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Abstract

The work purpose is the development of BSUIM-1 and BSUIM-2 complexes for training specialists in
the aerospace industry with the used engineering test beds and experimental facilities.

Two sets of nanosatellite engineering models and ground stations had developed. They allow testing
hardware and software of the onboard equipment and payload, simulating operation modes, and flight pro-
grams, and enable students to gain practical skills in working with ultra-small satellites. The complexes
include ground stations, 2 ultra-small satellite simulators, BSUSAT-1 low-orbit nanosatellite, remote ac-
cess laboratory, local and external servers for data storage. The complexes' website and database allow for
full-time and remote training. The experience gained in conducting experiments, processing telemetry, and
structuring information in the database is used for further development. All the developed equipment is made
based on commercial off-the-shelf elements. It has reduced development costs, flexible equipment reconfigu-
ration, and easier access to the simulator's internal architecture for demonstration purposes.

The developed complexes allow students to practically study the ultra-small satellite components de-
sign and ground stations, methods for receiving and processing telemetry and scientific information, attitude
determination and control algorithms. The complexes allow to conduct of research in the development of
individual onboard systems and special-purpose equipment of the nanosatellite and their testing in the loop.

The results obtained are introduced into the educational process and are used in lectures and labora-
tory classes for aerospace specialties students. The developed complexes make it possible to carry out term
papers, theses, and master’s works related to the design of hardware and software for nanosatellites and a
ground station, the setting up of space experiments, the development of new algorithms and a flight program
for ultra-small satellites.
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Pa3pa0oTka HHKEHEPHBIX Mo/1ejIeid HAHOCITYTHUKOB
JIs 00y4YeHu s

B.E. EBunk, A.A. CnupuaoHos, /I.B. Ymakos, B.C. bapanosa, U.A. lllanatonun,
B.A. CaeunukoB

benopycckuii cocyoapcmeennwlil ynusepcumenn,
np-m Hezasucumocmu, 4, o. Munck 220030, benapycw

Hocmynuna 27.04.2022
IHpunama k newamu 06.09.2022

Lenbio paboThl ABIsUIACH Pa3pabOTKa KOMILIEKCOB Ul TIOATOTOBKH CIELUAIUCTOB a3POKOCMHUYECKUX
CHELUAIBHOCTEH HA OCHOBE MPAKTUYECKUX TPEHAKEPOB U 3KCIIEPUMEHTAIBHBIX YCTaHOBOK.

PazpaOoranbl 1Ba KOMIUIEKCA HHKEHEPHBIX MOAEIICH-UMUTATOPOB HAHOCITY THUKOB ¥ HA3EMHbIC CTAaHLIUU
npuéma, KOTOpble MO3BOJIAIOT IPOBOAUTE OTPAOOTKY 000PYIOBaHMS U IPOTPAMMHOT0 obecreueHus 60pTo-
BOM armapaTypbl U M0JIE3HON Harpy3Ku, HMHTALMIO PEKUMOB padOThI, IPOrPaMMBbI MOJETA, AAIOT BO3MOXK-
HOCTb CTYACHTaM IOJIy4aTb NPAKTHUYECKHE HABBIKM PAOOTHI CO CBEPXMaJbIMM KOCMHUYECKHMMHM armapara-
Mu. KoMIuIeKkchl BKIIOUAIOT B ce0sl: Ha3eMHbIe CTaHLIUK NpUEMa, 2 HMUTATOPa CBEPXMaJIbIX KOCMHUUYECKHX
anmnaparoB, HU3KoopOuTanbHbId ciyTHUK BSUSAT-1, naGoparopuio yaanéHHOro HOCTyMa, JOKAJIbHBIM U
BHEILHUH cepBepbl Ul cOopa U XpaHeHHs JaHHbIX. COOCTBEHHBIN BeO-CaliT KOMIUIEKCOB M 0a3a JaHHBIX
MO3BOJIIET 00ECIEUNTDh KaK OYHOE, TaK U yIaIEHHOE IIPOBEICHHE J1a00paTOPHbIX padoT. [loryueHHbIi OnbIT
B IIPOBEJICHUH SKCIIEPUMEHTOB, 00padOTKU TEIEMETPUH U CTPYKTYpUPOBaHHAs B 0a3e JaHHBIX HH(OpManus
UCTIOJIB3YeTCs Ul AajbHEHIInX pa3zpadoTok. Beé paspaboranHoe 000pyJOBaHME BBIIOJHEHO Ha OCHOBE
JOCTYITHOM 3JIEMEHTHOH 0a3bl. DTO MO3BOJIMIIO CHU3UTh CTOMMOCTH Pa3paboTKH, T’MOKO peKOH(UTrypupo-
BaTh 000pYyI0BaHUE U OOJETYUTH TOCTYI K BHYTPEHHEH apXUTEKType TPEHAXKEPOB IJIsl IEMOHCTPALIKH.

PazpabGoranHble KOMIUIEKCHI MO3BOJISIIOT CTYACHTaM MPAKTUYECKU M3ydyaTh YCTPOHCTBO CBEPXMAJbIX
KOCMHUYECKHX alllapaToB M HA3eMHBIX CTaHUWN npuéma, METoAbl NpuéMa U oOpadOTKU TEIEMETPHH U
HaYYHOM MH(OPMALMM, aJrOPUTMbI ONpPENEJICHHUsI MOJOXKEHUS W YIpPaBICHUS CIlyTHUKOM. Komruiekce
MO3BOJIMJIM MIPOBOJMTH MCCICAOBAaHUS B 00JacTH pa3padOTKH OTIEJIBHBIX OOPTOBBIX CHUCTEM M LIEJICBON
anmaparypbl HAHOCITyTHUKA M TIOCIIEAYIOMIEr0 UX TECTUPOBAHMUSL.

[lonmy4yeHnnsle pe3ysbTaTbl BHEAPEHbI B yYEOHBIH MPOLIECC W MCIOJIB3YIOTCS MPHU YTCHUM JICKIMHA U
MPOBEICHUH JIAOOPATOPHBIX 3aHATHH ISl CTYJICHTOB a3pPOKOCMHUYECKHX clieluaibHocTell. PazpaboTanneie
KOMIUJICKCHI T103BOJISIIOT  BBIIIOJHITH KypCOBBIC, IUILUIOMHBIE W Marucrepckue palOoThl, CBsI3aHHBIC
C MPOEKTHUPOBAHUEM IPOTPAMMHO-ANIAPATHBIX CPEICTB HAHOCITYTHUKOB M HA3€MHOM CTaHLUH, TTOCTAHOB-
KO KOCMHMYECKMX OJKCIIEPUMEHTOB, pPa3paOOTKOW HOBBIX AITOPUTMOB M MNPOTrpaMMBbl MOJETA CBEPX-
MaJIOr0 KOCMHUYECKOTr0 anmapara.

KaroueBbie cioBa: HanocnyTHuk, Cubesat, Ha3eMHBI KOMIUICKC YIIpaBJICHUs, OOydeHue, OOPTOBBIC
CUCTEMBI.
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Introduction

There are currently dozens of leading manu-
facturing companies that provide both off-the-
shelf onboard systems for CubeSats [1, 2], Cube-
Sat simulators [3, 4], and complete satellites. It
is common practice for developers to create their
modules based on commercial off-the-shelf ele-
ments. This method provides the most effective
compliance with the technical and operational re-
quirements of the CubeSats. To confirm the per-
formance and specified technical characteristics
of the developed equipment or onboard system, it
is necessary to conduct preliminary testing [5-7].
Comprehensive tests are performed in the joint op-
eration of onboard systems and the ground control
complex.

There are many engineering debugging models
of nanosatellites [8—9]. For example, the Pumpkin
CubeSat debug kit of the American company Pump-
kin Ink [10] has a control system, data acquisition
and processing, a communication system, and an ex-
pansion board with RS-232, USB PCI/ISA interfaces
for the payload. But in the tested set, there are no
attitude determination and control system (ADCS)
and full-fledged power supply system. It does not
allow comprehensive testing of all satellite systems
in various operating modes. Also, this complex lacks
additional interfaces, such as 12C, SPI, CAN, and
RS-422/485, widely used in satellites. Another dis-
advantage of this kit is the lack of redundant systems.
All this reduces the reliability of equipment testing.

The EyasSat nanosatellite engineering educa-
tional model [11] serves as a full-fledged demon-
stration model. It allows for conducting laboratory
classes in the process of specialist training and
retraining in the aerospace industry. This model
can be used in the control algorithms of the deve-
lopment and educational programming of attitude
dermination and control systems [12]. However,
it is impossible to test the engineering model’s
components and the onboard system in various op-
eration modes. But the main EyasSat engineering
model disadvantage is the onboard systems redun-
dancy lack.

This paper describes the technical features and
capabilities of 2 practical and affordable test bed
nanosatellite simulators — BSUIM-1 and BSUIM-2.
The development and implementation were rea-
lized at the Faculty of Radiophysics and Computer
Technologies Belarusian State University supported

by the scientific research Republic of Belarus State
programs “High-tech technologies and equipment”
“Digital and space technologies, human, society and
state security”. The nanosatellite simulator’s struc-
tural and hardware components are also considered
as the education courses part.

BSUIM-1 on-board systems

First, the test bed BSUIM-1 is considered. This
complex includes following software and hardware
elements: remote control system (RCS); engineering
nanosatellite model — nanosatellite simulator; soft-
ware and information center for the development of
onboard equipment; laboratory workshop “On-board
systems and nano- and pico-satellites ground sys-
tem”.

The engineering model schematic diagram
shows in Figure 1. The nanosatellite engineering
model has a non-hermetic design, a vertical layout
and consists of modules that simulate the operation
of the basic onboard systems: onboard computer;
communication system; electric power system;
ADCS; interfaces module; payload. The primary
purpose of this engineering model is to provide full-
loop nanosatellite designing, onboard systems and
payload verification in operation mode, conducting
experiments on testing the equipment of the ground
control center. It suggests use for practical education
aerospace specialists.

The main engineering model onboard sys-
tems — the control system (onboard computer) and
the communication module have been duplicated
to ensure reliability. The remote control feature of
onboard systems provides: power on/off, software
operating modes switching depending on the on-
board systems state; independent subsystems con-
trolled by user commands. The control channels of
the nanosatellite technical model have been dupli-
cated using the main onboard computer (based on
the industrial computer CM-720) and the backup
computer (based on the STM32F429 microcon-
troller). Channels for receiving commands and
transmitting telemetry to the ground station had
implemented using two identical transceiver mo-
dels TE-CC430F51-433 and an additional GSM
modem. The nanosatellite engineering model has
a primary MNP-M7 GPS receiver and a backup
uBlox neo6-M GPS module to improve the accu-
racy of time stamps during testing.
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Figure 1 — The BSUIM-1 systems flowchart

Ground station of BSUIM-1

The remote control system (RCS) is a ground
station for control and reception. It can receive te-
lemetry and special-purpose information from the
orbited ultra-small satellite. It also makes it pos-
sible to simulate the operation of the ground satel-
lite control in co-verification with the BSUIM-1
nanosatellite simulator. The remote control system
allows to generate and transmit control commands
to the BSUIM-1 nanosatellite simulator, receive,
process, and display response data packets on the
control commands execution, telemetry, and payload
information. It also makes it possible to config of an
operating model of the satellite onboard equipment
or the tested equipment on the simulator as a part of
modeling routine work with the satellite.

The RCS includes software and hardware for
working with orbited ultra-small satellites: trans-
ceiver 1C-9100; antenna-feeder devices of the com-
mand-telemetry radio link; power amplifiers; mo-
dems; control computer with software; uninterrupted
power supply; and a mobile module of the remote
control system for testing on-board systems and pay-
loads with the BSUIM-1 nanosatellite simulator in
the loop.

Data Bus PC/104+ (PCI/ISA)

Power Bus PC/104+ (PCI/ISA

Interface
L. _Module |

The equipment of the RCS mobile module is
duplicated to ensure reliability. The channels of
the BSUIM-1 nanosatellite simulator for receiving
telemetry and control duplicates by the main and
backup mobile modules of the RCS. Also, in each of
the RCS mobile modules, two transceivers based on
the CC430 radio module (main and backup) are used.
The remote control system features a user-friendly
graphical interface for displaying command and te-
lemetry information, voicing the main parameters
of the simulator, transferring and storing data on the
local and remote servers of the BSUIM-1 nanosatel-
lite simulator [13] www.satellite.by.

For convenient operation, the special graphical
user interface of the remote control system was de-
veloped [14]. It consists of two main panels — the
Control Panel and the Telemetric Information Dis-
play Panel. The control panel allows flexible control
of the onboard systems and payload of the BSUIM-1
nanosatellite simulator both using a large set of
ready-made commands and commands developed
by users. The telemetry panel displays raw telemetry
packets in JSON format and structured (decoded) te-
lemetry for onboard systems and the payload of the
BSUIM-1 nanosatellite simulator. Each system has
separate tabs with decoded information.
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BSUIM-2 on-board systems

The second BSUIM-2 test bed complex in-
cludes:

— laboratory test bed simulating the onboard
systems operation of an ultra-small satellite (onboard
computer, attitude determination and control sys-
tem, communication system, electric power system
and payload) and ground control station;

— telemetry database of orbited ultra-small sa-
tellites and software for primary and secondary tele-
metry processing;

—hardware of remote access laboratory for
simulator control, data transmission and data

ST

BSUIM-2

engineering model engineering model

AX.25

'

Transceiver

SDR
system

p.

BSU laboratory

processing based on packet and web servers, trans-
ceivers and antenna-feeder systems;

— remote access laboratory website;

—a set of educational and methodological
materials for training specialists in the areas of
“Ground stations” and “Spacecrafts”.

The second test bed allows to include in the
architecture of the remote access laboratory,
shown in Figure 2, a nanosatellite simulator ma-
de in the Cubesat 2U standard, the first test
bed BSUIM-1 with a nanosatellite simulator and
BSU’s low-orbit nanosatellite “CubeBel-1" for
training [15].

BSU network

N —

Satellite.by

e Description of the object of observation and control

Additional
commands
for data
processing

Description
of telemetry

Description
of commands

.

Figure 2 — Remote access laboratory architecture

The hardware part of the BSUIM-2 nanosatellite
simulator systems is shown in Figure 3. It is made
on a non-radioresistant element base and includes all
the main onboard systems of an operated ultra-small
satellite:

—two onboard computers based on STM32
ARM microcontrollers (main and backup);

—two onboard communication modules (main
and backup) based on Si4463 transceivers and anten-
nas;

— attitude determination and control sys-
tem [16] based on: navigation module Laco-
sys MC1620; accelerometers and gyrosco-
pes [17] (MPU-9250 and MPU-6050), pressure
and temperature sensors (BMP280); magneto-
meters [18-20] (MAG3110 and MPU-9250);
component parts of the stabilization system (elec-
tromagnetic coils);

— electric power system based on: rechargeable
batteries; power regulators; solar cells.
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Figure 3 — The BSUIM-2 systems flowchart

Systems that simulate the operation of the
ultra-small satellite onboard systems perform
the following functions: power supply of on-
board systems in all modes of operation; forma-
tion of regulated voltages 3.3V, 5V, 12 V; control
of systems performance; systems configuration;
packets formation for transmitting information over
a radio channel; time binding of commands and pa-
rameters to onboard time; exchange of information
with onboard systems via I2C, SPI, USB, CAN inter-
faces, through analog and digital input/output ports.

Ground station of BSUIM-2

Nanosatellite simulators have a core commu-
nication system for receiving commands and trans-
mitting telemetry. Moreover, the provided backup
system can replace the main one in a crash case.
The communication system sends the telemetry
data to the ground station in the form of nested as-
sociation lists in MsgPack format using the AX.25
protocol [21]. The communication systems for each

nanosatellite simulator have the same call sign but
different SSIDs. Ground station transceivers are
based on MSP430 microcontrollers [22] with KISS
protocol control [23]. Commands for nanosatel-
lite simulators are also association lists. The stack
method uses to send them. Reception of telemetry
from the orbited satellite CubeBel-1 provides by the
SDR system [24]. It uses the existing UZ7HO sound
modem software. It supports receiving packets using
the KISS protocol over TCP/IP.

To support many different protocols for interac-
tion with various orbited satellites (including those
with one-way communication), the concept of a stack
is introduced. The stack includes a set of protocols
at different levels of interaction, similar to the OSI
model [25]. For each stack variant specified by the con-
figuration, a separated software component is launched
that provides interaction with the satellites through the
specified stack on the one hand with the package server
core in a standard format on the other. Every protocol
implementation on the stack can be reused. This allows
multiple satellites to be supported at minimal cost.
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On the other hand, the batch server interacts
with a number of different clients using different
APIs. Some of them are defined as a single client
(separate web server of a laboratory or collaborating
university, local admin GUI). For some, only data
transfer is used (for example, for Satellite.by). To
support such a variety of clients, special modules are
used that extend the Packet Server API and provide
telemetry distribution tools (both for a specific client
and for all clients at once).

The discussion of the results

Engineering model test beds (simulators of na-
nosatellites) for teaching students the basics of wor-
king with ultra-small satellites are considered. The
possibility of checking the operating modes, flight
program, hardware, and software of the onboard
equipment and payload is described. The advantage
of the developed complexes is the principle of modu-
larity. It allows for the addition or changes onboard
modules and payloads of simulators for debugging
and testing the simulator/satellite firmware wit-
hout creating a new expensive engineering model.
The second advantage is the ability to study various
algorithms and programs for the simulator opera-
tion (onboard systems and the payload) in various
modes typical for a real flight [26]. Moreover, the
flexible software of the simulator and the ground sta-
tion provides the possibility of modifying.

The core function of the complexes is to train
new specialists for further work with operated satel-
lites and ground stations. Thanks to the complex, it
is possible to train specialists in several areas: satel-
lite design; design of special-purpose and scientific
equipment; satellite onboard systems design; deve-
lopment of ground stations; design and conduct of
scientific experiments [27]; receiving and processing
telemetry; dynamics, ballistics, satellite motion con-
trol; navigation and orientation devices [28].

In addition to studying nanosatellites, the com-
plex allows students to gain practical skills in wor-
king with ground stations: study their structure, soft-
ware and hardware and remote control methods [29].
It also allows students to learn the basics of recei-
ving, transmitting, modulating, encoding and en-
crypting data. The developed complexes make it
possible to study various configurations of ground
stations. So, for example, with the help of an ama-
teur radio RTL-SDR, you can assemble additional
radio receiving stations for working with simula-
tors [30].

Conclusion

The developed complexes make it possible to
carry out term papers, graduate works and master’s
thesis related to the design of hardware and software
for nanosatellites and a ground station, the setting up
of space experiments, the development of new algo-
rithms and the flight program of an ultra-small satellite.

The results obtained are introduced into the edu-
cational process and are used in lectures and labo-
ratory classes for students of aerospace specialties
of BSU.
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