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Abstract: Dynamic acceleration simulation on three-axis centrifuge is important to test some
precision instruments’ performance under high G-load conditions. In order to select proper
kinematic parameters to carry out dynamic acceleration simulations, a desired G-load curve is
symmetrically constructed so that the kinematic parameters could be calculated inversely. First,
the centrifuge system’s kinematics model is established through the motion synthesis method and
matrix rotation method. Then, kinematic parameters’ calculation formulas are derived based on
the kinematics modeling. The rotation angle, angle velocity and angle acceleration of each
revolute joint are obtained by recursive method. To verify the algorithm, the G-load generated by
RecurDyn, which uses the algorithm’s results as input, is contrasted with the desired G-load.
The result shows that the algorithm is viable and the maximum absolute error is less than 0. 1g.
Keywords: three-axis centrifuge; kinematics model; 3D acceleration simulation; inversion of

motion parameters

Wi M 2017-02-07,  fEHF@A: BUEA992—) & WA R WA GEGER L. ml#%. ££0H:. BEXAKE
HH ST NS S P E T Y T B G 5L 4 B H (U1630120),
R0 2% H Rt TE] . 2017-06-28 2% Bl . http: / www. enki. net/kems/detail/61. 1069. T. 20170628. 1709. 004. html



160 [ . ]

PN S 551 %

Wi % TR A 2 A B & R, RMLAIL 3h 1 i R
PR LR AT AR R s P AR A i
ik 9g (g R E FT sk B o i i AR AL K ik 9g/
U A R I R AT IR A P IR R = e
B A i B e 2R A SR R R AR SRRSO
TR IR, 20 2 for JC vk MR B S PR AT o AR R 2 e 1 =
Yt sh A FEVE TR P EOLAE AT P ™. Ik,
T J = 2 75 10 3 3 3k A A 0L 6 2 25 A R A R &
JR ) — A SRR ER Y,

= A0 P g AL E 2 RO L T
J& il = G T 10 B R e g ok BB sh A i
B, HWE AR L KT E.OHLIE 82 1F 0] 51 oF
FEUS X F B0 HLAS Bl 2 3 ) A A 5 32 ) £
ST, H AR A R — T R = 0 L,
1132 2h 2 oy A7 15 B 50 R 5% sh A 0L T 3B 2h 2 80U T
fpt o R AR I 45 I T A Ak A B Y a8 B 2 R R, A
LT XG0 BT e N7 U B AR T AR A A
B SERE S AL LY . Richard 25 R fif i 2%
Wy B 3 e B A Y. Vidakovie % 2R ] Jaccobi
66 1520 P RO At Bl o R T AL L R R AR Y LK
5 2 3k A8 A5 R 1) 25 B DR A Ak AR TR AR

G54 BUAT WE 5, A SR FH R 388 XoF R i 28 A 3o 4
AT A I ek A o AR O B R S U
15 T A SO UE TSRS 0 RT A T A O A
] = 23 o 1§10 o

B E R
U O MLV B Bl AR AT i R P RS R
(A it 5 4% 9 5% F 19 5% s A XAl S7 . L Denavit-
Hartenberg 280 E X% (D-H )M 5 &L AL
AR FR A O ALAR BR FRoR IR I 1R 2 R
Bz yozo 45 TEFELPE I ayx FSSHESE 3 YLkt T
L bR R

1.1

q
ﬁﬁf% " mmeT

Feg T

Bl 50RO HLAR AR R om R

http: / www. jdxb. cn  http: //zkxb. xjtu. edu. cn

W A A o 2% 5 i i A o 2R ) B A O R K

C1$283 1€z C183C3 — 8183
D= |—s55 —c 5185051 C18; (D
— (9 83 — 8, — C2C3
HH s .0 N sinlg) cos(g) TS .i=1,2,3,
1.2 HFEE

H132 3l i T A B0 L A% e 1 1) 246 X
JEE . 26 X5k A I 1 5 2R

a1 — O, —Q—a),, — ; +iI,‘+1 (2)
d)H,l == w - (;),- + (é,ﬂ + o X ‘.1;'71)
(3
:EEEF‘:(‘b:[O 0 é]l]T;(.lzz[-Vl -G O]Téz;q:s
:I:Czcl Co 8 45'2]’]‘(.130
i A A8 A 28 A o 1 46 6 o ek E Ay
"’3 = L[* 51&1 *leﬁ Clél 751(.1% O]T 4)

KL Ro SMEERIRRIES o0 EEE,

55 3 PG PAT B — 0 M TERE R AL bR & (47
BREMBERLIRRERBER R r=1r, r,r.]",
Fl AR R IR BN 1=, r, 1
MK FR N ro=Dr,

R M2 in o B Ry

a=v,+w; Xr +wo X Xr) (5

oo LEE R [, r, 7 ] B
e ABTERE AR R P L ry o] RS BE R
M AL E e 54 O R A F) r AR R a)
THE A M % ek B

ASL ML 248 o8 Jin T RE ) B A A A AR R Ok T R

KA la, a, a. ) JHEARRBEREWRIEN
[a, @y, a7 i AR RR 2 2 A O e e 2 78
[a.x' a., a:]’[‘ - Dil [a“o aym a‘o ]T (6)

2 (5) L (6) J2 fim 2 J32 55 3 [] R0 e 1 L
1.3 EZEEFEEEIE
H T A A A e R A e AR AR R 2 (]
(R e 3 B By tE R S Dl TR R R B R S 2k
18 3 2 HOR 60 IE 8L R 2R R G 7 B
(RecurDyn) #4705 A5 , X B AR A JE AT 500
BOMEREBEK N 8 m, B 3 R T L&
WwHhlr, r, r.J"=[—0.35 0.67 0.1]" By M
HMEE . MR 2V 8 n = q. =5 =0 rad, ¥ 1R
MR ¢, =0 rad/s,q, =6 rad/s.q; =3 rad/s &
f#E g, = 2x rad/s’.q, = 1. 8x rad/s’.q; = 1. 8=
rad/s” o f b 38 Z 800 AR I8 Bl A B AR B A




%093 W5 Zhhs o tlis

SEARLAN B 7 ol R AU 1k

161

RecurDyn fij HABIRL L H3 2 s N M 208 363 i 7
Wt A Al b 2 45 Al L A o0 R T SR R A (AT 2

FR .
1400 [~ H 800 —s— B 4L
| =1 BAE i EfE
1 000 400
T 600 I T 0
£ g
< 200 | <400
-200 N -800
-600 1 l -1200 L !
0 1 1 2 0 1 2
B [8]/s B [H)/s B [8)/s
(a)x J5 Il (b y I (c)z

2 i R AR

P B 50 25 R A AR R RS R W) AL Wik
TSR IE B .
2 BEFoRMEL
FE =l B O AL b T R R AR L 1 OC
T T 0 T30 0 R A R L B 8 A U T
£ BE AN RIS S S A R A e g iR
AL 0 A I
o s gk A ) A R B A A AR R RS SR
PEG XS AL a 5E I IMASE ¢ 09 HAE
G=ua/g 7
W GRKARRERENLG, G, G ", E LR
ZIERH NG, G, G, ",
R R G R H N R
_ L(gi +gD'"”
g
KO HKT q WE LMD TR R
K. BUBINISEIR] 3] Ae ., 5 R A f o EE AT DT
1

G, (8

Qs = Qo T a A (9
R OMRARX ) i EZE AC L AC & B
WL AR R T g W —J0 W5 B LR i 15 3 3 e
{14 3 3
@=L 240 A6, AGE gt/
L' —qi , —24¢% , A ](A+6¢1 , Acf)
(10)
210 g B SRR 2 b 20T R B Be A5 P )
MR A+6¢7 , APIGE , cug’ /L —qi . —2q] AL
A REA B, R ICR . BTk — (Rl SCERL13 ]2k H]
Jacobi 1 [ p& B A7 5K A . 32 5 125 B8 TF 53 28 A )
BB EEE B sh S8R I BB AR i AR AL

http: / www. jdxb. cn

M RIRZEN 0.49g. SCERLI1 ]I 775 T — 4k 4G
(E AR50 L LU 2Bz 3 2 Bod 57 8ol 1 L A2 4R
55 A8 B 8 ok 808 A A A A A B A R 5
BB g o IRIETR RS BE RO P 1 R B
[F1] B 8 DDA O o 7 SR A 3 Xt o i 288 119 07 3% » 1)
BBOR A 7R BN E 3 BT 7R« 0~ ¢, BNy 3B
(SRR 3 5 X R B0 o 28 B ot £ i 1 R 2 T /e
7 1) 2 HEAT SR A

3 I EBOR R B

Ao 28 P A R B 0 R AT B L A SR A B R 5 B
PR A bR 2 R A 23 22 8] 9 OG22 A

G, = (G, 51 — Gy o)) +5,(Gy sy Gy sisy) 1
G, = ¢ (— GIO ¢ — Gy” s1)
G. = (G, 150 — Gy s15:) +53(Gy o0 — Gy s1) J
(1D
KA FRAAATBIER 2.3 G+ I e sl 12
q: = arccos(— G, /(G, ¢, +G, 51))  (12)
q; = arcsin(G, /A"?) — ¢, (13)
o

q; = arcsin(G./B"*) — ¢, (14)

K :A=(G, 51 =G, )+ (G, c15. TG, 5157
B= (GIO 5 —Gv\,U )P+ (G~1‘o €18y JrGyU $1850)%
sin(g ) =(G, 51 =G, c1) /A"
cos(p) = (G, 15 +G, 5150 /A%
sin(¢;) = (Gro €15y +(}y() $15,)/BY%;
cos(¢g) = (G, e —G, s1) /B,

FR A b S e S8 B S i 33 20 =X B T o 2k

(14 iz S 280 18 S S HOR AR WA 4 s .

3 b BN A R Bk

B F A b AN [ R A T e A A0 R ARk
RigzashZ 8., UitERANEIZ 0N R %M
A AE RecurDyn # 47 F0 850 AL ik 48045 1 04 i
TN JEE 36T e A H 25 2R T (A =2 8] A 22 e SR IE T
FLW P ATYE S A R A R e . RO L
T 5 U 2l i (AR 1) i B 1 1 07 U 3 i

http: // zkxb. xjtu. edu. cn




H.
s
4

1 %51 &

SHPIHE 16 AR I K, B )25 KA
KL N=t/At

WMABHEE: G, G, G,

WRIBEN S B 4 4

THHE AT B G R I P BB
¥

3 X FR 0 B, 3 v g,
W RS

iz B S HOR R AR

R A B 1) B o 2 A A AL B B TS o 2t
a5 R . wuy J7 G EAEIE N 0,2 7 1) i
Hi 1g Pl 6g/s BIZRAL RN ZE 13 IR 4 s i J5
LA dg/s BASLREBE 1g, W3 7.2 s THIRLL 8g/s
AR RN 2 6. PR 4F 8. 8 s, M LA 5g/s 78
HREHEE 1g.

141
12
10
- 8
o
O 6
4
2
; 4 6
fiF 18]/
B 5 S T a2 i £k
WIRIBNZH N :q, =0 rad,q, =0. 5x rad, g, =

—x rad,q, = (g/L)"* rad/s,q, =q; =0 rad/s, R
BRI B O R Tz S8 iz s 25
HRARWME 6 Frox. ¥E 6 Frissi ]RIEN RS M
A 430 R B S R AL T RecurDyn 5144 )7 B AU
T A R i B O U A O T, B
i A5 R AN = U ARt i 7.8 R .
B T ok A8 B A SR AR T AR i
R o 28 A R e KA XS R 25 R 0. 062 8¢,
A7 Bl 3l 5 WU G Y B R 4 xR 22 R

http: / www. jdxb. cn

http: // zkxb. xjtu. edu. cn

IS
~

- b
"o =,
. o
B’ E
P B o
2 "
& = -2
&
1 1 _4 1 ]
0 10 0 10

5
B [8)/s
(b5 1 ST Fa Ik

5
Bt 1R)/s
(O 1 9fk T

3.0p -2.0
251 -2.5
° 2.0F 9 -3.0
& =
S1.5F =-3.5
L.of -4.0
0.5 L 1 4, L '
0 5 10 h 5 10
i 1a)/s B [A)/s

(O 2 HH TR A (D 3 Y THe
6 BB HER

0.10 0.10

o o
2E
) 0.05F R 0.05} Ig%%
‘h-i Q()()-&Wo&o&om ‘t."i\ 0.00F
© 0
-0.05} -0.05}F
010y 5 T 5 10
i [6)/s I /s
() x J7 ] 33 4% (b)y J5 1] 3 48
—— T
-3 1
—— i H A
5 0
HF 18]/s
()2 F7 it 2

BT B B A AR

1 1 1 128 J
o 20 40 60 80 100 120 140

I [8)/s
B8 =l T K i £k

0.045 9g. —HhzshZHOTHA 45 R A & 07 1R
Wil 9,10 fron . BB RERSTH A A 4 P i
IR R XTIRZE T 3X10 " g B Hoad B fH 5




%o

W g 55 =0 B0 WL Bl 2 R A i s

JE AU B 1 163

T A B R4 xR 2R 0. 011 4g,

15¢ 0.08-

- D

1.4 2 0.04f

3 2

s13F & 0.00

g1 2 g 0.04

‘1L z

11 ' ' -0.08 ' ' ,
0 50 100 150 0 50 100 150
I /s i [E/s

(O 1 st 1M

(b)Y SR 1 %% T 1 i g 2

2.01 -2.8F
1.8F 2ok
o
g £ 3.0t
SIS &
1.2¢ —3ar
1 1 ] _3.2 1 1 ]
1.0 50 100 150 0 50 100 150

B [Al/s B [/
()5 2 3% 1 e fi (DH 3 FfeTHe S
Klo  =Hhizsh ZHOHRAR

0.5 Lor —— T A E
——TRHAME
0.4 i B L A
T 03 i - O RECES ﬁ
% ®0.0
0.2 o g
0.1 -0.51
0.04 ol VPSS 1 —1.0 I 1 )
0 50 100 150 "0 50 100 150
i 8]/s i E)/s
(a)x J7 In) 1o 3] (b) y J7 I 1 2%,
2.0
_ 18
‘901.6
1.4
1.2
1.04
0
(o) z J5 it 4%
B 10 =it 25 m AR
4 %5 1B

AR SC LA A = A O R T A G s s B
RS 3T 0 R ok A H AR JF R T RS O bl
B EIE R B @RS S HOTE . R LS
TR R A9 A 70 %o B 3 T AT ik O LI 45 R 5 i
S0 3k 28 v B 5 SC v K T e L R b A AR LA A K
Y XF IR ZELE 0. 07g AP e SCHR [ 13 A B K 4 %
W22 0. 49g /N, BRIk 3E AL SR, BE 0% 7
e B [F A B A B ML E . BT R ) TAE R = Al
B0 P 28 f (9 BT R AIE T SRS A
k.

http: / www. jdxb. cn

S % Uk

(1]

(2]

(3]

[4]

(5]

[6]

[7]

(8]

http: // zkxb. xjtu. edu. cn

Sett R, HEOPH, MEE. RRE RS RERAR
(0. iz itk . 2002, 32(3): 45-48.

CHALI Shijie, TONG Zhongxiang, GAO Yanxi. Fu-
ture air combat and thrust vectoring technology [J].
Aeronautical Computer Technique, 2002, 32(3): 45-
48.

KVRGIC V M, VIDAKOVIC ] Z, LUTOVAC M M,
et al. A control algorithm for a centrifuge motion sim-
ulator [J]. Robotics and Computer-integrated Manu-
facturing, 2014, 30(4): 399-412.

R, XNIEMR, Wb, % B8 =4 800 R 5k T
Bt (1], db s it R R34k, 2015, 41
(2): 283-288.

CHANG Le, LIU Zhenghua, WEN Nuan, et al. Con-
figuration and mathematical modeling for advanced
three-axis centrifuge system [J]. Journal of Bejing
University of Aeronautics and Astronautics, 2015, 41
(2). 283-288.

KRB, WA, S RATRILAS S H R et ik
FWEE T/, 2015, 12(5): 11-18.

SONG Qiong, HU Ronghua.

[J]. %

Summarization of dy-
namic flight simulator and its development [ J]. Equip-
ment Environmental Engineering, 2015, 12(5) . 11-18.
WS WRAR. — BT AL gl A AT I B LA K A2 g
o [, RGEA5E2ER . 2009, 21(s2): 112-114.
MA Jie, YAO Yu.

Kinematics analysis of new flight

acceleration simulator [J]. Journal of System Simula-

tion, 2009, 21(s2) . 112-114.
Bl BeAkds . Rk, BT A RO LR
W BET- &5 07 R BEPE ST [T, iR #2014, 32

(2): 9-17.
YANG Ye, LIANG Luyang, WU Hao, et al. Inertial
platform modeling and simulation based on centrifuge
test with a rotating table [J]. Aerospace Control,
2014, 32(2): 9-17.

BB IR RS A o B AL e A A
AR B T/, 2010, 27(4)

JIA Puzhao.

B AL [,
534-541.

Steady state acceleration simulation test
centrifuge design [J]. Spacecraft Environ-
ment Engineering, 2010, 27(4) . 534-541.

BEEET, ek, fhok, %S T ORELC HLM IE %
HERCA AN Sy (1], o E B R R 24, 2007,
15(2): 252-254.

LIAO Jianping, LONG Zuhong, XU Yong. et al. Sine

equipment;

acceleration model based on double centrifuge [J].
Journal of Chinese Inertial Technology., 2007, 15(2):

252-254.




164 [ TS S R N S 551 %
(9] H®RAE., BBE. WAGE. &. FFEHHL AT R = fln ik planning algorithm for dynamic flight simulators [J].
L ER ST ENE . 250 %0, Journal of Tsinghua University (Science &. Technolo-
2006, 18(s2) . 28-30. gy), 2015, 55(7): 709-715.
YOU Junsheng, YOU Yong. XU Xuyao, et al. Re- [12] RICHARD C, DENNIS K. Controlling the human
search for modeling and simulation of pilot three-shaft centrifuge as a force and motion platform for the dy-
acceleration [ J]. Journal of System Simulation, 2006, namic flight simulation[ EB/OL7]. [2017-01-16 ]. ht-
18(s2): 28-30. tps: // arc. aiaa. org/doi/pdf/10. 2514/6. 1985-1742.
(10 SRAREE, Bk, —JET0AT A% 3 245 48 10 o o 2 ALl 48 [13] VIDAKOVIC J, FERENC G, LUTOVAC M, et al.
JFHIRZE [J]. BEHFRBE TR, 2015, 12(5): 56-60. Development and implementation of an algorithm for
ZHANG Dongfeng, OU Feng. Simulation test princi- calculating angular velocity of main arm of human cen-
ple for a type of aircrafts with variable accelerations trifuge [C]//15th International Power Electronics and
[J]. Equipment Environmental Engineering, 2015, 12 Motion Control Conference. Piscataway, NJ, USA.
(5): 56-60. IEEE, 2012 13256171.
(117 KSr3C. XE, ATdE. 28 AT R 8 92 i 12 g #L R (14] EWEEL, B, UM R G 2l Jy %00 5 0 5
SRk L)) AR RS2 4R CAHARRARO - 2015, 55(7) (M. dbst: Bhe i pst . 2010 8-12.
709-715. (i A
GUAN Liwen, LIU Hui, FU Meng. Real-time motion
(#2543 7O
(2R 2 o 5 0 TR A R 158 807-815.
S AR VRV R L LA A ] R AR 6 i I H 3 % [7] LEWIS B, ELBE G V. Determination of the speed of
S B AR S T flames and the temperature distribution in a spherical
(3) 7 [l HL 35 36 F3R M 0 42 S AL 0 52 4 R bolmbf fr;m timlefp}:essure explosion records [J]. Jour-
. N N nal of Chemical Physics, 1934, 2(5): 283-290.
) 9 26 57 1L 5 P 2 R 0 257 AR (8] SELLE A. RIEDEL U, FAUCHAIS P, et al. Heat
TEEE%,VEFH_FIEEE&?% ST and mass transfer under plasma conditions [ M]. New
York, USA: Academy of Sciences, 1999.: 72-80.
S [9] ALTENDORFNER F. KUHL J. ZIGAN L. Study of
(1] WEINBERGF J. Advanced combustion method [M]. the influence of electric fields on flames using planar
New York, USA: Academic Press, 1986 331-332. LIF and PIV techniques [J]. Proceedings of the Com-
(2] VEGA E V. LEE K Y. An experimental study on bustion Institute. 2011, 33(2); 3195-3201,
laminar CH, /O, /N, premixed flames under an electric [10] LAWTON J. WEINBERG F J. Electrical aspects of
field [J]. J Mech Sci Technol, 2008, 22(2). 312-319. combustion [M]. Oxford, UK; Clarendon Press,
[3] HU]J, RIVIN B, SHER E. The effect of an electric 1969 70.
field on the shape of co-flowing and candle type meth- [11] van den BOOM J, KONNOV A, VERHASSELT A,
ane-air flame [J]. Experimental Thermal and Fluid et al. The effect of a DC electric field on the laminar
Science, 2000, 21(1/2/3): 124-133. burning velocity of premixed methane/air flames [J].
(4] MARCUM S D, GANGULY B N. Electric field in- Proceedings of the Combustion Institute, 2009, 32
duced flame speed modification [J]. Combustion and (1). 1237-1244.
Flame, 2005. 143(1/2): 27-36. [12] BISETTI F, MORSLI M E. Calculation and analysis
(5] KIM MK, CHUNG S H, KIM H H. Effect of elec- of the mobility and diffusion coefficient of thermal elec-
tric fields on the stabilization of premixed laminar Bun- trons in methane/air premixed flames [J]. Combustion
sen flames at low AC frequency: bi-ionic wind effect and Flame, 2012, 159(12) . 3518-3521.
[J]. Combustion and Flame, 2012, 153 (3). 1151- [13] FIALKOV A B. Investigations on ions in flames [J].

1159.
[6] DUAN H, WU X M, SUN T Q, et al. Effects of
electric field intensity and distribution on flame propa-

gation speed of CH, /O, /N, flames [J]. Fuels, 2015,

http: / www. jdxb. cn

http: // zkxb. xjtu. edu. cn

Progress in Energy & Combustion Science, 1997, 23.
399-528.
(i 40




