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Table 1 Three-axis torque of RCS thruster
s X WhisE Y 158 Z iy
1 0 0 -F L,
2 0 F, L 0
2
3 0 0 F, L
4 0 -F,L 0
5 F.d F L cos@, -F; L sin@,
6 ~-F.d Fi L cos®, Fy L sinf,
7 F.d —=F, L, cos 0, F, L sin@,
1 RCS 2% N HERE . ) .
8 -Fyd —F¢ L, cos 0, -F, L, sin0,

Figure 1 RCS system thruster configuration
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Figure 2 Structure diagram of RCS control system for hypersonic vehicle
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Table 2 Attitude tracking error
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Figure 3 Attitude tracking curve

B %) RCS RGEMCE PEAT T /0 Hr AR, 50T 17 3 A PR 1) £ o 8 090 0k ) 8 5 A R B BP0 45
8 HE AR B R RCS AR GE, Vit 11 E 3 4 7 28 T )t A9 g 1423 e O 398 48 o 2 TE 50k |, 2 3 1 45 72 9 /N3

P HEAT LRI, RO > Tz 30 de 4R T4 0 e R G SE ikl B e D L4

RERS A A SCBeit

F4 176 A2 HE 3 48 DT J5 R5000 P T Oh 390 45 i 2R 6, A B veg S NP B SRR L B A R A 4 2 2R R AR A 4R
HFE

S 3

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[10]

[11]

[12]

[13]

[14]

SHI Z, HE C D, ZHANG Y F, et al. Sliding mode disturbance observer-based adaptive tracking control for hypersonic reentry
vehicle[ J]. Advances in mechanical engineering, 2017, 9(11) . 168781401773289.

SONG J, WANG L, CAI G B, et al. Nonlinear fractional order proportion-integral-derivative active disturbance rejection control
method design for hypersonic vehicle attitude control[ J]. Acta astronautica, 2015, 111; 160-169.

TAO X L, YIJQ, PUZQ, etal. State-estimator-integrated robust adaptive tracking control for flexible air-breathing hyperson-
ic vehicle with noisy measurements[ J]. IEEE transactions on instrumentation and measurement, 2019, 68(11) ;. 4285-4299.
SONG J, LIN J M, WANG L, et al. Nonlinear FOPID and active disturbance rejection hypersonic vehicle control based on
DEM biogeography-based optimization[ J]. Journal of aerospace engineering, 2017, 30(6) . 04017079.

REN W J, JIANG B, YANG H. Singular perturbation-based fault-tolerant control of the air-breathing hypersonic vehicle[ J].
IEEE/ASME transactions on mechatronics, 2019, 24(6) ; 2562-2571.

SONG J, GAO K, WANG L, et al. Comparison of linear and nonlinear active disturbance rejection control method for hypersonic
vehicle[ C]//The 35th Chinese Control Conference. New York:; IEEE, 2016; 10759-10764.

HE J J, QL R Y, JIANG B, et al. Fault-tolerant control with mixed aerodynamic surfaces and RCS jets for hypersonic reentry
vehicles[ J]. Chinese journal of aeronautics, 2017, 30(2): 780-795.

ZHAT R Y, QI R Y, ZHANG J R. Compound fault-tolerant attitude control for hypersonic vehicle with reaction control systems
in reentry phase[ J]. ISA transactions, 2019, 90: 123-137.

NIU Q L, YANG S, HE Z H, et al. Numerical study of infrared radiation characteristics of a boost-gliding aircraft with reaction
control systems[ J]. Infrared physics & technology, 2018, 92 417-428.

ZHOU J, CHANG J, GUO Z Y. A fault-tolerant control scheme within adaptive disturbance observer for hypersonic vehicle[ J].
Journal of aerospace engineering, 2019, 233(3): 1071-1088.

ThRl, sk, A AR R G AR AR RS [T] . RN K2 R (B2E R | 2019, 51(4) : 110-115.

MA Y C, ZHANG Y T, FU L. Quantized and fault-tolerant control for singular time-delay systems[J]. Journal of Zhengzhou
university (natural science edition), 2019, 51(4): 110-115.

XA, Kb, BT EHICH 2 BTSSR R ARSI [T]. “AT 0%, 2011, 29(6) : 18-21.

LIU C S, ZHU X Z. Fault tolerant control based on control allocation for fighter with multiple effectors[ J ]

. Flight dynamics,
2011, 29(6) . 18-21.

GENG J, SHENG Y Z, LIU X D. Finite-time sliding mode attitude control for a reentry vehicle with blended aerodynamic sur-

faces and a reaction control system[ J]. Chinese journal of aeronautics, 2014, 27(4) : 964-976.

TOHIDI S S, KHAKI SEDIGH A, BUZORGNIA D. Fault tolerant control design using adaptive control allocation based on the



B2m RO, F AT AT S R fh ik 9 B ik T B RCS 434 4 ikt 25

[15]

[16]

[17]

[18]

[19]

[20]

[21]

pseudo inverse along the null space[ J]. International journal of robust and nonlinear control, 2016, 26(16) : 3541-3557.

il Y4, R TRE N AR BN E A A BB B[ T]. Pdb Tk K224, 2014, 32(1)
123-130.

SHI J P, QU X B, BI K J. A multiple effector control allocation method based on attainable moment subset[ J]. Journal of
northwestern polytechnical university, 2014, 32(1): 123-130.

QI N, ZHOU Q, QIN C. The six DOF model of hypersonic vehicle and coupling characterization analysis[ J]. Journal of projec-
tiles rockets missiles & guidance, 2012, 32:49-52.

MR B2 R R B R AT S L B R BOR [ M ] s B AL, 2014,

SUN C Y, MU Z X, ZHANG R M. Terminal sliding mode control technology for hypersonic aircraft[ M ]. Beijing: Science
Press,2014.

KESHMIRI S, COLGREN R, MIRMIRANI M. Development of an aerodynamic database for a generic hypersonic air vehicle
[ C]//ATAA Guidance, Navigation and Control Conference and Exhibit. Reston: ATAA, 2005: 3978-3998.

SONG J, HAO C, ZHANG Y X, et al. Double-loop sliding mode control of reentry hypersonic vehicle with RCS[ C] /IEEE
15th International Conference on Control and Automation. New York: IEEE, 2019; 109-114.

THEER, KL, TTRF. B RRZ ATER TEABL RCS # R E[ )] RAT 1%, 2005,23(3) :16-20.

NING G D, ZHANG S G, FANG Z P. Research on the reaction control system for spacecraft re-entry flight [ J]. Flight
dynamics, 2005, 23(3) :16-20.

s, EWEHE, EUE, S BT ARLE T 00 88 i LR Zean M AR ()], KB KR E M (B , 2019, 51(1):
78-83.

YANG P, WANG X Z, WANG J, et al. Terminal sliding mode control for robotic manipulator with nonlinear disturbance ob-
server[ J]. Journal of Zhengzhou university (natural science edition) , 2019, 51(1) . 78-83.

WU Y J, ZUO J X, SUN L H. Adaptive terminal sliding mode control for hypersonic flight vehicles with strictly lower convex
function based nonlinear disturbance observer[ J]. ISA transactions, 2017, 71 215-226.

ZHOU X Y, SHI'Y J, LI L L, et al. A high precision compound control scheme based on non-singular terminal sliding mode
and extended state observer for an aerial inertially stabilized platform[J]. International journal of control, automation and sys-

tems, 2020, 18(6): 1498—1509.

RCS Control Allocation for Hypersonic Vehicle Based on
Improved Redistribution Pseudo-inverse Method

SONG Jia, ZHANG Yanxue
(School of Astronautics, Beihang University, Beijing 100191, China)

Abstract; The attitude control system of the hypersonic vehicle (HV) reentry phase required the com-
pound control of the pneumatic rudders and reaction control system (RCS). An improved redistribution
pseudo-inverse control allocation method with a constant opening number of thrusters was designed and
applied to the attitude control of hypersonic vehicle reentry stage. Firstly, the hypersonic vehicle RCS at-
titude model of the reentry section was established. The finite-time terminal sliding mode control method
was employed for HV attitude tracking control of the reentry phase. For the given RCS configuration with
8 thrusters, an improved redistribution pseudo-inverse method with 3 thrusters turned on was proposed,
which could significantly improve the real-time performance and reduce fuel consumption. Finally, the
designed control allocation system was applied to the hypersonic vehicle reentry attitude simulation. The
simulation results indicated that the proposed control allocation method had satisfactory performance.

Key words: hypersonic vehicle; reaction control system ( RCS); terminal sliding mode control;

improved redistribution pseudo-inverse method; control allocation
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