outward Radial position in Hill’s frame, YLVLH – 
Along-track position in Hill’s frame, ZLVLH – Cross-track position 
in Hill’s frame, as presented in Fig. 1.

The relative motion of satellites in Earth’s orbit has been 
modeled by many authors in the past; however [5, 9, 17, 22, 23, 
27, 36], the most attention has been given to the first model: 
Clohessy-Wiltshire (CW) equations [7]. The CW equations of 
relative motion are valid under three assumptions:

1.	 The orbit of the main satellite is circular.
2.	 The satellites are near the chief satellite.
3.	 No disturbances are acting on the satellites.
Although the assumptions limit their applicability, the CW 

equations are used for the analysis of stable relative orbits and 
the design of GNC algorithms. More recent models that allow for 
eccentric orbits and account for the main perturbation, namely 
the J

2
 effect, have been proposed. Reference [16] offers a detailed 

review of the relative motion models.
Researchers have also proposed an adaptation of the COE 

concept to relative motion. Relative orbital elements (ROE) are 
attractive due to the geometric meaning of ROE and their clear 
relationship to the shape of relative orbits [27].

The choice of the propagation method, as well as the choice 
of perturbation models, is based on a trade-off between the 
fidelity and the computation time. The RelGNCPy toolkit was 
developed to simulate the relative motion of satellites with high 
fidelity and without a constraint regarding the shape of the ref-
erence orbit, which dictated the choice of inertial propagation 
over relative propagation. The toolkit will be used for relatively 
short simulations that last for several minutes up to 24 hours. 
To achieve the expected fidelity in this timescale, the toolkit 
incorporates models of Earth gravity harmonics, Moon and Sun 
gravity fields, atmospheric drag, solar radiation pressure, and 
both impulsive and continuous thrust forces.

Fig. 1. Definition of the Hill’s LVLH frame. The frame is constructed 
on the following axes: The Radial Axis-pointing outwards the Earth’s 
center, Cross-Track Axis-normal to the orbital plane, Along-Track 
Axis-completing a right-hand system (in a circular orbit it is along the 
satellite’s velocity vector). This frame is useful for presenting relative 
motion of other spacecrafts with respect to the target one
Rys. 1. Definicja układu odniesienia Hill’a (LVLH). Jest on wyznaczony 
przez następujące wersory: radialny, skierowany od geometrycznego 
środka Ziemi na zewnątrz, poprzeczny do orbity, o kierunku i zwrocie 
wyznaczonym przez wektor normalny orbity, oraz wzdłużny do orbity, 
dopełniający prawoskrętną triadę (dla orbit kołowych zgodny z wektorem 
prędkości satelity). Układ ten jest pomocny przy opisie względnego ruchu 
innych satelitów w odniesieniu do satelity referencyjnego

Fig. 2. Outline of the data flow in RelGNCPy toolkit. The toolkit 
consists of the Propagator configuration and Formation configuration 
including Satellite configuration, Propagation loop, and Reporting 
features. The actions in blue boxes are executed with a user defined 
propagation frequency, whereas the green box stands for the GNC 
methods, which can be executed on separate platforms as presented 
in Fig. 3
Rys. 2. Diagram przepływu danych w narzędziu RelGNCPy. Składa 
się z konfiguratora propagacji, konfiguratora formacji satelitarnej, pętli 
propagacji oraz generatora raportów. Akcje w niebieskich polach są 
wykonywane z konfigurowalną przez użytkownika częstotliwością. 
Algorytmy GNC (zielone pole) mogą być wykonywane na odrębnych 
platformach dla każdego symulowanego satelity – Rys. 3
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The control and navigation algorithms are executed with 
a user-specified sampling period. RelGNCPy provides propaga-
tion routines and enables the user to implement custom solvers. 
The toolkit propagates the motion in the ECI frame, but pro-
vides the GNC modules with the state of the formation in the 
LVLH frame.

However, the toolkit provides the GNC algorithms with the 
modeled measurements (Fig. 2). Currently, the user can model 
sensors within the core computation server, or on the platform, 
which executes the GNC algorithms.

2.3. Equations of motion
The basic formula for propagating the absolute orbit of the 
satellite is the Keplerian two-body propagation, with acceler-
ation a2B, from (1), where μ is the gravitational coefficient of 
the Earth and ECIr  is the position of the satellite in ECI. This 
propagator is realized with the second order differential equa-
tion for the satellite acceleration in an inertial frame.
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When using this propagator, there are two sources of inac-
curacy of the satellite’s position and velocity: numerical errors 
and systematic errors. The numerical errors come from the finite 
representation of real numbers in the computing unit processor, 
discretization of the time domain, and truncation errors. Syste-
matic errors, resulting from the environmental forces acting on 
satellites, were modeled and are described in the following section.

2.4. Perturbation forces
The gravitational field of Earth is approximated by Legendre 
polynomials, which decompose its potential into zonal, tesseral, 
and sectoral harmonics. The J

2
 element has the greatest influ-

ence on the motion of the satellite and accounts for 400 times 
the acceleration than all remaining elements combined [30]. 
The acceleration due to the J

2
 – 

2Ja is expressed in the ECI 
frame in Equation (2), where J

2
 is the Earth oblateness coef-

ficient, ECEFr  is the satellite’s position in ECEF, and REarth is 
the Earth radius.
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The elements of higher order were modeled using the GRACE 
Gravity Model 03 (GGM03) [40]. The model of the Earth’s 
gravity potential field using Legendre polynomials, which is 
used to model acceleration due to higher harmonics a

Jk,n
, can 

be found in [41].
The atmospheric drag is the effect of interactions between 

the satellite and the remaining Earth’s atmosphere. This force 
is highly dependent on the density of the atmosphere, which is 
strongly dependent on altitude, temperature, and solar activ-
ity. Thus, modeling the drag includes modeling the Earth’s 
atmosphere for Low Earth Orbit altitudes. The atmosphere 
acts on the satellite in the counter direction to its motion, and 
the resulting acceleration is proportional to the cross area A

drag
 

of the satellite and a drag coefficient cd, and inversely propor-
tional to the mass of the satellite, as presented in equation (3), 
where m is the mass of the satellite, and ρ denotes the local 
atmospheric mass density at the satellite position. Please note 
that velocity v

rel
 is the velocity of the satellite relative to the 

atmosphere of the Earth, which in this application is assumed 
to rotate with the same angular velocity as the Earth and to be 
invariant with altitude. A more realistic approach is to model 
the motion of the atmosphere relative to Earth; however, this 
simplification is justified because a more realistic model would 
not change the direction of the drag, but only scale its magni-
tude, therefore not changing the relative motion significantly.
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The gravitational fields of the Moon and Sun are modeled 
using Newton’s law of attraction. Calculating the resulting acce-
lerations a

Moon
 and a

Sun
 due to these forces requires knowledge of 

the ephemerides of these celestial bodies, according to equation 
(4). Obtaining them was made possible by NASA JPL [33].
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In equation (4), Moonµ  and Sunµ  denote the gravitational 
parameters of the Moon and the Sun, respectively. The vector 

sat/Moonr represents the position vector of the satellite with respect 
to the Moon, while Moon/Earthr  denotes the position vector of the 
Moon with respect to the center of the Earth. Similarly, sat/Sunr

is the position vector of the satellite with respect to the Sun, 
and Sun/Earthr  is the position vector of the Sun with respect to 
the Earth’s center.

The solar radiation pressure (SRP) is the effect of the 
absorption of momentum transferred by light particles. The 
amount of absorbed momentum depends on the reflectivity of 
the satellite surface c

R
, which can be determined for each of the 

satellite’s surfaces separately: shielding, solar panels, etc. in lab-
oratories before the launch, and the cross area in the direction 
of the Sun Asrp. In this work, psrp denotes the solar radiation 
pressure at 1 AU (i.e., the solar irradiance divided by the speed 
of light in vacuum), rather than the solar constant itself. The 
acceleration due to SRP calculated with equation (5) is propor-
tional to the satellite cross-area in the plane normal to the Sun 
vector and to the solar radiation pressure. In equation (5), 

sat/Sunr  denotes the position vector of the satellite with respect 
to the Sun.
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The motion of the satellite is propagated with the Cowell for-
mula presented in equation (6)
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In equation (6), r
ECI

 and v
ECI

 denote the satellite position 
and velocity vectors expressed in the Earth-Centered Inertial 
(ECI) frame. The term a2B represents the two-body central gra-
vitational acceleration due to the Earth, a

Jk,n
 denotes the non-

-spherical Earth gravity perturbation (e.g., zonal harmonics), 
a

drag
 the atmospheric drag acceleration, a

Moon
 and a

Sun
 the third-

-body gravitational accelerations, and a
srn

 the solar radiation 
pressure acceleration.

The GNC systems may require sensory data in the inertial 
reference frame from Inertial Measurement Units, and range/
rate measurements expressed in the body frame. The LVLH 
frame is useful when GNC functions are based on models of 
relative motion such as the CW equations. Therefore, the trans-
formation between these frames has been implemented in the 
RelGNCPy toolkit. Sensor and actuator models can be included 
in the toolkit. In addition, the toolkit propagates the relative 
motion of satellites on the basis of the CW equations.

2.5. Numerical implementation in RelGNCPy
The numerical propagation of satellite motion in the Rel-
GNCPy toolkit is performed using a Runge-Kutta-Fehlberg 
(RKF45) solver by default [13]. Alternative numerical solvers 
are also available within the framework. The selection of 
a solver represents a trade-off between computational com-
plexity and propagation accuracy, depending on the mission 
scenario and required fidelity.

2.6.	 Running the simulations on distributed 
hardware platforms

The toolkit supports MiL, SiL, HiL, and PiL experiments. The 
plant model includes environmental interactions and motion 
propagation. It is executed on the server, whereas the GNC 
functions are executed in separate threads, on separate PCs, 
or any other platform that supports HTTP communication. 
Thanks to that, the GNC algorithms can be ran on their tar-
get environments to be fully tested. Figure 3 shows a diagram 
of a networked set-up of the toolkit.

The RelGNCPy toolbox can transmit the propagated state of 
satellites across a local network and receive control signals cal-
culated by several external nodes running the GNC algorithms. 
Those can be hosted on any platform that supports HTTP com-
munication, without a constraint on the utilized programming 

language. Sensors and actuators can be implemented either in 
the plant model or on the platform running the control system.

To demonstrate this feature, we implemented a basic GNC 
module with LQR controller. It was written in Python and ran 
on a Windows PC connected to the RelGNCPy sockets via the 
local network.

3. Results and discussion

The experimental measurements for the force models validation 
were collected by the satellite as depicted in Figure 4, over 24 
hours in November 2020. The satellite propulsion system did 
not apply thrust during this period, which would complicate 
the analysis. The mean orbital elements of the satellite are 
listed in Table 1.

Fig. 3. Network setup of the RelGNCPy with N platforms connected via 
the local network. The main node runs a plant model, while multiple 
connected ones can run GNC algorithms for each of the satellites in 
formation. Each platform can be implemented as a separate thread on 
the RelGNCPy computation unit, on a virtual machine, on a separate 
laptop, or on any board which supports HTTP connection. The 
RelGNCPy provides the platforms with the satellites’ states, and can 
simulate the Inter-Satellite Communication links
Rys. 3. Przykład użycia RelGNCPy z wykorzystaniem N platform 
połączonych w sieć lokalną. Główny węzeł symuluje model procesu, 
podczas gdy węzły podrzędne wykonują pętle GNC dla poszczególnych 
satelitów w formacji. Każdy z tych wątków może być zaimplementowany 
zarówno na głównym komputerze, lub np. płytce komputera pokładowego 
o ile wspiera ona interfejs HTTP. Biblioteka RelGNCPy przesyła tym 
platformom stan poszczególnych satelitów, oraz może symulować przepływ 
informacji między nimi

Table 1. Mean orbital elements of the reference satellite based on 
the closest available TLEs (two days prior to the measurements 
acquisition). The satellite is on Sun-synchronous Low Earth Orbit, 
relatively close to being circular (source: NORAD database)
Tabela 1. Średnie parametry orbitalne referencyjnego satelity na podstawie 
najbliższego dostępnego pakietu TLE (zaktualizowanego dwa dni przed 
dokonaniem pomiarów na orbicie). Satelita znajduje się na niemal kołowej, 
niskiej orbicie ziemskiej (LEO) synchronicznej do Słońca (źródło: baza 
danych NORAD)

Semi-major 
axis [km]

Inclination 
[deg]

Eccentricity RAAN [deg]
Argument of 
Perigee [deg]

6955.157 97.7491 0.0022259 273.1946 35.2054

GNSS position and velocity measurements were filtered with 
the ODTK tool. The results contained filtered position, velo-
city, and acceleration of the satellite, sampled with a time step 
of one second. Comparing the RelGNCPy propagation results 
with these reference ephemerides allowed us to validate the per-
turbation models.

3.1. Acceleration modeling errors
To evaluate each perturbation model separately, the accelera-
tion was calculated for the reference satellite in RelGNCPy, 
and the contribution of each force was analyzed separately. 
First, the magnitudes of each contribution were calculated and 
presented in Table 2.

Table 2. The impact of particular acceleration sources on the 
reference satellite simulated with RelGNCPy models. The values 
are Mean values for the period for which the experimental data was 
available. Note that acceleration due to the Earth gravity was split into 
three model complexity ranges
Tabela 2. Wpływ poszczególnych źródeł składowych przyspieszenia 
na referencyjnego satelitę symulowanego z wykorzystaniem modeli 
zaimplementowanych w RelGNCPy. Przedstawione wartości to średnie dla 
całego okresu, dla którego dostępne były dane. Przyspieszenia wywołane 
przez siłę grawitacji pochodzącą od Ziemi zostały rozdzielone na trzy 
składowe reprezentujące poziom złożoności zastosowanego modelu

Model Acceleration Magnitude [m/s2]

Two body 8.24

Harmonics from J2 to J6,6 0.015

Harmonics from J7,7 to J100,100 5.37e-05

Moon gravity 8.26e-07

Sun gravity 3.58e-07

Solar radiation pressure (SRP) 6.96e-08

Atmospheric drag 6.34e-08
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Fig. 4. Render of the reference satellite structure. The satellite ±X 
axis is typically aligned with direction of travel, so that the face 
area subjected to the atmospheric drag is minimized. The +Z axis is 
pointed towards the Sun to optimize the solar panel energy output, 
which coincidentally also increases the radiation pressure effect
Rys. 4. Poglądowa reprezentacja kształtu satelity. Jego oś ±X jest 
zazwyczaj skierowana w kierunku ruchu, by zminimalizować tarcie 
o śladową atmosferę. Oś +Z jest skierowana w kierunku słońca, by 
zmaksymalizować ilość energii produkowaną przez panele słoneczne. 
Takie ustawienie maksymalizuje też ciśnienie promieniowania słonecznego

The strongest force acting on the satellite is Earth’s gravity. 
Its contribution towards the total spacecraft acceleration is seven 
orders higher than the second strongest interaction, which is 
the lunar gravity. In Table 2, the gravitational potential field of 
the Earth was broken down into three contributions: the point 
mass, or two body acceleration, the J

2
 to J

6,6
 harmonics and 

the higher-order harmonics. Even though much lower than the 
two-body acceleration, the acceleration due to the third contri-
bution is still two orders greater than the lunar gravity field. 
The two three-body contributions from the gravitational inter-
action with the Moon and the Sun are of the same order, with 
the lunar contribution over twice as high as the solar one. The 
lowest two contributions: atmospheric drag and solar radiation 
pressure are eight degrees lower than the Earth’s gravitational 
interaction, and one order lower than the third-body contribu-
tions. Although solar radiation pressure was expected to influ-
ence the satellite motion less than atmospheric drag, the model 
returned a higher acceleration for this contribution. The reason 
for this is the shape and nominal nadir attitude of the reference 
satellite, where the area affected by the solar wind is several 
times greater than the area interacting with atmospheric parti-
cles, as shown in Figure 4.

To quantify the impacts of environmental perturbations, we 
compared the RelGNCPy models with reference accelerations 
obtained from ODTK-filtered orbital data gathered with the 
satellite. Table 3 offers the comparison, listing the magnitude 
error, which is the difference between the reference lengths and 
the modelled acceleration vectors. The table also lists the errors 
of the acceleration direction as the angle between the reference 
and modeled acceleration vectors.

Table 3. Acceleration modeling errors against the ODTK solution for different RelGNCPy model configurations
Tabela 3. Błędy modelowania przyspieszenia wyznaczone względem oprogramowania ODTK dla różnych konfiguracji RelGNCPy

Configuration number 1 2 3 4 5 6 7 8

Two body yes yes yes yes yes yes yes yes

Gravity Harmonics yes - J2 only yes yes yes yes yes

Moon gravity yes - - - - yes yes yes

Sun gravity yes - - - yes - yes yes

SRP yes - - - yes yes - yes

Atmospheric drag yes - - - yes yes yes -

Magnitude error RMS [m] 1.24e-07 1.29e-02 6.71e-05 4.55e-07 3.00e-07 4.55e-07 1.85e-07 1.85e-07

Angle error RMS [deg] 1.04e-06 2.74e-01 6.34e-04 1.75e-05 2.34e-05 1.75e-05 4.91e-06 4.76e-06

Table 3 presents the results of eight configurations of the 
environmental models. The first one includes all of the models 
described in the previous section. The second configuration mod-
els the central gravity of the Earth, while the third and fourth 
configurations also include the J

2
 perturbation and spherical har-

monics up to the J
100,100

 element, respectively. In the remaining 
four configurations, one of the remaining models was switched 
off: the lunar gravity, the solar gravity, solar radiation pressure, 
and atmospheric drag, respectively. The comparison between 
the first two configurations shows what level of fidelity can be 
expected from the RelGNCPy, compared to the Keplerian two-
body model. The introduction of spherical harmonics had the 
greatest impact on the precision of the acceleration calculation, 
as expected, given the results presented in Table 2. The results 
justify using the full perturbation model, as it offers an improve-
ment compared to the last four configurations in Table 3.

3.2. Propagation errors
To validate the complete RelGNCPy propagator (configura-
tion 1 from Table 3), the orbital data were compared with the 
propagated satellite motion. The initial position and velocity 
were imported to RelGNCPy and propagated for the 24-hour 
period. The propagation errors were transformed to the LVLH 
frame, and its time evolution is presented in Figure 5.

The drift in the In-track direction visible in Figure 5 may be 
caused by multiple factors. The effect of atmospheric drag is 
modeled with the assumption of a constant cross-area, which 
may vary during nominal operations (making observations or 
down-linking payload data requires changing the attitude). The 
increase of the cross-area increases the force of the interac-
tion, which is oriented in the anti-velocity direction, and causes 
a drift. Figure 8 shows the angular change in the attitude of the 
satellite during 24 hours. Jumps in angular rate are associated 
with the execution of attitude maneuvers. However, the drag is 
highly dependent on the atmosphere density, which was modeled 
using a simple exponential relation. If the actual density was 
greater, the force of the drag would be underestimated, which 
again would lead to an anti-velocity drift. So far, the ODTK 
data were considered ground truth in the analysis; however, 
the ODTK-filtered ephemeris is burdened with a 3-meter RMS 
error. Although the noise in the reference data is relatively small 
compared to the expected errors of the RelGNCPy models, the 
error of the initial state of the satellite can have a significant 
impact on the long-term propagation. The cross-track error, 
which reached 10 meters over the 24 hours, can be attributed to 
the initial state error and the unmodeled perturbations, such as 
solid Earth tides and higher-order elements of the gravitational 
potential field, as well as the numerical integration errors. For 
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Fig. 5. RelGNCPy orbit propagation error calculated against the 
experimental reference ephemerides for the reference satellite. Errors 
are presented as components in Hill frame (top), and total magnitude 
(bottom). The periodic variations are consistent with the orbital period
Rys. 5. Błąd propagacji orbity obliczony za pomocą biblioteki RelGNCPy, 
wyznaczony względem zmierzonej pozycji satelity referencyjnego. Błędy 
są przedstawione jako komponenty w układzie odniesienia Hill’a (górny 
panel) oraz błąd całkowity (dolny panel). Okresowe zmiany błędu są spójne 
z długością okresu obiegu satelity po orbicie

Table 4. Greatest position error in the propagated trajectory over periods of 1, 3, 10, and 15 orbits, for four configurations of the perturbation models
Tabela 4. Największy błąd pozycji propagowanej trajektorii w przedziale czasu równym 1, 3, 10 i 15 orbitom, dla czterech konfiguracji dokładności 
wykorzystanych modeli

Duration [orbits] Full model error [m] Two-Body [m] Two-Body+J2 [m] Two-Body+J2+J2,2 model error [m]

1 13.04 81091.9 260.13 259.3667

3 43.88 194651 803.89 646.76

10 173.78 594742 3261.96 2373.66

15 395.83 902317 3261.96 2328.1

example, an initial error in the cross-track velocity of 1 mm/s 
translates into a maximum error of 2.5 meters in the cross-track 
position, according to the Clohessy-Wiltshire model of relative 
motion. Estimating the contribution of these three sources to 
the overall propagation error is a natural continuation of this 
analysis and is the future direction of our research.

The propagation errors for four configurations of the pertur-
bation models are listed in Table 4. In the second column, the 
errors of the full model including harmonics up to J

100,100
 order, 

atmospheric drag, Moon and Sun gravity interactions, and solar 
radiation pressure are listed. The third column lists the errors 
of a two-body gravity configuration. The next column lists the 
errors for a propagator that includes the J

2
 perturbation, and 

the last column lists the errors of a propagator, which account 
for the J

2,2
 order coefficients. For the duration of 1, 3, 10, and 15 

orbital periods, the full model error is respectively 4.1%, 6.78%, 
7.52%, and 12.93% of the error in the fourth configuration. The 
motion propagated with RelGNCPy is much more precise than 
the reduced-fidelity propagators included in Table 4. Since the 
relative motion models are derived from reduced-fidelity models, 
such as Keplerian motion with the J

2
 effect, a higher fidelity of 

the motion propagation can be expected from the RelGNCPy 
compared to the relative motion models.

3.3.	 Maneuver planning – Cross-track 
synchronization

A proof-of-concept task of the GNC functions is to synchro-
nize satellites in the cross-track direction. The control law in 
this case was to execute impulses in the opposite direction to 
the cross-track velocity, at times when the leader crosses the 
target’s orbital plane. To account for the limitations of the 
thruster performance, it was assumed that it can produce 
a change in velocity of up to 0.3 m/s with each impulsive 
maneuver. The target satellite was equipped with virtual sen-
sors that provided its GNC subsystem with noisy relative posi-
tion and velocity information. The noise was assumed to be 
Gaussian with a zero mean value and a standard deviation of 
5 m for the relative position and 0.1 m/s for the relative veloc-
ity. The GNC system operated with 0.1 Hz frequency. The 
trajectory presented in Fig. 6 shows how the relative orbital 
plane aligned with the reference orbital plane and compares 
the RelGNCPy propagation with STK Astrogator2.

The synchronization maneuvers calculated by the toolkit suc-
cessfully synchronized the relative motion with 10 impulses, exe-
cuted every half orbit. The maneuvers simulated in RelGNCPy 
compare well with the commercial software simulator. The differ-
ence between the simulated velocities in the cross-track direction 
is presented in Fig. 6. The highest error amounted to less than 
3e-03 m/s, which was three orders lower than the actual velocity.

3.4. Networking utility
The network capability was demonstrated with a simple scenario 
in which two satellites were simulated. The leader spacecraft 
remained uncontrolled, while the follower had the goal of achiev-
ing the leader’s position and velocity. In other words, the control 
objective was to achieve zero positions and velocities in the lead-
er’s LVLH frame. The follower’s GNC system was executed on 
a separate platform. The control signal was calculated onboard 
this platform by an LQR controller whose gain was calculated 
in MATLAB based on the Clohessy-Wiltshire model of relative 
motion. The control signal was then sent through a local network 
to RelGNCPy, which was executed on a separate platform, where 
the motion was propagated, including the maneuvers. The con-
trol was performed by hypothetical low-thrust propulsion with 
continuous acceleration limited in the toolkit to 0.001 m/s2. 
Figure 7 shows the control errors, as well as the control signals.

Although the control objective has been achieved in less than 
one orbit, the LQR controller does not achieve the desired state 
optimally, since it does not address the thrust limitations mod-
eled in the toolkit. The control signal, presented in the bottom 
right panel of Fig. 7 requires the thrust to generate an accel-
eration of up to 0.5 m/s2, which is technically not possible 
with contemporary satellite propulsion systems. The bottom 
left panel presents the actual thrust generated by the modeled 
actuator. Although this experiment consisted only of two space-
craft, the toolbox allows for multiple GNC nodes. Each of them 

2	 https://www.agi.com/getmedia/d5682e0a-52d9-4704-8cce-
68e73dd0cedc/Astrogator-Product-Specsheet.pdf?ext=.pdf)
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can make autonomous decisions and can exchange information 
between themselves. Both hardware and software platforms can 
be mixed. This is a powerful feature of RelGNCPy, when com-
pared to the other solutions.

4. Conclusions

A toolkit for prototyping and V&V of relative Guidance, Navi-
gation, and Control systems for distributed space systems 
was presented. This paper describes the design of the toolkit, 
shows the high fidelity of the toolkit compared to experimen-
tal data and against state-of-the-art commercial software, and 
demonstrates the networking capabilities of the toolkit. The 
accuracy of the modeled perturbation forces was validated 
against the real orbital ephemerides collected by the reference 
satellite. The RMS error of the modeled acceleration is five 
orders lower than the error of the two-body model.

Fig. 7. Top-left: relative position between the leader and the follower. Top-right: relative velocity between the leader and the follower.  
Bottom-left: the executed thrust vector. Bottom-right: LQR control signal. Blue: In-Track direction. Orange: Radial direction. Yellow: Cross-track 
direction
Rys. 7. Lewy górny panel: względna pozycja między satelitą liderem i satelitą podążającym. Prawy dolny panel: względna prędkość między liderem i satelitą 
podążającym. Dolny lewy panel: wykorzystana sterująca siła ciągu. Dolny prawy panel: sygnał sterujący regulatora LQR. Na niebiesko zaznaczono 
kierunek wzdłuż kierunku orbity, na pomarańczowo w kierunku radialnym, a na żółto w kierunku poprzecznym

(a)							         (b)

The propagation error was approximated in Section 3.2. 
After one orbital period, the propagation error has not 
exceeded 14 meters. After three orbital periods, the error rose 
to less than 50 meters, and after ten orbits it amounted to 174 
meters. The propagation error after 15 orbits did not exceed 
500 meters. Including harmonic models of order higher than 
J

2,2
, lunar and solar gravity, atmospheric drag, and solar radi-

ation pressure resulted in a one-order-of-magnitude reduction 
of the propagation errors. By comparing the RelGNCPy error, 
with the error of reduced fidelity propagators, from which rel-
ative motion models are derived, the notion of achieving much 
higher accuracy than the relative motion models was indirectly 
proved. The accuracy of the propagation in the context of for-
mation manoeuvres, such as formation reconfiguration, which 
typically does not exceed three orbital periods, at the level of 
tens of meters is satisfactory for our purposes.

In Section 3.3 an experiment demonstrating the capability 
of simulating maneuvers, whose goal was synchronizing the 

Fig. 6. Results of the experiment of cross track synchronization of two satellites flying in formation. Maneuvers were planned with the 
RelGNCPy toolbox and later tested using STK Astrogator. Successful cross track synchronization was achieved. (a) Comparison of the planned 
(RelGNCPy) and reference (Astrogator) relative position of spacecraft. (b) Comparison of the cross track relative velocity planned by RelGNCPy 
(blue line) with the reference from Astrogator (blue markers every 20th sample for clarity). The difference between them is shown as orange line
Rys. 6. Rezultaty eksperymentu polegającego na synchronizacji w kierunku poprzecznym do orbity dwóch satelitów lecących w formacji. Manewry 
zostały zaplanowane za pomocą RelGNCPy, po czym zasymulowano ich działanie za pomocą oprogramowania referencyjnego (Astrogator). Osiągnięto 
skuteczną synchronizację. (a) Porównanie planowanej (RelGNCPy) i referencyjnej (Astrogator) pozycji satelity. (b) Porównanie prędkości satelity w 
kierunku poprzecznym do płaszczyzny orbity (linia niebieska – RelGNCPy i niebieskie markery dla co 20. próbki – Astrogator). Różnica między nimi została 
zaznaczona linią pomarańczową

(a)							         (b)
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relative motion of two satellites in the Cross-Track direction, 
was presented. The results of this experiment were verified 
by comparison with the STK Astrogator propagated motion. 
The greatest difference between the Cross-Track velocity prop-
agated by our toolkit and Astrogator was 2.5e-3 m/s, which 
was 40  times lower than the standard deviation of the modeled 
error of velocity knowledge.

The network capability was demonstrated with an experi-
ment in Section 3.4, where a basic control system of one sat-
ellite was executed on a separate platform. In this experiment, 
the motion of two satellites was simulated: the leader and the 
follower spacecraft. The objective of the follower GNC system 
was to simply achieve the position and velocity of the leader 
spacecraft. The capability of running the GNC systems for 
each satellite on a separate platform, with flexibility in the 
choice of both the platform and the programming language, is 
a big advantage of the RelGNCPy toolkit compared to other 
available solutions.

In the future, the toolkit is intended to be used for the 
development of closed-loop relative control and navigation 
methods, and a distributed autonomous relative GNC sys-
tem. A model of rotational dynamics was implemented in the 
toolkit; however, disturbing torques have not yet been mod-
eled. The propagation error presented in Section 3.2 will be 
further analyzed. The drift in the In-Track direction suggests 
that the error comes from an underestimated atmospheric 
drag force, which could be a result of an underestimated atmo-
spheric density, or changing attitude of the satellite during 
the experiment.
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Streszczenie: W artykule przedstawiono RelGNCPy, kompleksowy pakiet narzędziowy 
przeznaczony do opracowywania, weryfikacji i walidacji (V&V) metod względnego naprowadzania, 
nawigacji i sterowania (GNC) w rozproszonych systemach kosmicznych. Oparty na wszechstronnym 
i szeroko wspieranym języku programowania Python, RelGNCPy ułatwia symulację i testowanie 
satelitarnych systemów GNC, ze szczególnym naciskiem na praktyczność i elastyczność. Kluczową 
cechą pakietu jest zintegrowany model ruchu orbitalnego, zwalidowany zarówno względem 
zaawansowanego komercyjnego oprogramowania (ANSYS STK), jak i eksperymentalnych danych 
orbitalnych. Walidacja ta potwierdza wysoką dokładność pakietu, przy czym błąd średniokwadratowy 
(RMS) modelu jest o pięć rzędów wielkości niższy niż błąd modelu dwóch ciał, a błędy propagacji 
mieszczą się w akceptowalnych zakresach dla manewrów formacyjnych. Ponadto możliwości 
RelGNCPy obejmują symulację złożonych scenariuszy, takich jak rekonfiguracja formacji oraz 
autonomiczne względne systemy GNC. Funkcjonalność sieciowa umożliwia uruchamianie systemów 
GNC na odrębnych platformach, pokazując elastyczność zarówno w wyborze platformy, jak 
i języka programowania. W artykule szczegółowo opisano konstrukcję pakietu, w tym model źródeł 
zakłóceń, oraz przedstawiono wyniki walidacji względem danych eksperymentalnych i komercyjnego 
oprogramowania. Pokazano również praktyczne zastosowanie pakietu w eksperymencie sieciowym, 
podkreślając jego potencjał dla przyszłego rozwoju metod sterowania w pętli zamkniętej i metod 
nawigacyjnych dla formacji satelitów.

Słowa kluczowe: naprowadzanie; nawigacja; sterowanie; symulacja; GNC; rozproszone systemy kosmiczne; formacja satelitów; rój satelitów

RELGNCPY: rozwój pakietu symulacyjnego wysokiej dokładności 
dla systemów naprowadzania, nawigacji i sterowania 
w rozproszonych systemach kosmicznych
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