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Abstract High-G training for pilots has commonly performed in the centrifuge-based flight simulators.
In this paper, algorithms for overload simulation in a three-axis human centrifuge are developed and vali-
dated. To this end, a kinematic model is established for kinematic analysis. A moving average algorithm
is employed to smooth the inputs and to alleviate the abrupt changes in pitch and roll angles of the centri-
fuge. An optimization algorithm for overload simulation is proposed and verified. The algorithm minimi-
zes the error between the simulated and expected overloads to find the optimized kinematic variables of
each axis of the centrifuge. Numerical results show that: (1) the moving average algorithm substantially
alleviate the abrupt changes in pitch and roll angles of the centrifuge; (2) the proposed optimization al-

gorithm is more accurate compared to traditional algorithms.
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Fig.2 The three-dimensional model of a three-axis centrifuge
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Fig.3 The simplified model of a three-axis centrifuge
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Coordinate frames of the kinematic model

Coordinate frames

x axis

y axis

2z axis

Inertial frame O o-20yo20

Arm attached frame O1-x1y121

Intermediate frame O2-x2y22>

Cabin attached frame O3-x3y32;

Initially along the arm

Along the arm,
pointing to the cabin

Vertically upward

Perpendicular to the arm

Initially perpendicular to the arm

Vertically upward

Perpendicular to the arm

Along the arm, pointing
to the rotating center

Vertically upward

Perpendicular to the arm

Along the arm,
pointing to the cabin

Vertically downward

B L RSB A R - 2R, /AT BRI
{1 i A 71 TR 5% R RO #3050 g g g R

N AIFFE RS0 HILIZ Bl R 5 A0 N TR A B AR
FRHEREE AR RITAT SRR AR AT AL D 1 3 i B I
RAEZL.

RIHREELIERM Oc-aoyoz, R, EIE
R AR RN Oxiyiz PHEARFR RN O,-
xzyzzz,—ﬁﬁfﬁﬁﬁ/@%1%%jﬂ 03-13y323 a%‘ﬂédﬁ‘
ENER R R R RS e

TR LA Ry RARBARR O 2,02,
XTI RO, -2, y, 2, B S, H B KR
XN

cosq; O sing,
R} =|sing;, 0 — cosq, (la)
0 1 0

—sing, O

R: =| cosq, 0
) 1

[ —sing; O
R} =| cosg; 0
0 —1

cOSq
sing, (1b)
0
— c0sq;
— sing; (1c)
0

Gk N RR T B AR E RN s, =
sing; v¢; = cosq;.i = 1,2,3. K17 5 JE B AL AR R
03*133’323 *EX‘T:F%@%%—‘/% Oo’xoyozo E@jj[lﬁj

AL R
C18283 +51€3
R} =

$18283 7/ C1C3

— (3383

— C1C» C1852C3 — 81383
TS1C $18205 5500
— S —— (C2C3

(2)

QAT A A bR AR O B B ) A S



5 6 41 X FRITAE = BN B PN E

JE 3o A ST 1L T 2 5 Bk 45

HEAR Z R Y AL AR

ro=Ri [r 0 0]"=1[rci rsi 0]" (3
R ATR O ) Ab (26K B
7}0:’:0:[_7‘51(}1 }‘Clql O]T 4)

Xof 2 R SR A5 I
Vo=a,=r[—s,4, —c1q} g1 —s:q7 0]
(5)

q1 =0 i, =) 45
a,=[—rét rg, 0] (6)
a, & H B O HILI e % 42 2 7 AR Y 1) 0 in R A )
o) B B B O 22 A i B R R g R

TRAT G VEAE A AR R FE S AT INE E a Ry
a=a,+g=0[-ri? rq, —gl' (D)
FE SN B A 2 Sk 4 XN a5 E

BEANTE g B, =7 1E

.9 .

~ ~ ~ r r
[(710 (Iy() G:() ]T = |: - QI ql
g 8

W, G, G, G, B AT M AR BR R R A

T A AR R T i Y g, =0 B, K

TR EMRAIRR TSR G, .G, .G.
G=[G, G, G.I'

H
i

:(RS)T I:Gxo Gyo G:ﬂ :IT (9
LML PN E L UL
(}J. —3S3 (Gz'o So +C2) _(}A,()Cg

G,=—G,c;+ s, a0
G.=c5 (G5, +¢2) + Gy sy
K (10) 2z 2 2% 39 [n] K A 7Y Al F e T4 = il
i G, .G, M G. £IK, Vidakovic % # 1 (1Y
SRR =it Rt G, .G, MG FoR LA
SCHR R I AR SR S =t o GL .G W
G. FR.

2 RUEZ

AR DL A% 1 O 220 ) i A TR A AR D A
A R R JRE R T e JE A A A A vk SR L
iz By ARy LN R ek 2 i e
22 @ LA A bs R %0 G B JE B9 Newmark-3
U5 I 18] 5 BlE Bl 5 R R SO TR R A AL O
DA IR) A7 5K it

21 BHAEBEBML

ARG L« B0 AU AT A IR T A
1 SO 73 F) 70 J3E #3200 £ ok JEE

x=[q" ¢* §g*]I" (11a)
g=lq ¢ q:]" (11b)

FHICRH JE ) Newmark-g Xf Bf [ #E 47 B 1, h N &

O ] 20 L b+ 1 I 2152 3 20 5 B 00 25 Hiors X 3R
NN
AR TR R
qri1 — (g +th szh“qk +Ih q it (12a)
. 1
qgr+1 —(qr + /l(I/ -+ hq;+1 (12b)

CRRGEMREZ R, Tl QIR £ B2 AT
B A B 2R DA 0 o B 0L 3R G (R AR B
AR B W20 RAT D AR A AR R RS 0
LA G TRk B 20T N L B G E
A M = B G G AT G L

Gy =sin(qs)[G,,psin(ga) + cos(gu) ] —

G, orcos(qs) (13a)

Gyk =—G o, c08(qz) + sin(gy) (13b)

G =c0s5(q5 ) [G.ors5in(qs) + cos(qq )]+
(13
(13d)

G orsin(qs)
G=[G. G, G.J"
2.2 mMRALET
JE SR HARREL T
J :i] (eie,)= Z (G, —G)" (G, — G
i—0 =
(14)

He, =G, — G, Hk W ZITTE 0k B 1+ 3G, Chn
213 ) SWInEE S8 G, iR, n FoRb)
8] 25 BB A0 A TR) A8 e 3R A8 B w Ol AR G AE 45 )

ZHRPIR A AL

u:[xo e X, e x”]T
(g0 4f qil
=|laf ¢ ¢ (15

Lar 40 a1
BRI AL AL R & 2 A 2 A



46 8 %

TR B

2024 45 22 %

P AR B EGE I T (120) . (12D) , IR R G
VIR S B S (R A 18 ). Bk, % e A Ak In)
Al RR NN

min/ = > (G, —G)" (G, — G,)
u k=0

. 1 .. 1 ..
S.t.qr1 =4, +?hqk TL?thx
(16)

. 1 ,.. 1 ,..
qi1 =g, T+ hq, szhzlh Jrzh"n—l

k=0,1,2,+n—1

AR Ipopt (Interior Point Optimizer) JE
LM ALK it 25 oK A e DL AR TR AL (16).

3 BHEHEREE

24T ok R e AR A Ak ZLES L 5] R
KR E T 9g/s B, i1 T3 ZA T E hOoR A Ne-
wmark-g3 5 PEAT B EUAL BRI R K Rt = A
S BB O LR A AR e #5878 L i I 5 B0 E
I 5 T & 4 25 8 T — R S B ML Btk 245 /4 i
WnEE G, .G, MG..

P I 1A AR A S AR S AT DL R T A B
N HILAS B0 % f1 B L A S RN A TN T R B 5 R,
A5 AT B, T B A5 B B VR B A RV A £ 1 £
T B BT R ZU AR 5 4 B = (6) R, ER AR
JEE SR 3 0 B o BB g OSSR B T A
T R 8 A o 4 S T B g0 1R AR
DR TR KA T Newmark-g i i 47
Bk g 1Y 28 A8 2 T B0 0 HILAS Bl AR B R 1Y

1.5 F T T T T T

1.OF =
0.5 F 3
0.0 =

x-axis overload /g

y-axis overload /g
[ — o —_
T T T

z-axis overload /g
(=] = oo
%
1 1 1

1
0 20 40 60 80 100 120
Time /s

B4 TR
Fig.4 The expected overload

g, frad/s?)

0 20 40 60 80 100 120

g /(rad/s?)

0 20 40 60 80 100 120

q,/radss?)

0 20 40 60 80 100 120

Time /s

5 R0 0 dm DDA 5 T AR = B A i i 2

Fig.5 The angular acceleration of three axes without smoothing

GEAR PR, XoF AN S 98 1 T e R L R R AT R
SR EE R 1 R 202 . T bR R RR . W AR
AT o R AT S 3 Ak B AR SRS Bl 2
795 X LAY A T R ek AT P L DA A 4% Bl £
I 52

it m B S F R RN TR TR
G+ Gy + G+ Gy,

2m

Hop G, B PR AN RN .G, BTG
5k AR A AW S8 o N, 2
FOP W RORAME; WA T S EE m K. S5
b BE -3 AR A5 IR S U A AH 22 R H I
TESZ BRI b R F- S8 m PEAT 8 B Y
PIAR AR S U0 1 - o 8OR A S BRas B b, — e 100
~200 B 8] 25 B R 2F 47 7 i, BISF i 2 800 B
{E 3 Bl 50~100.

4 HEERBIESHH

S BGIE bAR S 0 T A PE  HRS B O 27 i 5
AL B R L B 3 TR Y T = A 2R
Mk G, .G, MG, KB LWL EEEKE »r=8m,
8 2l F- 48 3 BBE B B m =100, 2 208 )
120s, B EL A I ] 224 h =0.005s.

227 I A9 B0 Y = b B2t Zean &1 6
NS MBI 6 AT LAAS Y 2 BT O L A Sl A m
S0 7 WA NIE I W2y N NS I Y S UL R I B )
SRR B (0 A Tl R AR ERE A I R A B O
Pliz gl R 0) b 3 H 545 2 A0 i 805 B O 4

G, (17




5 6 41 X BRIV A =N B0 LN E R S AU T & S R 47

Mg 7~ & 9 R, Horp, Wl =4l #k G, .
G, 1 G. FR, Vidakovie 52 H AR 80 53 8 E 1Y
ZHE M G, .G, M G FoR AR SR R ik
BPATE R =t 8 h G, .G, M G. F£om K 7
~ &9 LIS, ok S A T B A A4S 3
f18y =Tl ok 280 2 5 U g ot 2 ] A S B

q /radss?)

,/Gadss)

g, /rad/s?)

Time /s

6 SV A A4 S Tk B A = Al o s

Fig.6 The angular acceleration of three axes with smoothing

135

125
1.20

1S
L15

Comparison of x-axis overload /g

0 20 40 60 80 100 120
Time /s

B 7 SR G, .G MG, XL
Fig.7 Comparison between G.+G, and G,
1.0 T T T T

Comparison of y-axis overload /g

0 20 40 60 80 100 120
Time /s

K8 L G, .G, MG, KXt
Fig.8 Comparison between G, .G, and G,

Comparison of z-axis overload /g

0 20 40 60 80 100 120
Time /s

B9 LS G. .G MG, BN
Fig.9 Comparison between G..G. and G.

2 BN T PIRE L B RORIT L, 25 R R
{5 FLEF RN T 30s B R AR SR 1k 1 T SRR A B
/b 2005 EL E] K T 30s I, B R Ak 5 vk 3 4 RE
INERTE N

T2 MHEENOREILL
Table 2 Comparison of the running time for the

two algorithms

. . . Running time of the  Running time of the
Simulation time

optimization algorithm inversion algorithm

1s 2.9s 15.57s
10s 4.49s 16.11s
20s 6.94s 18.21s
30s 10.53s 20.43s
60s 35.85s 21.79s
120s 86.22s 23.5s
5 #ig

AR SRR R = A AN B O BN B S A 4 5
LTRSS E R TAR RS T T 8 F i
Tk A RN TR A £ R TR 14 Tk R
B A5 02 2 B AU 45 SR TEOIORS A B2 Hh T = 4 i
JEE i ALY SR AR 3 i L IF AT T HRAE. 5 Vida-
kovic F5 1 Hy SR 08 S0k A LE e AL AL B i TS S
A 2 2t 2k 55 A e 8 £ = T A O 45 L oK
TV T e R SR Y A e O L B O A B 1 AN Y
SRS It = N T R T O I A L I AN
iR BB DL L

S 2% 3k

(1] SefitA. B, mZ2E RRER SN R



48 g o o 5 E M o M 2024 4E45 22 %
ARLT] 2B, 2002, 32(3): 45—48. [12] H#i5k, XVEA, R, 5. B =4E.ol Racm il
CHAI S ], TONG Z X, GAO Y X. Future air com- B LT ], U s LR R 22 4le, 2015, 41
bat and thrust vectoring technology [J]. Aeronauti- (2): 283—288.
cal Computer Technique, 2002, 32(3): 45—48. (in CHANG L, LIU Z H, WEN N, et al. Configura-
Chinese) tion and mathematical modeling for advanced three-

[2]  KVRGIC V M. VIDAKOVIC ] Z, LUTOVAC M axis centrifuge system [J7. Journal of Beijing Uni-
M, et al. A control algorithm for a centrifuge mo- versity of Aeronautics and Astronautics, 2015, 41
tion simulator [J]. Robotics and Computer-Integrat- (2): 283—288. (in Chinese)
ed Manufacturing, 2014, 30(4): 399—412. (131 SRZREE. WU, — 28 AT & 3l 245 78 Ak 32 B2 A5 4003k

(3]  WkE R, BiEEE, 4wl izs ek B AR B A2 0 i Y BB R ] RAE TR, 2015, 12(5): 56—
SR AT, iz F B, 2004, 32(5): 189—196. 60-+110.

(4] HaENIL TCAT A G 3R 5 R3Sk OF T B il ) HR T ZHANG D F, OU F. Simulation test principle for a
ZRF5E[D]. Ki%E TIRTE K22, 2008. type of aircrafts with variable accelerations [ J]. E-

[5] KIM S, NAM W, KIL H, et al. Formal verification quipment Environmental Engineering, 2015, 12(5) ;
of a gravity-induced loss-of-consciousness monito- 56—60-+110. (in Chinese)
ring system for aircraft [JJ]. Computing in Science & [14] M5, ©A54e, AR, & & TR SREE
Engineering, 2014, 16(5): 96—103. AR L)) MLA R B, 2022, 44(5) .

[6] BURTON R R. G-induced loss of consciousness: 1156—1161.
definition, history, current status [ J]. Aviation, LUO P, HU R H, BAI]J L, et al. Research on high
Space, and Environmental Medicine, 1988, 59(1): precision G-load simulation algorithm of dynamic
2—5. flight simulator [ J ]. Journal of Mechanical

[7] LYONS T J, HARDING R, FREEMAN ], et al. Strength, 2022, 44(5): 1156 —1161. (in Chinese)
G-induced loss of consciousness accidents: USAF [15] 2R3r3C, xIE, 185, sha& AT B LA 2t iE 3h i
experience 1982 — 1990 [J]. Aviation, Space, and RIS )] R KM CARBI2EMD » 2015, 55
Environmental Medicine, 1992, 63(1): 60—66. (7): 709—715.

(8] Hi/ME. WHIR. M)A, S5 RAT 5L Il D) GUAN L W, LIU H, FU M. Real-time motion
Shimrimt e R WursE R ] OMEARE, 2023, planning algorithm for dynamic flight simulators
35(2): 196—199. [J]. Journal of Tsinghua University (Science and
LAN X H, CAO Y J. REN Q T. et al. Research Technology), 2015, 55(7): 709—715.(in Chinese)
progress in relationship between cardiopulmonary [16] VIDAKOVIC J, LAZAREVIC M, KVRGIC V, et
reserve and G-tolerance in pilots [J]. Chinese Heart al. Comparison of numerical simulation models for
Journal, 2023, 35(2): 196—199. (in Chinese) open loop flight simulations in the human centrifuge

(9] B, &9, i, % T RRAEOHLIZGS [J]. PAMM, 2013, 13(1): 485—486.
RMEWIE AT L) ], &S EEER¥ ¥4, 2023, 4 [17] VIDAKOVIC ], FERENC G, LUTOVAC M, et al.
(1): 58—61. Development and implementation of an algorithm for
YANG J H, JIN Z, XU Y, et al. Cross-sectional a- calculating angular velocity of main arm of human
nalysis of the results from manned centrifuge train- centrifuge [ C]//2012 15th International Power E-
ing for pilots [J]. Journal of Air Force Medical Uni- lectronics and Motion Control Conference (EPE/
versity, 2023, 44(1): 58—61. (in Chinese) PEMC). New York: 2012.

[10] BHERE. #AEOHLLHEN AIM]. Jb5t. FEE5 Tk [18] CROSBIE R, KIEFER D. Controlling the human
H AL, 2004, centrifuge as a force and motion platform for the dy-
LU H L. Human centrifuge and its application [ M]. namic flight simulator [ C]//Flight Simulation
Beijing: National Defense Industry Press. 2004. (in Technologies Conference. Reston, Virginia: AIAA,
Chinese) 1985: 1742.

[11] VAN LOON J J W A. The human centrifuge [J]. [19] TSAIM H, SHIH M C. G-load tracking control of

Microgravity Science and Technology, 2009, 21(1) .
203—207.

a centrifuge driven by servo hydraulic systems []].

Proceedings of the Institution of Mechanical Engi-



5 6 41 X FRITAE = BN B PN E

JE 3o A ST 1L T 2 5 Bk 19

neers, Part G: Journal of Aerospace Engineering,
2009, 223(6): 669—682.

[20] LIU H, GUAN L W. Dynamic modeling of a high-
dynamic flight simulator [J]. Applied Mechanics and
Materials, 2014, 687—691: 610—615.

PR A: SKFEEX

Al BoHFEERMEMAEHHEXITE
R a8 WA A T R AT AL 5 e N )

7][11_’;:]3 i)’nlJT‘ﬁ‘%:{&%ﬁ qz 1+%: —tﬁﬂ
F
¢ =atan2(G,, +G, /1 -G, +G3, .1 —G?)

(AD)
HAEEENE, HAWE G, +1>G) i, A4
RETE B VR 5%, 75 WA B 35 31 35059 0% M s i 3k
.55 g, PIJF, T LLE 2 \JC(8>EF’§§ N
WS AT g, O
5 qq  THRAR N
qs =atan2(G,, 6 +G,

b+ G2, — G, bt —G)
(A2)

HAbo=G,s. +C2.IEJIE9/\ﬁ{W‘ij +G3, >G,

BF, A BETHEE Hh ARE A A1, 75 DUAS fig 3K 1) T 490 1 A 1)

PIIBEYE A S BRI A Ay 0 i N P i = /NS

q; = aan2(G,,b +G. b +G, — G5, .GE—GL)

(A3)

A2 BONMEREEAREENEXTE
H1 22 30 CL0) AT RT3 50 AL B4 i 48 e
G - (170 +( y0 +Gio

Jai+al 4+ g*

ri(qi +qi)+g° (A4)

h\»—‘ 09\~

TEAR /N R [B] B P o 28 A8 Ak 6 m] DL Lok 18
i, A R R (AD R S5 E]

A @i et ) e dt .

IR T R SR A R, AR SR A
TR BT JC AR AR SCH I HE AT Lo A (5] ok 2500 2%
T BT R A A Ry — I E ALK TR IZ D KR
A

a4 =apee T AN (A6)
Horf @ e g b — AN I 8] 25 19 s B2 iy 5C CAS) af
G

(a®* — g™ /r’ =qi +qi =k (A7)
k FIEN
p—{ope FASA) = (A8)
r
FOAF (AT AT E, W15 3] 22T ¢, W
FFECAD)
2&z%%z¢kf4% (A9)
FHZ A4 5 R AT oK A BRI AT 45 2 85 .0 AL 32 e
R A g,
=VEsn (ke +JEC,) (A10)
IAECAL0) Sy i 7T B ARG TR PR, Cr = — 2k

B ) B BT 2 B SORUR T 45 5 i 2

X
. t] 117 211V s
QI'_V%(' +120 15600 3536000]4Atl

(A1D)
R, =Vk (+Cp) o BIRAE LT A il
AN B O HL 3 e FE R A g, ROME.

A3 BOHETEHSHMITE

FIFH 22 53 75 ¥ 0T DA S 85 0 L H B 5% Bl AE
A1) 20 1 A BE L AR hn R
. q 7q prev .
i :“Aitl)’ q1 =G T O2g, (A12)
- (92 — Qoprev) PR (QZ - QZ[Jrex')
a4 At r At
(A13)
© (qs — QSr)ruv) R (QS - C‘]Bprcv)
4 At r@ At

(A14)



