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The feasibility of deploying a satellite into orbit using a single-
stage-to-orbit (SSTO) vehicle has long been considered beyond
technological reach. Historically, various mathematical models
and equations have been proposed to demonstrate the theoretical
impracticality of SSTO systems. However, recent advancements in
aerospace technology have renewed interest in evaluating whether
current capabilities can support SSTO development. This study
comprehensively analyzes existing SSTO technologies and
assesses the technological advancements necessary to bridge the
gap between current capabilities and required performance
thresholds. A multi-disciplinary optimization (MDO) framework
was developed and validated, incorporating subsystem modeling
and a hybrid genetic algorithm—sequential quadratic programming
(GA-SQP) optimization approach. The optimized SSTO design
was then evaluated for feasibility. Despite identifying an optimal
structural configuration, results indicate that achieving SSTO
capability remains unattainable with current technological
maturity. A multi-disciplinary analysis (MDA) was conducted to
quantify the necessary advancements to determine the minimum
technology leaps required in propulsion, structural integrity, and
other critical subsystems. The results for each technological
domain are presented separately, highlighting the specific
advancements needed to realize SSTO feasibility.
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CORONA (RLV) concept
‘ Function Proposed SSTO vehicle
: Manufacturer  Makeyev Rocket Design
Bureau
Country of m Russia
origin
Size
Height 30m (98 )
Diameter 10m(33ft)
P Mass 30,000 kg (66,000 Ib)
g Stages 1
Launch history
Status development stopped
First stage
Diameter 10m(331)
Gross mass 30,000 kg (66,000 Ib)
, - | Fuel Liquid oxygen and liquid
hydrogen
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Fig. 1. View and specifications of one of the simplest concept
for SSTO, Corona.
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Fig. 2. A view of a concept design for SSTO[2].
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Isp Specific Impuls
T Trust
Mprop Fuel mass
Mtank-fuel Fuel-Tank mass
Mitank-ox Oxidizer-Tank mass
Ps Fuel density
Pox Oxidizer density
Psir Structure density
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1. Single Stage to Orbit
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Fig. 3. Percentage of frequency of subsystems and areas of
study.
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6. Bi-level Integrated System Synthesis
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convergence
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Complete the mass-engine information, calculate the total
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Fig. 4. The conceptual design of developed LV in this research.
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Table 1. Effective parameters of each subsystem in launch
vehicle design.

DISCIPLINE SYMBOL PARAMETER

Propulsion Isp Specific Impuls
Propulsion T Trust
Propulsion Mprop Fuel mass
Propulsion Miank-fuel Fuel-Tank mass
Propulsion Mtank-ox Oxidizer-Tank mass
Propulsion o) Fuel density
Propulsion Pox Oxidizer density
Structure Pstr Structure density
Structure (o} Strength
Structure O per Permited stress
Structure ) Thickness
Structure L Length
Trajectory AV Velocity
Trajectory Y Pitch angle
Trajectory to Vertical-flight duration
Trajectory t1 Seperation time
Trajectory 0, Seperation angle
Trajectory t2 Insertion time
Aerodynamic Cyq Drag coefficient
Aerodynamic Ci Lift coefficient
Release ho Initial height
Release Vyo Initial vertical-velocity
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Fig. 5. Pitch angle versus time for two satge LV.
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Table 2. Derived correction coefficients

Corre_zc_tion Detail
coefficient
1 n; Isp correction coefficient
2 ng Mass correction coefficient
3 n; lenght correction coefficient
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Table 3. Final correction coefficients.

Correction coefficient value
ng 3.2
n 1.23
n, 1.0
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Design Variables:
Minimize: T, Rk, Bprepy to
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Fig. 7. All-at-one framework for optimum conceptual design of
SSTO for existing technology.
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Table 4. Real and output values of designed LVs during the validation.

Real data Output after code validation
Launcher Name
Mer(TON) | Mo (TON) | MoATON) | Lrow(m) | Mer(TON) | Moy(TON) | Me(TON) | Lrota(m)
Ambassador 1 9.3 92 8.1 27 7.77 84 10.4 333
Falcon 1 1.8 27 4.65 21 1.35 26.9 4.7 18
Skylon 7.71 112 25 32.4 7 111.8 249 31.2
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Table 6. Weight coefficient values in the cost function of
optimal design of SSTO.

We!ght Value Constraint Details
coefficient
4 0.1 C1 Altitude error
W, 200 C2 Velocity error
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Table 7. Optimal design results for existing technology.

Elapsed Time | My, to | My R, T,
(%) (ton) | (s) | (ton) | (m) | (KN)
430.3 38.58 | 0 36.2 | 1.2 | 557.5
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Table 5. Design error value of 3 selected LVs using the
correction factors.

Launcher Error Error Error Error
Name Mer Mo Moz Lotal
Ambassador 1 20% 2% 1.5% 19%
Falcon 1 20% 1.3% 3.2% 0.5%
Skylon 19% 1.2% 2% 3%
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Fig. 11. All-at-one framework for optimum conceptual design
of SSTO for jump in release subsystem.
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Fig. 8. Height-time diagram of designed SSTO for existing
technology.
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Fig. 9. Speed-time diagram of designed SSTO for existing
technology.
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Fig. 10. Pitch angle graph of designed SSTO for existing
technology.
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Fig. 13. Velocity versus time graph for jump in release subsystem.
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Fig. 14. Pitch angle versus time in optimal design for jump in
release subsystem.
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Table 9. Constraint values and weighting coefficients for jump
in initial release height.

W1 W2 W3 Isp V (km/sec) H (km)

395 | 04 1.0 360 7.755 250
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Table 10. Optimal values of design variables for mutation in the
release subsystem.

T R Mp Ho to t Mo
(KN) | (m) | (ton) | (km) | (sec) (sec) (ton)
359 08 | 256 | 114.2 | 1435 | 0.335 | 27.38
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Fig. 12. Height time graph in optimal design for jump in release
subsystem
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Table 12. Optimal values of design variables for jump in
propulsion subsystem.

T R Mp Isp to t1 Mo
(KN) | (m) | (ton) | (1/sec) | (sec) | (sec) (ton)

545.5 | 092 | 17.75 | 3925 | 69 | 19.15 | 545.5
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Fig. 16. Altitude versus time graph of optimal design for jump
in propulsion subsystem.
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Fig. 17. Velocity versus time graph of optimal design for jump
in propulsion subsystem.
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Fig. 15. All-at-one framework for optimum conceptual design
of SSTO for jump in propulsion subsystem.
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Table 11. Constraint values and weighting coefficients to
examine the effect of jumps in the propulsion subsystem.

W1 w2 W3 V (km/sec) | H (km)

7.4 0.0004 10.0 7.755 250
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Table 13. Constraint values and weighting coefficients to
examine the effect of jump in structure density (density).

w1 W2 W3 V (km/sec) | H (km)

2.7 0,004 10.0 7.755 250
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Table 11. Optimal values of design variables for jump in
structure density.

T R M, p ty t M,
(KN) | (m) | (ton) | (km/m’) | (sec) | (sec) | (tom)

4410 | 1.0 | 224 | 762.0 | 410 | 23.2 | 441 | 3259
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Fig. 20. Height versus time diagram of optimal design for jump
in structure density.

2lad (gy5ld g pole
Y Bylad VA Bygs VFF Lo /Y¥

<%
g~

0 —J
0 20 40 60 80 100 120 140
s)

u*‘")mf Eyo90 )30..:3?[;%@\)]9 » an)‘ >y )‘l)é 4.{5‘})]354.3—\AJ$~3

Fig. 15. Pitch angle versus time of optimal design for jump in
propulsion subsystem.
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Fig. 19. All-at-one framework for optimum conceptual design
of SSTO for jump in structure density.
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Table 15. Constraint values and weighting coefficients to
investigate the effect of mutation for jJump in structural strength.

W1 W2 W3 V (km/sec) H (km)

32 0.005 0.0001 7.755 250
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Table 16 Optimal values of design variables for jump in
structural strength.

T | R | M

(o)
N | | oy | M) | o) | e | oy |

5310 | 1.0 | 329 821 70 | 341 | 531 | 3140
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Fig. 21 Velocity versus time diagram of optimal design for jump
in structure density.
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Fig. 22. Pitch angle versus time in optimal design for jump in
structure density.
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Fig. 26. Pitch angle in optimal design for jump in structural
strength.
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Fig. 24. Altitude versus time diagram in optimal design for jump
in structural strength.
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Fig. 25. Velocity versus time diagram, in optimal design for
jump in structural strength.

Table 17. Results of jump in technologies to achieve the target orbit.

Mo 4 ol caa las)sld 5 s s — VY Jg-\é

Available Release(Ho) Spesiffic Structure structure deviation from
Technology S impulse density Strength available Tech. (%)
T(KN) 557.5 359 545 441 531 -
R(m) 1.2 0.8 0.92 1 1 -
M, (ton) 36.2 25.6 17.75 22.4 32.9 -
ho(km) 0 114.2 0 0 0 46%
Isp 325 360 392.5 325.9 314 21%
Pstr 2700 2700 2700 762 2700 72%
(kg/m3)
o, (Mpa) 310 310 310 310 821 165%
to(s) 0 14.35 6.9 41 7 -
My, (ton) 38.58 27.38 19.15 232 34.1 -
Mission Pass x v v v v
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Table 19. Specifications of existing engines list for use in multidisciplinary design optimization process.

Isp
. ThrustVac | Thrust Mass Isp
Engine KN (sl) kN Kg Engine Lengthm Propellants sec (Eélg) Country
RD-216 1745 1350 291
11D49 157 185 300
RD-301 96.67 19.6 183 1.89 LF2/Ammonia 400 Russia
RD-
108- 912 178.4 1278 2.86 Lox/Kerosene 308 | 241 Russia
8D75
RD-
81[?785_ 941 182.8 1250 2.86 Lox/Kerosene | 315 | 246 | Russia
1958
RD-
81E;)774 996 201.6 1155 2.86 Lox/Kerosene 312 | 254 Russia
1958
RD-
107- 992 205.4 1200 2.86 Lox/Kerosene 314 257 Russia
11D511
RD-100 304 267 885 3.7 Lox/Alcohol 237 | 203 Russia
"R'5105' 386.4 269 460 2.7 Lox/Kerosene 316 | 220 USA
"R'7105' 386.4 269 460 2.69 Lox/Kerosene 316 | 220 USA
RS-56-
OSA 386.4 269 460 2.7 Lox/Kerosene 316 | 220 USA
RD-101 404 363 888 3.35 Lox/Alcohol 237 | 210 Russia
1%:?& 500.1 432 867 3.221 Lox/Alcohol | 248 | 220 |  Russia
RD-106 645.3 519 802 4,75 Lox/Kerosene 310 | 250 Russia
RD-105 627.6 539 782 4.45 Lox/Kerosene 302 | 260 Russia
LR-87-3 733.9 647.9 839 3.13 Lox/Kerosene 290 | 256 USA
RD-111 1628 692.5 1492 2.1 Lox/Kerosene 317 | 275 Russia
LR-89-5 822.5 726 720 3.4 Lox/Kerosene 290 | 256 USA
LR-89-7 948 835.1 711.5 3.4 Lox/Kerosene 294 | 259 USA
H-1 947.7 836.2 635 2.13 Lox/Kerosene 289 | 255 USA
Ea'( 873 866.9 1433 2.8 Lox/Kerosene | 336 | 298 | Russia
RS-27A 1054.2 890.1 1091 3.78 Lox/Kerosene 302 | 255 USA
RS-27C 1054.2 890.1 1091 3.78 Lox/Kerosene 302 | 255 USA
RS-27 1023 915.5 1027 3.63 Lox/Kerosene 295 | 264 USA
Rg;f 1046.8 920.8 805 3.43 Lox/Kerosene | 209 | 263 USA
NK-43 1755 1247.8 1396 Lox/Kerosene 346 | 246 Russia
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Isp
. ThrustVac Thrust Mass Isp
Engine KN (sl) kN Kg Engine Lengthm Propellants sec (Eélg) Country
NK-33 1638 1510.2 1222 3.71 Lox/Kerosene 331 | 297 Russia
NK-15 1544 1526 1247 2.7 Lox/Kerosene 318 | 297 Russia
RD-170 7903 1887.5 9750 3.78 Lox/Kerosene 337 | 309 Russia
RD-171 7903 1887.5 9500 3.78 Lox/Kerosene 337 | 309 Russia
RD-180 4152 3828 5393 3.56 Lox/Kerosene 338 | 311.3 | Russia/lUSA
F-1 7740.5 6747.5 8391 5.64 Lox/Kerosene 304 | 265 USA
RD-183 9.8 60 1.15 Lox/LCH4 360 Russia
RD-160 19.6 129 1.7 Lox/LCH4 381 Russia
RD- .
161-1 19.6 119 1.7 Lox/Kerosene 360 Russia
RD- 19.9 141 2.21 Lox/Kerosene 365 Russia
161-2
1F§3[1)P 24.5 105 1.45 H202/Kerosene | 319 Russia
EBEI)\/_I 83.4 230 2.27 Lox/Kerosene 353 Russia
17D11 86.3 230 2.27 Lox/Kerosene 362 Russia
17D12 86.3 230 2.27 Lox/Kerosene 362 Russia
RD-58S 86.3 230 2.27 Lox/Kerosene 361 Russia
RD-
0242- 125 120 Lox/Kerosene 312 Russia
HC
RD-169 167 215 1.7 Lox/LCH4 351 | 309 Russia
RD-185 179 415 3.3 Lox/LCH4 378 Russia
RD-
0245- 214 290 Lox/Kerosene 320 Russia
HC
5124 294.3 480 1.575 Lox/Kerosene 359 | 331 Russia
51?0 297.9 408 1.58 Lox/Kerosene 326 Russia
RD-134 343 540 1.6 Lox/Kerosene 357 Russia
RD-167 353 570 1.6 Lox/LCH4 379 Russia
NK-31 402 722 Lox/Kerosene 353 Russia
NK-39 402 631 Lox/Kerosene 352 Russia
RD-
0234- 442 390 Lox/LCH4 343 | 310 Russia
CH
RD-
0234- 516 390 Lox/Kerosene 331 | 310 Russia
HC
RD-
0210- 592 570 Lox/Kerosene 342 Russia
HC
RD-
0244- 690 540 Lox/Kerosene 332 Russia
HC
RD-
0256- 820 770 Lox/Kerosene 344 Russia
HC
RD-120 833 1125 3.872 Lox/Kerosene 350 Russia
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Isp
. ThrustVac | Thrust Mass Isp
Engine KN (sl) kN Kg Engine Lengthm Propellants sec (iélg) Country
RD-
0256- 836 770 Lox/LCH4 353 Russia
Methane
138;/' 850.4 1080 2.435 Lox/Kerosene | 331 | 3044 | Russia
RD-182 902 1500 2.8 Lox/LOX/Methane | 353 | 316 Russia
RD-
8}30785 941 1250 2.86 Lox/Kerosene 315 | 248 Russia
1959
RD-
108- 977 1230 2.86 Lox/Kerosene 316 | 251 Russia
8D727
RD-
107- 996 1155 2.86 Lox/Kerosene 313 | 256 Russia
8D74- '
1959
RD-190 1000 1470 1.7 Lox/LCH4 351 309 Russia
RD-
0120- 1576 2370 Lox/LCH4 363 Russia
CH
NK-15V 1648 1345 2.34 Lox/Kerosene 325 Russia
RD-
0120M- 1720 2600 Lox/LCH4 372 Russia
CH
RD-191 2079 3230 4.05 Lox/Kerosene 337 | 311 Russia
RD-192 2138 3300 4.05 Lox/LCH4 356 | 330 Russia
RD-172 8354 11703 3.78 Lox/Kerosene 337 | 311 Russia
1&:1 66.7 1.569963 131 Lox/LH2 425 | 10 USA
RL-10 66.7 1.6274006 131 Lox/LH2 410 10 USA
HM7-A 61.7 42.9 149 1.71 Lox/LH2 443 308 France
HM7-B 62.7 43.6 155 2.01 Lox/LH2 446 310 France
RL-
10A-5 64.7 54.8 143 1.07 Lox/LH2 373 316 USA
RL-
10A- 100.488 88.926 145 1.194 Lox/LH2 398 352 USA
5KA
LH2-
80k 355.7 256.1 1438 Lox/LH2 425 306 USA
J-2 1033.1 486.2 1438 3.38 Lox/LH2 421 200 USA
J-2-SL 996.7 729.3 1360 Lox/LH2 390 275 USA
Vulcain 1075 773.2 1300 3 Lox/LH2 431 | 326 France
LE-7 1078 843.5 1714 3.4 Lox/LH2 446 349 Japan
V”'an'” 1300 939.5 1800 35 Lox/LH2 434 | 318 France
RD-701 | 4003 1406.1 3670 5.7 Lox/ ﬁ‘z’se”” 415 | 330 | Russia
cl):{ltz)o 1961 1517.1 3450 4.55 Lox/LH2 455 359 Russia
RD- .
0120M 1961 1517.1 3450 4.55 Lox/LH2 455 372 Russia




2lad (gy5ld g pole

ol Sl Lol 5 (o ol R0 e 55 4l Vijas Wiy art /YT
Engine ThrustVac [ Mass Lengthm Propellants Isp (éSE) Countr
g KN (sl) kN Kg Engine g b sec séc y
RD-704 | 1966 1720.1 2422 3.81 Lox/ feHrgse”e/ 407 | 356 | Russia
SSME 2278 1817.4 3177 4,242 Lox/LH2 453 363 USA
STME 2890 2450.3 3600 3.86 Lox/LH2 431 | 365 USA
SS‘I'L"SE 37287 | 30739 2073 Lox/LH2 467 | 385 USA
Plug-
Nozzle 3728.7 3167.4 2973 Lox/LH2 485 412 USA
SSME
M-1 5335.9 3864.8 9068 7.72 Lox/LH2 428 | 310 USA
YF-73 11 236 Lox/LH2 425 China
RD- .
0126 39.2 320 2.6 Lox/LH2 476 Russia
HM-10 61.8 145 Lox/LH2 443 France
RL-
10A-3 65.6 131 2.49 Lox/LH2 444 USA
RD-56 69.6 282 2.14 Lox/LH2 462 Russia
RL-
10A-3A 73.4 140.589569 1.78 Lox/LH2 444 USA
RL-
10A-4 92.5 168 2.29 Lox/LH2 449 USA
RL-
10B-X 93.4 317.460317 Lox/LH2 470 USA
RD- .
0126A 98 340 2.73 Lox/LH2 476 Russia
RD- .
0128 98 370 4,175 Lox/LH2 474 Russia
RD- .
0131 98 350 2.2 Lox/LH2 467 Russia
RD- .
0132 98 370 1.38 Lox/LH2 469 Russia
RD- .
0133 98 390 1.43 Lox/LH2 467 Russia
RL-
10A-4-1 99.1 167 Lox/LH2 451 USA
RL-
10A-4-2 99.1 167 Lox/LH2 451 USA
LE-5 103 245 2.67 Lox/LH2 450 Japan
RL-
10C-X 110.8 317.460317 Lox/LH2 450 USA
LE-5A 121.5 242 2.67 Lox/LH2 452 Japan
LE-5B 137 269 2.784 Lox/LH2 447 Japan
RL-10C 155.7 317.460317 Lox/LH2 450 USA
MB-35 156 345 2.21 Lox/LH2 467 Japan
MB-60 266.7 591 3.3 Lox/LH2 467 Japan
RL-60 289.1 499 Lox/LH2 470 USA
RL-50 290 500 Lox/LH2 472 USA
RD-57 392 840 3.66 Lox/LH2 457 Russia
RD- .
57A-1 395 550 3.148 Lox/LH2 460 Russia
RD- .
57M 397 874 4.06 Lox/LH2 461 Russia
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LE-7A 1098 1800 3.67 Lox/LH2 438 | 338 Japan
J-2S 1138.5 1400 3.38 Lox/LH2 436 USA

RS-68 3312 6597 Lox/LH2 420 | 365 USA
RD-119 105.5 65.6 168 2.17 Lox/UDMH 352 | 220 Russia
RD-109 101.6 210 2.28 Lox/UDMH 334 Russia
RD-112 1089 790 2.6 Lox/UDMH 344 | 304 Russia
RD-113 1138 1100 4.2 Lox/UDMH 360 Russia
RD-114 1653 990 2.6 Lox/UDMH 341 | 307 Russia
Kestrel 36 52 324

Merlin 385 470 306
RD-115 1726 1250 5 Lox/UDMH 357 Russia
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One of the important passive techniques to reduce the drag force is the use
of microstructured surfaces. The structures of these surfaces, which are
from the order of nanometers to several hundred micrometers, can be
created randomly or in a regular and controlled manner, with different
geometries and configurations on the surface, and by affecting the fluid
flow, they can change the amount of drag. With the aim of studying the
physics governing microstructures, this article will investigate the
parameters resulting from air flow passing them, which include drag
components, velocity profiles and shear stress. For this purpose, triangular
microstructures with the same base and height of 50, 100, 200, 400 and
800 um have been used, which are transversely exposed to air flow with
velocity of 5 m/s and 25 m/s. Due to the emphasis of some articles on the
flow slipping over the microstructures, the velocity profiles on these
surfaces have been investigated, but finally, the change in the amount and
direction of the shear stress has been described as the main mechanism of
viscous drag reduction. Then, the effect of the size of the structures and the
velocity of the flow has been investigated. The obtained results show that
the trapped vortices among the transverse structures can reduce the viscous
drag by reducing the amount of shear stress around the peaks and reversing
its direction in the valleys. On the other hand, creating a pressure gradient
inside and around the structures will lead to creating pressure drag. The
sum of these two drag components, which depend on the size of the
microstructures and the flow velocity, will finally determine the increase
or decrease of the total drag.
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Fig. 1. Surface with trapezoidal microstrcutures [5].
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Table 1. Height of microstructures based on y*.

h (um) y* (U=5 m/s) y* (U=25 m/s)
50 ~ 0.6 ~22
100 ~12 ~44
200 ~21 ~8.9
400 ~42 ~ 18.6
800 ~ 8.8 ~40.4
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Fig. 6. The amount of variation in the drag components of the
grooved surface compared to the smooth surface.
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Feature detection is a critical component of visual odometry, directly
influencing position estimation accuracy. This process forms the basis for
identifying key points in images, playing a pivotal role in subsequent
operations such as feature matching and motion tracking. This study examines
the impact of various feature detection algorithms on position estimation
accuracy in visual odometry, focusing on a comparative analysis of the Harris,
FAST, SIFT, CenSurE, and ORB algorithms. Performance evaluation was
conducted based on accuracy and computational efficiency in position
estimation. Each algorithm's average errors and processing times were
calculated and systematically compared using an image dataset. Results
indicate that the CenSurE algorithm is optimal for real-time applications and
scenarios demanding rapid processing due to its lower computational cost. Its
high-speed feature extraction capability makes it particularly suitable for such
use cases. Conversely, despite its higher processing time, the Harris algorithm
offers superior accuracy in position estimation and angular measurement,
making it a preferred choice when precision is prioritized over speed. The
FAST and SIFT algorithms balance accuracy and computational efficiency;
the FAST algorithm, with its lower processing time, performs effectively in
horizontal orientations, whereas the Harris algorithm excels in precision. The
ORB algorithm exhibits moderate speed and acceptable performance but
demonstrates reduced accuracy in certain positional features. This study
enhances the understanding of the trade-offs between accuracy and efficiency
in feature detection for visual odometry, providing a foundation for further
research in optimizing algorithm selection for specific applications.
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2. Difference of Gaussian (DoG)
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1. Equivalent Response Contours
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scale space [21].
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Fig. 4. Corner detection method using the partitioning test [22].

1. Segment Test Criterion
2. High-speed Test
3. Non-maximal Suppression
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Fig. 12. Comparison of position error along the Y-axis for
different feature extraction algorithms.
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Fig. 13. Comparison of position error along the Z-axis for
different feature extraction algorithms.

Roll Comparison fer Different Algorithms (radians)

— Haris foil

104 — FThl o
— s :

CerSuERol N

— Ok Al ! 1

0l Grourd Trath Roll

frame

She gyl oo 0§ agls slas awlis oge- I F SN

Fig. 14. Comparison chart of angle error ¢ in feature extraction
algorithms.

wlad (s)ld 5 pgle
Y Bylad ¢ VA By93 VF+F Lo [ TA

3D Trajectory Comparison

—== Ground Truth

Harris
—— FAST
SIFT
CenSurE
—— ORB
100
75
50
25
o 8
-25 8
—s0 >
-75

30 o

Z Y X Slaie j e oS (29)5 somdw (sl e duolio — Y« SIS

Fig. 10. Comparison of three-dimensional trajectories of
algorithm outputs in X, Y, and Z coordinates.

2 alajlre ( Sh glenl laph oSl 5 Slee b)) sl
Gl oas 435 Jas 07 5 Y X Lol joe dw 3 uxdse (sllas
O 0 1y iyl e Cds b sy o el Lo 4y baylixe oy
3] onl gl oS w0y s sUad > (S bl cosdge
Oljee 0dimd yLis &S cawl o &) (VW) 5 (V) (VY) o IS 4o
Slajgme ) (Bl poe b ol )68l (eSS la s olles
0 80as ;3 dgge gl pdd b SS ) e (dise
i e Lialed amdge a5 1y Lo s3]

(W) 5L 5 (0) @ 40) Jgy sbls; 1> (i3 2 slalks oyl ogMle
ool sl o a8 )s s > b5l sl 500 Jhee plgisas 58
9 Oomgd S 353 (135 ) gt yeSl olly Sl lallas
o objyl ool 4 bgiye ol s Ao 4y Cond (glaggly Ol
B> > glis 45 Canl oad o3ygl (V5) 9 (V0) VF) sla s
Sloiee Ghles (55> sblgj (a5 3 1) by ysSl

X Position Comparison for Different Algorithms

Galisee clani oS gl X jome dlaiel jd Cusbye (clbd dulio =YY JSWS
SESTYJC

Fig. 11. Comparison of position error along the X-axis for
different feature extraction algorithms.



lad (g)gld g pole
a7 5ylosd M 5y5 AF-F Lo

Caodl lojon jabds Cd 5 Ce o &5 ol S5, (sl p )8

Z Y X glaluly 3 (Shy gl slan, oS slas Sk =Y Joo

Table 1. Average error of feature extraction algorithms in the
X, Y, and Z directions.

pigoit | Auerae 7 | Averase v | Average X
Harris 37.28 1.55 5.99
SIFT 38.16 1.47 8.11
FAST 36.49 1.53 7.37
ORB 39.21 151 8.14

CenSurkE 39.35 1.47 7.93
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Table 2. Average angle errors in radians based on the analysis
of feature extraction algorithms.

Average Average Average

. Yaw angle Pitch angle Roll angle
Algorithm error (y) error (9) error (¢)

(Rad) (Rad) (Rad)

Harris 0.02933 0.02607 0.03084
SIFT 0.03683 0.02551 0.04226
FAST 0.05858 0.02628 0.06591
ORB 0.03798 0.02469 0.04177
CenSurE 0.03862 0.02312 0.03798
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Table 3. Total processing time and time per stage for feature
extraction algorithms.

Execution time .
. Total execution
Algorithm per stage .
time (seconds)
(seconds)

Harris 0.12 13.32
SIFT 0.21 23.87
FAST 0.10 9.71
ORB 0.29 11.74
CenSurE 0.03 2.75
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Fig. 15. Comparison chart of angle error 0 in feature extraction
algorithms.
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Fig. 16. Comparison chart of angle error v in feature extraction
algorithms.
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Due to its effectiveness and practicality, the proportional-integral-derivative
(PID) controller remains a cornerstone of industrial control systems. The
precise tuning of controller parameters significantly impacts system
dynamics, influencing key performance metrics such as rise time, settling
time, overshoot, stability, and steady-state error. While conventional
methods effectively tune PID parameters in linear systems, they are
inadequate for nonlinear processes due to the complexity of dynamic
equations. This study proposes applying the particle swarm optimization
(PSO) algorithm for tuning PID controller parameters in a three-degree-of-
freedom satellite attitude simulator. The simulator incorporates reaction
wheel actuators for attitude control, providing a robust platform for
implementing control algorithms and optimizing onboard computational
processes. The PSO-based optimization algorithm was executed for various
performance criterion functions, demonstrating advantages such as rapid
convergence to optimal values and straightforward implementation in
nonlinear control systems. PID parameters derived from the conventional
Ziegler-Nichols method were also applied to the simulator to benchmark the
nonlinear optimization performance. Experimental results comparing
different PID parameter sets were analyzed based on time response
characteristics during a predefined maneuver. The comparative analysis
identified the optimal PID parameters, which were subsequently
implemented for enhanced simulator performance.
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Table 1. Reaction wheel specifications.

Value Feature
0.123 N.m Maximum torque
063 N.m.sec Angular mo_mentum
capacity
3000 rpm (rated engine speed is I\_/Ia_><|mum
permissible angular
up to 9000 rpm) .
velocity
Wheel power

About 12 watts at 3000 rpm -
consumption

Disk moment of
inertia

0.002 Kg.m?

Diameter: 120 mm

maximum thickness: 25 mm Disk dimensions

Wheel mounting
angle
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Fig 1. Coordinate axes and installation position of platform
components.
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Table 2. Overall simulator specifications.

Value Specification
90 mm :Diameter ] .
150 mm Height Total Dimension
Suspended part
55 kg Approx. Weight
Three degrees of freedom
with a limit of 40 degrees in
. S Movement
the roll and pitch directions limitations
and 360 degrees in the yaw
direction
About 2 hours based on
power consumption Work continuity
limitations
Attitude
Deg with AHRS sensor 0.5 Detemination
accuracy
Attitude
1 Deg Detemination and
Control accuracy
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Fig. 2. Graphical view of the software program in the monitoring
station.
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1. Particle Swarm Optimization (PSO)
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Table. 3. Time response specifications of roll curve.

Rise time Settling Overshoot PID
(Sec) time percentage | controller
(Sec) with cost
function
2.8 25 21 ISE
2.36 50 76 ITSE
2.75 35 16 IAE
231 35 82 ITAE
2.36 32 67 ZN

039y 42 )3 OF 391> g gl dyglj & by yo adgl Bl youil oy iy
odpw) ogllae Coumsdg 4 4l Ar 5l S loj Sde ) el g
a Olypsd aotie s Sloj gl Glasuie ¥ i 5 .l
Cawl o &84l ous plox] ‘_glmu;‘;ilpﬂ SRS ERvI
cam Olysd e loj fusly claseie —F Joda

Table. 4. Time response specifications of pitch curve.

Rise time | Settling | Overshoot PID
(Sec) time percentage | controller
(Sec) with cost
function
2.4 15 32 ISE
3 25 37 ITSE
8 80 9 IAE
22 20 43 ITAE
23 30 37 ZN
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Table. 5. Time response specifications of yaw curve.

Rise Settling | Overshoot PID

time time percentage controller

(Sec) (Sec) with cost

function

6.4 80 33 ISE
7.2 70 42 ITSE
10 10 0 IAE
5.8 30 51 ITAE
5.8 60 47 ZN
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Table 6. PID controller coeffeients in roll axis.

K, K, Kp Cost function
6.54 0.052 5.93 ISE
1.99 0.31 4.89 ITSE
9.76 0.056 12.54 IAE
4.15 1.23 4.72 ITAE
3.62 0.64 4.98 ZN
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Table 7. PID controller coeffeients in pitch axis.

Kp K, Kp Cost
function
10.33 2.06 6.63 ISE
6.89 0.72 3.44 ITSE
1.2 0.022 0.48 IAE
8.19 2.69 8.14 ITAE
3.72 0.62 4,98 ZN
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Electroaerodynamic (EAD) propulsion has gained considerable attention
in aerospace research due to its ability to generate thrust even in rarefied
atmospheres at high altitudes. This study presents a comprehensive
analysis of the performance and optimization of a decoupled EAD
propulsion system, emphasizing its potential advantages over conventional
propulsion technologies. A hybrid genetic algorithm—sequential quadratic
programming (GA-SQP) approach was employed to optimize the system
across various thrust levels. The optimized results were compared with
traditional electric motors, offering insights into key trade-offs between
the two systems. Findings indicate that while the EAD propulsion system
operates at higher voltages than electric motors—resulting in increased
power consumption—it provides a distinct advantage in terms of weight.
As thrust levels rise, the system's mass exhibits only a marginal increase.
For thrust levels between 10 and 70 N, the maximum mass increment is
limited to 333 g, making EAD propulsion particularly suitable for
applications requiring high thrust-to-weight efficiency. Sensitivity
analysis further reveals that increasing system volume enhances thrust
without proportionally increasing power consumption, albeit at the cost of
additional mass. Additionally, increasing the voltage across the system’s
electrodes improves thrust and power consumption without affecting
mass. Although higher power consumption necessitates larger energy
storage and conversion systems, the minimal mass increase relative to
thrust highlights the EAD propulsion system as a promising alternative for
high-altitude and space applications where weight constraints are critical.
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Table 1. Fixed parameters of the propulsion system.

Parameter Symbol Value
Electric permittivity € 8.85
X 10—12 F/m
- —4 mZ
lon mobility V) 2x10 sV
Elementary charge e 1.6 x 1071° C
lonization energy Eion 66 eV
Stage loss coefficient K, 2x1073
Air density p 1.225 kg/m3

Sanlis 9 Tg S il otses (2yb (sl w58 )]

S92l N 3l g J35e s (o0 Joo

Bl oo ) gy &5 0ad )5 Ly Glus )b (gilu Jde e

D5diee (B8 Sy 4 g b e gl ()

e Lab 555 & gm0 sl (¥

L39Sl (e S5 iz g 926399 2Sdas 5 dwrin (¥
ol 0 48 )3 0136

Cod Sl ¥ 5 ¥ ablis o JUS colued S 4 arg b (F
D9 o 1538 &yl e (295 5LiS

Ml Jitune Al yo po Slals g jlid (il woles (0
(cal Qs Al yo 2 sl (dm) 35500 428 S5

drle Cgz A 1Y E¥lee 0 plosil Sl b 4 a33 |
390 03 glyzcisl (W] g [Y+] o)lad qye 5l &8 oludy 590
sl 235,55 03l

A
Vv, =—tv, \
A (")
v, = /vfo 24P (v)
P
T=pv,(v,—V,)A —D,y ()
AP = n[(AF))EAD - (AP)IOSS] ()

5 o e Vg 5 U513 lon ey Uy F I ey, 5
g colue Ag 5 (i oo glaw cobus Ay ailbo )iy
BMS AP el 15l by oy Voo Opimed (29y5 glado
i 5 Mg lon S P el oyt 5 ok dbml b
ol iy 3 04 oolsiwl (gl Sl

o JU o)l 5 0l o Sl 51 236 by 55 Dwanr
g alss sadgi ol g9y T Caledys 9 2L

by g s csga (AP)oss 5 (AP)pap
b oS o390 ladg iUl @ by 980 5l (08U HLE8 <l g iy
Dy oo dwbro A JIO Lalsy 5l oalazuwl

(AP)Ioss = %pvzz KL ((b)

— P

(AP) g = IU(-A—)CIIEAD (%)
MG .

(AP)erp = (A+,)1—2) y

e = 2 245 @

1. Mott-Gurney



PL s AJ‘C” 9 PRV Lo yule ‘L;Q,Ulb)ﬁai ")l).e(a

Syl Sl Gl by s (Sl Silrgl A JS a0
Dy A!b|9>

The system inputs are
estimated by the (GA-SQP)
algorithm

Thrust, power consumption
and system mass are
calculated

Are the constraints
satisfied?

The cost function is calculated

No

Has convergence
occurred?

o Sanliydg T S ity s (S w65 —A JSS

Fig. 8. EAD design algorithm.

OlF 5 e Bl B by ol o 85 5 > b L
V0 ) gy Giludingg e ©ygo ply Jhee b (Bpa
TYIVAPES
minimize f =m.P
w.rt— ab,c,nx,V (10)
st >N=N_

455,500 GA-SQP w58l §1 Altue oy (5 jlodings o5l
5 (GA) S5 whayoS 5l (o5 5 GA-SQP 2 )50l 05
Sl Jo sl o5 <ol (SQP) Jlgie 9> > 63058l (9,
GA b9y crl ) D9 e ool (s o g odzy (iloding
Py U S Joo b gmina 3l S plpea
1y SQP s 8 (Lol | gt (5LaS 5> oS gl
2 e s o G 4 Jra s 2Kk 9 5353 Sy
izl )3 GA Ul s & S 5 ol 2358 oo odlital olsi o

wlad (yld 5 pole
Y 8jlod VA Bygs VEF Ju/ Al

Job sl yiall &5 cdl s Glyi e oad ) Lallgy 4 a2y b
o 93 & odly by GBI (pizmen 5 ol eld) 5 0550
sl o ol ol sl el ly 34,801

ey el gl llgy g w008 (Srawcous Cas
ool st (293 byl )l & (it (6955 9 (Span O3
Slagzgp )5 dwbxe V] o)led g2ye (63959 byl )l
e slrodls & o 1y Moy K ) s o o3y9] Cunday
s 1y D] o lad

95 9 3909 Sbpiie 4 baipe sodh Yojlod Joax
Amd o L5 1y V] @ ye b ol dunlie g o duwlxe

g i Como s =Y Jgae

Table 2. Algorithm verification results.

Parameter Symbol Ri‘;:lejgce Ca\l;:;l::ed
Width a 0.314m | 0.3140m
Height b 0.186m | 0.1860 m
Length c 0.17m 0.1700 m
Voltage v 9920V 9922 vV
Thrust T 16.7 N 16.675 N
Power P 193 kW | 1.924 kW

Mass m 0.26 kg | 0.263 kg
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Fig. 7. EAD system structure.
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Table 5. The response of propulsion system outputs.

Thrust(N) Power (kW) Mass(kg)
10 2.630 0.346
20 6.239 0.412
30 7.113 0.631
40 8.728 0.576
50 10.204 0.679
60 18.820 0.668
70 19.392 0.488
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Fig. 9. GA algorithm diagram.
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Table 3. GA-SQP settings.

GA Algorithm Setting
Parameter Value
Population Size 100
Elite Count 10
Generation Size 20
Function Tolerance 1x107°
SQP Algorithm Setting
Parameter Value
Maximum Iterations 20
Function Tolerance 1x1078
Constraint Tolerance 1x1078

13l s (GA-SQP) oo (3ltisge 2lep Jol> 0 5 ¥ g
Ol e slogd9y9 Gl =F Jgoa

Table 4. The response of propulsion system inputs.

N(N) | a(m) | b(m) | ¢c(m) [ n | d(m) | V(V)

10 0.4 0.2 0.2 | 1 |0.020 | 49660.8

20 | 0.453 | 0.249 | 0.203 | 1 | 0.010 | 29665.0

30 | 0.450 | 0.641 | 0.200 | 1 | 0.020 | 46627.4

40 | 0.783 | 0.204 | 0.201 | 3 | 0.020 | 41676.7

50 | 0.562 | 0.591 | 0.200 | 2 | 0.009 | 17472.0

60 | 0579 | 0.567 | 0.201 | 1 | 0.016 | 48753.8

70 | 0.525|0.252 | 0.215 | 4 | 0.012 | 30262.2
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Table 5. Electric motors data [22].

Figure Name T(N) | P(W) | m(kg)
T-motor U10
% oo 0405 | 704 | 10.14

T-motor U8

Lite K\/85 0.243 | 152.01 | 20.09

T-motor U8

Lite K\/150 0.239 | 278.14 | 30.02

T-motor U10

Plus K\/100 0.508 568 49.99

T-motor U12

Lite K\/100 0.792 696 59.85

T-motor U13
Lite K\VV100
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Fig. 11. Power consumption to thrust diagram.
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Avrticle History: Deployable solar arrays serve as the primary power source for many
remote-sensing satellites. These arrays, characterized by their long, wide,
and thin structure, exhibit significant flexibility, posing challenges to
satellite attitude control. Remote sensing missions require rapid
maneuvers to capture images within strict time constraints, yet such
maneuvers induce oscillations in the deployable solar arrays, degrading
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Vibration suppression high-frequency vibration amplitudes increase during rapid attitude
Input shaping adjustments. A dual-control approach is introduced to counteract this

effect, integrating an adaptive robust attitude controller with an input
shaping technique for vibration suppression. Simulation results confirm
that the proposed control strategy enhances pointing accuracy, stability,
and vibration attenuation, improving imaging performance in dynamic
operational scenarios.
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Table 2. Simulation parameters and initial conditions.
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2. Performance Stability Error
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Table 1. Natural frequencies and rigid-elastic coupling
matrix[21].

Mode ]S:antilever COUI?(Iinger;gtrix
description? requency, ( g._m )
rad/s Roll | Pitch | Yaw
OP-1 0.885 0 0 35.372
OP-2 6.852 0 0 4.772
OP-3 16.658 0 0 2.347
OP-4 33.326 0 0 0.548
T-l 5.534 0 2.532 0
T-2 17.668 0 0.864 0
T-3 33.805 0 0.381 0
IP-1 1.112 35.865 0 0
IP-2 36.362 2.768 0 0

80P = out-of-plane, T = torsion, IP = in-plane.

1. Absolute Performance Error
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Recent advancements in commercial suborbital spacecraft have
provided new opportunities to investigate the effects of short-term
space missions on living organisms. Plants play a vital role in life
support systems for space exploration, supplying essential resources
for long-term human survival beyond Earth. As plant genetic reserves
or germplasm, seeds have been among the most significant biological
payloads in suborbital missions.This study examined the impact of a
suborbital flight using the Kavus bio capsule on the germination indices
of tomato seeds and the growth indices—specifically epicotyl and
radicle length—of the resulting plants. The capsule reached an altitude
of 133 km, with a total flight duration of 900 seconds. The launch speed
and acceleration were 1657.97 m/s and 64 m/s?, respectively. During
the mission, biological samples were exposed to 245 seconds of
microgravity and 68 seconds of hypergravity, with temperature
fluctuations ranging from —84.5°C to +264.48°C. Following the
successful launch and recovery of the biological payload, researchers
analyzed seed germination and seedling growth indices. The findings
revealed that suborbital flight stimulated initial seed growth and
positively influenced the growth indices of tomato seedlings in the
flight group compared to the ground control group.Based on the
available literature, data on the ultrafast response of plants to short-
duration space missions remain limited. This study provides valuable
insights into the effects of brief space missions on biological systems,
particularly plants. However, further research is needed to explore such
exposures' long-term physiological and genetic effects. Future studies
should also investigate potential countermeasures to mitigate adverse
effects and optimize plant growth in space environments.
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Table 1. Kavus bhio capsule launch characteristics.

Launch duration (seconds) | 900
Launch height (km) 133
launch speed (m/s) 1657.97
Acceleration (m/s2) 64
Temperature fluctuation -84.5t0 +264.48
range (Celsius)
Pressure range (Pascal) 0 to 90000
Microgravity duration 245
(seconds)
Duration of hypergravity 68
(seconds)
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Fig. 3. Comparison of the germination percentage of tomato
seeds in the launch and ground control samples (days 11, 13 and
15) .Average of 5 repetitions.
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Fig. 2. Comparison of the germination percentage of tomato

seeds in the ground control and launch samples (days 6, 7, 8, and
9). average of 5 repetitions.
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