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Abstract. The paper presents an analysis of the developments of the "Rocketry Agency Student
Rocket" project and identifies the main research directions for the development of this project.
Prospects for the development of a research student project are the task of developing suborbital
rockets with a flight altitude of 80, 100 or more kilometers. Flights to such altitudes are
impossible without the use of monitoring and control systems, so an essential and high-priority
task is development of a flight monitoring and control system for suborbital rockets with taking
into account the caliber of the D-150 and D-300 launch vehicles. The analysis of modern
monitoring and control systems has been carried out, the advantages and disadvantages of these
systems have been determined. The most attractive for use for suborbital rockets with the given
caliber are autonomous guidance and television guidance systems. It is determined that the use
of such control systems is impossible, both in terms of the dimensions of the design itself, and
the price category of the system as a whole. A new combined system of autonomous control and
orientation of movement of volume in space, which is built on a combination of capabilities of
television, inertial and mechanical systems, has been developed. regarding the determination
and maintenance of the main vertical of the flight path of a suborbital rocket with a given
caliber of the D-150 and D-300 launch vehicles.

Keywords: automatic control systems, aircraft, suborbital rocket, optical sensors, microcontroller,
inertial systems, software algorithms.

Introduction. To date, there are many tasks where an accurate assessment of
the position of the physical body (object) in space is required. Starting with ships
and airplanes, robotics, car safety, and ending with the creation of augmented real-
ity, where the assessment of the movement and orientation of the observer is neces-
sary for the correct display of virtual objects in relation to him or her. The use of
various instruments and technical measuring devices is an integral part for assessing
the position of the object in space. The development of systems and intelligent con-
trol is a relevant topic, due to the constant progress in the development of electronic
components. Development of electronic components tends to miniaturization; in
addition, microelectromechanical technologies are characterized by low mass, size,
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low electric power consumption, as well as high demand and low cost. All this is the
driving force of technological progress and, accordingly, the development of auto-
matic and intelligent control systems. The scope of application of modern radio elec-
tronics in control systems is extremely wide: the creation of strapdown inertial navi-
gation systems (SINS), the creation of new stabilization, orientation and navigation
systems, the possibility of improving unmanned aerial vehicles, autonomous robots,
etc. It should be noted that, despite a number of advantages, microelectromechani-
cal devices are not highly accurate, this is due to the accumulation of errors during
integration. The inertial measurement module (IMM) of the strapdown inertial
navigation system (SINS) performs the task of determining the angular velocities
and linear accelerations of a moving object in a given coordinate system. As a result
of algorithmic processing of signals received from IMM and SINS, parametric signals
are formed that contain information about navigation parameters of the moving ob-
ject (roll, pitch, velocity). Due to the errors inherent in modern digital meters, as
well as errors caused by the digital processing of received signals (integration, etc.)
performed by the computing core, errors in determining the orientation parameters
tend to accumulate. Therefore, this topic is very relevant in the creation of rocket
and spacecraft, namely in the development of information and measuring technolo-
gies for monitoring, controlling and orienting an object in space.

On the basis of the Faculty of Physics and Technology of Oles Honchar Dnipro
National University, since 2018, the project "Student Rocket” of the "Rocketry
Agency" has been operating at the initiative of an international entrepreneur in the
field of space technologies Maxim Polyakov to increase the level of practical training
of highly qualified specialists for the rocket and space industry of Ukraine.
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This project forms a scientific research ecosystem that not only involve stu-
dents and mentors, but also has the necessary financial, technical and technological
support from the Public Organization "Association Noosphere", the National Center
for Aerospace Education of Youth named after A.M. Makarov, the State Enterprise
"Southern Machine-Building Plant named after A.M. Makarov" (Yuzhmash), Pavlo-
grad Plant, R&D Flight Control, etc. To date, this project continues its development
in the direction of creating suborbital rockets. Uultralight rockets with flight alti-
tudes of 2 and 7 km have been designed and developed, and ultralight suborbital
rockets with flight altitudes of 20 and 40 km have been developed and worked out.
Research work in the student project has different directions, for example, studies of
possible applications of suborbital launch vehicles, their main characteristics and
the use of such rockets [1-7]; particularities of the development of solid fuel engines
[8-10]; rocket fuel research [11]; studies of experimental measurements of statistical
quantities [12]; research in the field of non-destructive testing of rocket and space
objects [13, 14] and others. Fig.2 shows a photograph of ultralight rockets worked
out at the test site of the Pavlograd Mechanical Plant.

| '

Figure 2 - Ultralight rockets at the noosphere Engineering School Space laboratory
that have been worked out at the test site
of the Pavlograd Mechanical Plant

The plans for the development of the research student project "Rocketry
Agency" include the development of suborbital rockets with flight altitudes of 80 km,
100 km, or more. For flights to such altitudes, one of the urgent and priority tasks is
the development of flight monitoring and control systems.
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Problem Formulation. The development of a rocket monitoring and control
system is an integral part of the entire design project, so it is impossible not to take
into account the design features of the rocket, namely the mass and size characteris-
tics, and of course it is necessary to take into account the capabilities of launch vehi-
cles for delivering the payload to different altitudes. In the student project "Rocketry
Agency", as mentioned above, the general task of creating suborbital rockets with
flight altitudes of 80 km or more is considered, which means that the diameter of the
body of the launch vehicle will increase significantly and, accordingly, tasks regard-
ing the development of new rocket engines and control systems for new generations
of rocket technology of this project will be relevant. In this paper, we will dwell on
the review of existing modern approaches to the intelligent control systems of sub-
orbital rockets, taking into account the caliber of the D-150 and D-300 launch vehi-
cle, the use of which allows reaching flight altitudes of over a hundred kilometers.
Modern composite materials and new approaches to innovative types of fuel make it
possible to manufacture a rocket engine with small mass and size characteristics, but
at the same time having an increased specific impulse and operational output power.
It is this ratio of mass and power that makes it possible to create launch vehicles of
the D-150 and D-300 caliber (the diameter of the body of the launch vehicle). The
caliber of the D-150 launch vehicle can deliver a payload weighing up to 300 grams.
at altitudes of up to 150 km, and the D-300 launch vehicle, a payload weighing up to
3 kg. Thus, modern technologies used to create small rockets and spacecraft opens a
way to reach the heights of low-Earth orbits in the future.

High output power of the engine and huge g-force values at launch lead to the
possibility of instant destabilization of the angular attitude of the rocket body. This
behavior of the launch vehicle, designers try to compensate by the aerodynamic sta-
bility characteristics, but this approach does not ensure full control of the attitude of
the launch vehicle (compensation for wind loads) throughout the flight path (to en-
sure maximum altitude, a straight vertical line at the point of launch is chosen as the
main trajectory). It is wind loads that are the strongest obstacle for unguided launch
vehicles of this caliber in the process of reaching maximum altitudes. To compensate
for them, it is necessary to install high-speed automatic orientation and flight con-
trol systems.

Most commonly, aerodynamic rudders are used as control actuators. At high
starting speeds and extremely short flight times, the control algorithm reduces to a
guidance algorithm. Guidance is the process of changing the trajectory of a guided
rocket aimed at reducing the distance between it and the guidance point [15]. The
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motion of a flying vehicle while maintaining minimum deviation from the trajectory
is called a flight. In the process of guiding the rocket, the control signals are gener-
ated in different ways, but recently the control is based on the predicted value of the
current flight — the accuracy of guidance, built taking into account the hypothesis of
the movement of the target. In the assumption of the straightness of the motion of
the target, the current flight is a vector perpendicular to the tangent to the trajectory
of the rocket relative to the point of guidance and equal in its absolute value to the
distance from the point to the tangent.

The difference between the real behavior of the launch vehicle and its behavior
according to the hypothesis, taking into account the external disturbance acting di-
rectly on the launch vehicle and interfering with the exact reproduction of the given
control, leads to the need to build a closed automatic control system that uses the
current flight as a regulation error.

Random errors in measuring the current flight suggest the development of
modern guidance systems taking into account the statistical assessment of the
measured values [12]. Thus, the guidance process consists in measuring the relative
coordinates of the rocket and the target, statistically assessing the current flight,
forming a given control on it and reproducing the latter by the rocket. In practice, it
is convenient to replace the estimation of the current flight with the estimation of
some quantities associated with it by a linear operator, for example, an assessment
of the angular velocity of the rocket-target line, linear mismatch, etc.

Thus, in order to solve the formulated problem, it is necessary to analyze mod-
ern monitoring and control systems, taking into account the parameters of suborbi-
tal rockets with the caliber of D-150 and D-300 launch vehicles.

Autonomous guidance systems. There are autonomous guidance and tele-
guidance systems. Autonomous guidance systems differ in that the coordinates of
the end point are determined in advance and in the guidance process, only meas-
urements of the absolute coordinates of the launch vehicle are used to compensate
for initial errors and current disturbances. In homing systems, the relative coordi-
nates of the end point are measured by a device installed directly on board the rocket
- on-board measuring equipment.

In tele-guidance systems, the absolute or relative coordinates of the launch ve-
hicle and the end point are measured either from some remote point (ground sta-
tion, telecommand and telemetry point) or directly from the body of the launch ve-
hicle itself using an external reference center. According to the obtained data, the

current flight is evaluated and a signal is formed, which is either transmitted
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through the communication line as a given control to the launch vehicle from the
ground center, or calculated directly on the launch vehicle itself.

Each of the above systems has its advantages and disadvantages, but for D-150
and D-300 caliber launch vehicles, it is reasonable to use the following types of sys-
tems: an autonomous control system (CS) or a tele-guidance CS.

Types of autonomous guidance systems of the guidance system:

a) Autonomous gyroscopic systems - systems based on the property of the gy-
roscope to maintain its position in space. Therefore, it is possible to build a refer-
ence coordinate system, relative to which the angular deviations of the rocket are
measured. With the help of signals of deviation of pitch, yaw and roll angles, it is
possible to both stabilize them and control them with the help of special software.

b) Autonomous inertial systems. Acceleration sensors are positioned in such a
way that their sensitivity axes coincide with the measuring reference system (RS). By
integrating, it is possible to find the magnitude of the velocity and the distance trav-
eled in any direction. The trajectory is laid in the basis RS, therefore, to determine
the current value of the coordinates, it is necessary to combine the measuring RS
with the basis RS.

The advantage of such systems is that both systems measure angles or linear
coordinates regardless of external disturbances (wind). But such systems also have
drawbacks, such as the accumulation of errors over time due to the deviations of gy-
roscopes and errors of linear acceleration sensors. This disadvantage is especially
affected by integration, that is, when determining linear movements.

c¢) Autonomous astronavigation systems infer the location of the object by
measuring the angles of two celestial objects from the location of the aircraft
(AIRCRAFT). The Sun, stars, Moon, Earth can be used as celestial objects. Thus, the
aircraft should have two autonomous sextants located on a gyro-stabilized platform,
the measurements from which coincide with the basis CS.

The advantages of such systems include the fact that the accuracy of measure-
ments made with sextants does not depend on the guidance time. But there is a
drawback to such systems, namely, the accuracy of measurement decreases in the
case of a short guidance time.

d) Autonomous electro- or magnetometric systems make it possible to deter-
mine guidance by the physical parameters of the medium (magnetic, electric and
gravitational fields of the earth). Partially and in a simplified form, these systems are
used in aviation.
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The advantage of such systems is that their accuracy of measurement does not
depend on the guidance time. Their disadvantage is that the very parameters of the
Earth's fields that are used for measurement, are not stable and depend on the per-
turbations on the Sun.

e) Autonomous correlation systems have recently become widespread. The
principle of operation of such a system is that a representation or a map of the ter-
rain around the target or under the entire flight route is preinstalled in the comput-
ing device. Then, during the flight, one or another method (radar, television, infra-
red beams or laser beams) is used to determine the contour or map of the area above
which the aircraft currently is located. By comparing the preinstalled and aquired
contours, the deviation of the aircraft from the specified route is determined and the
aircraft is controlled in such a way that both contours coincided.

f) Strapdown inertial measurement systems (SIMS). The gyrostabilized plat-
form (GSP), which protects accelerometers from the influence of angular movements
of the object, has a number of drawbacks: being a precision electromechanical de-
vice, it is unreliable, consumes a lot of energy, has a large mass and dimensions, is
expensive and its assembling is labor-intensive. Another way to build an inertial
navigation system is to place accelerometers and gyroscopes directly on board a mo-
bile object, and to assign the functions of the GSP to an on-board computing device.
In the SIMS, the sensing elements are accelerometers and meters of attitude pa-
rameter (gyroscopes). They can be built on different physical principles. At the same
time, the number of meters should be such as to provide information about the vec-
tor of proper acceleration of the point of the object in which the meters are
mounted, and about the vector of absolute angular velocity characterizing
rotation [4].

g) Autonomous combined systems. To improve the accuracy of guidance of
autonomous systems, a combination of these systems is usually used. For example, a
combination of inertial and astronavigation system. With the help of an inertial sys-
tem, the speed is determined with a fairly high accuracy, but the path (or location) is
determined with a big error; astronavigation system complements the inertial one by
determining the location of the aircraft at some point in time with a higher accuracy.
Note that almost all autonomous systems are combined systems. They are used in
ballistic missiles, space launch vehicles and in space stations, and are also common
in cruise missiles.

Remotely controlled guidance systems. Remote control is control at a dis-

tance by means of specially encoded control signals (radio, optical, audible, etc.). At
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that, the power of the control signals is much smaller than the power of the proc-
esses they control. In remote-control systems, signals controlling the rocket can be
generated either at the command post (CP), or on the rocket, or jointly at the CP and
on the rocket. In the remote-control system, the following are distinguished: com-
mand post (CP); a rocket in the form of a controlled object (OC), a target tracking
line (TTL) (a channel for receiving target data), a line for monitoring the control ob-
ject (LMCO) (a channel for transmitting data on the flight of the rocket), a command
line (CL) (a rocket control channel). Note that TTL, LMCO, LCC, LCOS and CL can be
based on different physical principles.

There are two types of remote control, depending on the method of tracking
the target. The first type of remote control, when the CP receives control informa-
tion from the ground control station (Fig. 3). The second type of remote control is
schematically presented in Fig. 4., when the ground control station receives infor-
mation about the object from the sensors on the launch vehicle, and then sends con-
trol information to the vehicle. Marking in Figs. 3, 4 and 5: GCP - ground control
point; FV — flying vehicle; TP — terminal point - the point at the end of the flight;
TDL - target designation line — a channel for receiving data on the destination
point, TMCL - telemetry line from the controlled object - a channel for transmitting
data on the flight of the rocket, a telecommand line (TCL) - an aircraft control

channel).
TR TF
TDOL
TMCL
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Figure 3 - Scheme of the first type of Figure 4 - Scheme of the second type of
remote control remote control

As a summary the results of the analysis, it can be concluded that for rockets of
the D-150 and D-300 caliber, it is most optimal to use a combined control system,
which is based on an autonomous remote control system and an autonomous inertial
system.

Combined autonomous control system. When developing a combined
autonomous control system, the principle of the capabilities of television, inertial
and mechanical systems was used to determine and hold the main vertical of the
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flight trajectory of the rocket. As the main system for monitoring the spatial position
of the rocket, a system of optical digital cameras with serial data interfaces is used.
Fig. 5 shows a diagram of a combined autonomous control system, where SINS is a
strapdown inertial navigation system; OAPS is an optical automatic positioning sys-
tem; MRACS is a mechanical rotation angle control system.

Hull of Fv

| lops b rv | wiracs ||

SINS |

Figure 5 - Scheme of the combined autonomous control system

As a SINS, physically attached modules of accelerometers and gyroscopes
(MEMS devices) of high accuracy at short time intervals will be used to correct the
angle of inclination data obtained from the optical positioning system.

As a mechanical control system, a servo drive will be used, equipped with the
necessary system of levers for obtaining the necessary forces to rotate the control
aileron to the desired angle with a given accuracy.

Conclusions. In this paper, the features of rockets developed on the basis of
the student project "Rocketry Agency" have been reviewed and the task of develop-
ing a system for determining and maintaining the main vertical of the flight path of
the launch vehicle has been formulated. An analysis of the classical control and
guidance schemes of low-orbit small-sized flying vehicle with rocket thrust has been
carried out; the main advantages and disadvantages of such systems have been con-
sidered. The features of the existing control systems and the features of the use of
such systems have been considered taking into account the characteristics and pa-
rameters of the launch vehicles of the student project, where the caliber of the
launch vehicles is D-150 and D-300. The development of a combined automatic
flight control system based on optical cameras with a parallel interface for informa-
tion output, the use of an eight-bit controller and inertial position sensors is pro-
posed. This method will reduce financial costs and required time owing to using ex-
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isting imported inertial position measuring sensors, reduce the mass and overall pa-
rameters of the system as a whole and make it possible to build a modular structure
for the unification of units. The use of microcontroller technology with a large num-
ber of control interfaces will increase the reliability of the automatic control system
and will be suitable for controlling any actuators for controlling the spatial move-
ment of a flying vehicle without making structural changes in the scheme of the re-
sulting module. Software implementation makes it possible to use new algorithms
based on the cheapest equipment and small-sized flying vehicles.
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KombinoeaHna cucmema aémoHoMHO020 yNpaeiHHA

ma opienmauii nepemiuieHHA 00°€Kmy y npocmopi
AHomayis. Y cmammi nposedeHo auaniz po3pob6ok npoekmy «CmydeHmcovka
pakema «Rocketry Agency» ma eu3HaueHi 0CHO8HI HAYK080-00CNIOHI HANPSIMU PO3BUMKY
U020 npoekmy. Ilepcnekmueu po36UMKY HAyK080-00C/IOHUYbKO20 CMYOEeHMCbK020
npoekmy € 3adaua po3poodku cybopbimanvHux pakem 3 gucomorw nonsomy 80, 100 ma
Oinowie km. Ilonvomu Ha maki euUCOMU HEMOMIUBI 6e3 3acmoCy8aHHS — CUCMeEM
YNpaeiHHsg ma KOHMpOJ, MOMY CMAE aKmMyaibHUM ma NnpiopumemuuM NUMAHHS

po3pobKU cucmemu KOHMPOJIK ma YynpasaiHHS NOJb0omom came 0ns1 cybopOimaibHux
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pakem 3 ypaxy8aHHam Kanibpy paxkemowociro -150 ma [1-300. IIposedeHo aHani3
CYUACHUX cucmem YnpaeJjiHHs ma KOHMpOJ, 8U3HAYEHU nepesazu ma HeOONIKU Yux
cucmem. Hatibinbwi npueMHumu 01 3aCmocy8auHsi 01 cybopbimanvHux paxkem 3
3a0aHum Kanibpom € Ccucmemu a8MOHOMHO20 HaeedeHHs ma  mesieHasedeHHsl.
BusHaueHo, ujo 3acmocy8aHHs Makux cucmem ynpasiiHHs HEMOXCIUBO, SIK 3 MOUKU 30py
2abapumis camoi KOHCMpyKuUii, mak i yiHo8oi kamezopii cucmemu 8 uizomy. PospobneHa
HO8a KOMOIHOBAHA CUCMeMA ABMOHOMHO20 YNpaeJiHHA ma opieHmauii nepemiujeHHs
00’ekmy y npocmopi, ska nob6ydosaHa 3a NPUHUUNOM MOMIUBOCMeLll menesi3iliHoi,
iHepyitiHoi ma MexaHiuHoi cucmem w000 BU3HAYEHHS MA YMPUMAHHS OCHOBHOI
gepmukaai mpaekmopii nonvomy cybopbimanvHoi pakemu 3 3adaHum Kanibpom
pakemowuocit /- 150 ma /1-300.

Knwouosi cnosa: cucmemu asmomamuuHoz20 KepyeaHHs, JimMajivbHi anapamu,
cybopbimanvHa pakema, onmuuHi damuuku, MIKpOKOHMpoJep, iHepyiliHi cucmemu,
NPO2PAMHI aneopummu.

OumueHKO AprteM BikTopoBMu - acmipaHT Kkadeapu pajioeneKTpPOHHOI
aBTOMaTUKM Gi3uKO-TeXHIYHOrO QakynbTeTy [IHIMPOBCHKOTO HAaIlliOHAJIBHOTO
yHiBepcuTeTy iMeHi Onecst 'oHuapa.

Knumenko CBiTiaHa BosogMMupiBHA - KaHAMIAT TEeXHIYHMX HayK, OOILIEHT,
IolLleHT Kadeapu palioe/leKTPOHHOI aBTOMAaTMKM (i3UKO-TeXHIUHOTO (aKyabTeTy
JIHITIpOBCHKOT0 HAIL[IOHAJILHOTO YHiBepcuTeTy iMeHi Onecst T'oHuapa.

Kymuk Onekciii BomoguMupoBud — KaHIMAAT TEXHIYHUX HAYK, OOLEHT, JOLEHT
Kadenpy TexHoOTii BUPOOHUIITBA (i3MKO-TeXHIUYHOTO (PaKkyabTeTy JJHIMIpOBCHKOTO
HallioHaJIbHOTO YHiBepcuTeTy iMmeHi Osecst [oHuUapa.
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