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Frame angle solution and experimental research of full-pose
four-axis turntable with pose constraints based on augmented
multiplier method

ZHAO Yuhao, LIU Jun, SU Hao., ZHONG Zhenghu

(Beijing Institute of Aerospace Control Devices, Beijing 100039, China)

Abstract: Due to the kinematic singularity of the three-axis turntable in the simulation process, it
is difficult to simulate large angle flight motions with full attitude. The four-axis turntable effec-
tively avoids the singularity by adding a redundant axis to the three-axis turntable, exploiting the
characteristics of redundant degrees of freedom. Normally, the solution for the full-pose four-axis
turntable is based on its continuous rotation. However, it is more common to use turntables with
pose constraints due to cost and structural size requirements. In order to simulate the large angle
flight motion using four-axis turntables with pose constraints, the augmented multiplier method is
adopted, where the pose constraints of the frame are used as new inequality constraints and includ-
ed in the optimization solution to ensure reasonable operation. Simulation experiments are conduc-
ted. The experimental calculation error comparison of the new algorithm and the continuous rota-
tion-based algorithm validates the feasibility of the augmented multiplier method and shows that

its small angle solution accuracy is superior to the constrained optimization method. Meanwhile,
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the accuracy of the large angle solution is only one order of magnitude behind that of the small an-

gle solution. This study explores the feasibility of the augmented multiplier method in the simula-

tion of four-axis turntables with pose constraints, achieving high simulation accuracy while

meeting the real-time requirements of the turntable, and laying the foundation for subsequent ac-

curacy optimization.

Key words: Four-axis turntable; Frame pose constraints; Augmented multiplier method; Iterative algo-

rithm

0 3

= L R S O L R A A
WA Z— B AT AR AT e 78 25 (8] R e A 40 A
PR 3 AL, I AT RS B B 1 45 Fh R S
B3 M B IR . T = B L A b
— ISR W S O (B A0SR = B E TAE
E AR B R A A O el 3 A F R IR AL
2 A BB, MBS sh A R AT JE Ik A a8
B 3 ~AMENESEZEY . T2Z . BNEHFRE T2
LA VU5 B B RS R — A0 R0 H BB,
fifi 2 AHE SR IC & okt JF 45 S5 00 B, DA ok A HE 22 0l IR
G ARG e T XA R, AR R S A
TR B 22 IR T A S I i 2 AU = &
DAL, B 52 e 9 3 S 030, IR0 B i 1 R0 PE AR
LA KRR TE T A A 1

SR, VO h % 6 A0 L =B & 7 2 m it &
WA IR S e L sl A . S T IR B
T RN A 235 T SR e e 4 B U TR R
B 5% 5 B AR 2 208 AR R, AT ™ i BRI R
1) 3 A PR g B R A AR FRURN o 28 o 23 R N7 M G R B
S5 R T E B . AR S B ] Pk B e BR A
VR A HE QLA B T B A R Y IR
il o AT LA 98 /)N HE B2 B R B, AT 5 24 ) A 5 HL
TR TS . DR 0 5k #0257 0% S e i 1 =
My, AR TCIE BN TR 7% & B fE 2 KRN
Wi BB A B R A B AR R .
L, AN U4 B BE AL F L, Dubey 2B 3T
B BEARSE VL 4R 1Y T — ol A0 SK A e AT L O 3 Oy
o AHH SN 2 A T G vk RS B 4 R Ik EAT
TR S BB R B A AT B AL L 1 R E
B — G DT AR 5 OC A A5 R B A Sife I IR N
K BE L IR e L 2 f k. O 4R AT b D inBUR B 4R
LR RE T HEAE M MEREARE . 2016 AL IR EH LT
P TR AL TUA S Dl O B HE SR 2 R 5 i

i}

Yo T B 28 R G AE AT BB S Hob R R
Ph SRR L 5 T 200 A0 B Gl S A% B H
TR HATE T R S RIEAESR M. 2022
A PRSI AE BEAT T I A S A e 5 HE R A i R
FEOETE AR N T T e S/ NEBOE B R 5 7
S IFHEAT TS 05 FL R I 0 O il 4x S A A LR
BT T A R E T AR B Ak LD
SFURR TR TR O i 1 T

A b 05 vk 0 02 T % 3 HE 2R AT 3 2 e B v A% 1
THERE L A TR G i A5
S T 3 115 - 51 AHE B BR AL 249 3R 347 Ak 55 1 52
W SE . T BB TE L 4 A HE SR f 0 28 2 PR K
VR A 55 32y o 2% A IO il e £ 1) RE 2 i B3 0
Rt AREHE 6 1938 3 F B AL AT 2R AR LAk
T AR B A9 &7 5 . OF 55 i SR e FL A0 L B LB
FOR BE NS I P AT AN [a] B 322 25 A 03 sk, e
T 15 S IR ORI 25 1F R ARG T AR Y 0
RiEE R T IRO e & g % .

1 R MEHFE SR FRE

1.1 MiHEEMNIIERE

VUl & e = S LRk LR — 45
HHE SR [R) 5 1) ) BEHE Bl J8 T LAY A TU AR B B R
BURE . 75 AR AR o, DU 4% & R 043 3l 9 52 3
iz 2 AT S, DT PR B A% 5 RE IS B IL RAT SR AE S
[E] 3 A~J5 ) bW @A E g, %5 B 5T 02 o 2
VUL & H M mE 1 iR, L U A e TE
Fib X =5l 5 i LAl 34— AN JEAE 4, 4 A HE
A R AP B AR S FEHE | SMHE | TP HE RN RE , i B
FRESF K 61 46,.05 .0,

KL POl 2 S5 & TAEM R B 4 A
HE S8 11 HE Z2 1 e 5 DIBEIL 8 22 1 3 MBS ¢.0,7
(T e sk A . B30 I, 0 T E B R o R 28 2 i B R
P, X T VU AE B8 0 B L 0k BOIE o A AR RV, 4
ANHE S ER Ah 2 PN AUR B A X T e R R T L3RR



%3 F T 1T I F ik 1 PR A 4 7S DU Bl 5% 45 HE 20 FR f O RN SE IR B 9T 139
cosd; 0 — sind, cos0', sind, O
R, (6, = 0 1 0 ,R.(§,) =|—sind, cosd, O],
sind; O cos0 0 0 1
cosd; 0 — sind; 1 0 0
R, () = 0 1 0 ,R,(8,)=1]0 cosd, sind, @)
sind; O cosO; 0 —sind, cosd,

Bl1 MHEEEMERERE

Fig. 1

[ RE, XF T 3 NS MK UE R 1) AL br & anE
2 s

2 REfnRRE
Fig. 2 Attitude angle rotation

WRMR OY,0Z,0X i JF e A %5 v 1Y e
SR N

cos¢ O —sing
R,(¢)=| 0 1 0
sing 0  cos¢

Schematic of four-axis turntable structure model

cosf  sind O]
R.(0)=|—sind cosfd O
0 0o 1]
1 0 0
R.(y)=1]0 cosy siny (2)
0 —siny cosY |

G IS VU A B 5 HE 2R R L3S AR s B B
Tl 2 I A5 R R
R, (ODR,(GOR.(BOR,(3) = (3
R, (PDR.(OR, (P
1.2 (ZERFAFHEAOEERT
Ry SR 5 HE R i B T AR A S PR I X — HL
AR IMARNVECA B p . BRI — KRR A
LU Zy o, B — N HE ZR X 0] AT B ROIE 5% A0 FE @ e
R/ INTERE A i MOBRSI . Db, B8 b — LR
A 8 AATE LY, 4 il BRI 4 A HE 2R 1Y) S KRN i
INTERE A BE . AR BESE P, B R — AN HE SR BN
HEZE , 47 BIR i (B 22 HE 48 24 o8 b 2 ok H 6] — 7 vk



140

SAUE (5

202545 A

BEINAEFE 2O IE A TE X A AALE X 8, B 25 42 1l
81 TE @ in T @ Z 0]
Amin < 01 = @ (4)
TR TR AL B 2 R IR RN T
ST 0 AR EIE L, B
01 =@ < 0
— 0, tapm <0

[OFF
0, =|w, | =R, R, (6,)R. (3R,
o,
0
R, (GOR, ()6, |+R.
0
S i T 5 T L 7 5
o
., N Jo Ju Ju T
wu |[=d| [ ={Ta Tu Ju Ju| @D
w.. 0 Jau Te Ju T
5

Horb, J HEM A TEBAT LI 4 MES S 0,
8,:04.0, WIER MR ZAFRR, W TRESN
e B W R B HE B F R A% 3 % R T IR R A Ak
AR AR, 55—, T A 3 LR
i TR B o3t SR A4 A HE SR A S L AH X 4G
A A ARENE 3 ATy B HE AT oR gt 3t DR B 40
B UL T 484 2

2 HBIEFIERRERNA

2.1 ERFEIRE

TS ) H 3R 35 2 vl i % SR il 2 SRR (B A9 8]
Ik z — . SR, A5l G 7 v R B e T IR A
156 W 22 24019 [R) AL, ) A o6) 1 A TR) B2 B SRR
DU 5 6F DR B A 2 M AU e 1) R 75 2SR i i U R 4
SR A ot AR IR 5 G A 3 T Il AT RE A7 7 A AR
I, DA, 7 28 iR A ) H OO 19k 9 kA bl
RPN A A TS R BT BRI TR TIE A
AIRKIYPH . — T, & m LA s 7 A X R
AN 2 524 SR 17D L5 5 — Oy T 7 35 e 1 4L
{EARE MR AT RCR b BRI T 4% 4t 19 15 1) R KR
W R IETE H £ 58

1.3 EHFHEBEEFTRE

Xt T B AR & L H s g A R Y
il e 15 R AE 0 Bl 24 114 52 B 2l A HE Z A T R AR 3
Mo RANY . BN EE MBS MR RN
o, AE 3 AT AR bR B B Ao B R (0o,
@) s TR ] LIRS LUE J5

0 0
(|8, |[++R.(GOR,(3)OR.(3.)] 0 |+
L0 92 6)
.
IR
L 0 ]

I [ BU =8 G ot R E R 9 i N
PRIER, A 5 LR 18 H AR R B LA K 2 IR 1 1Y e 1
ARG 350 R 533 30 9 47 2 AR 1k O Ak 3 29 o 5%
F . FERUGEAC % 7 gl o o/ MEH R B H pR
B P R R R A BT H 3 T, R WUk
fFo X T AR 5 LYo, 1) I 735 R ]
AN TR] e Ak 2y 22 A5 X 20 TROE L A B T eR AR
Hh T AN A 22 SR 3 5 51 A GE A S R EORT B KAk
PRACHEAT A B
2.2 fiLRBEAERXLY R E T %

X 447 A4 5424 4 0 A

minf (x)
sete g, (x) <0 (j=1,2,-

BIAMBAR & 2 = (22,002,007, I H A H
IOES PN

g ix,2) =g, (x)+z! (G=1.2,,m) (8

T2 IR B ) o Sy A X 2 TR A0 A TR) A
NI AT LR Y 2 2 A o i 7 i AT SR i . 1 S e
— AR R TR T - G T RS M
B

'97)1)

M(x.z.4) =f(x)+ 2 A,[g, (x) +=2]+
j=1

%E[g‘j(x)Jrzf]Z (9
i=1

FI I FRAT 2R BREC M (x 22 .4) KT 2z BMR(H.
B4V .M(x,z,4) =0, A[{35]
20, +rlg, )+ =0 G = 1,2,-.m) (10)
BAREA +rg;(x) =0, =7 =047 4, +



5% 3

ST B TR T 0 WL 4 5 25 R £ A4 5 AR B 141

mﬂxw<mwﬁ:—{%,+guﬂo

A

ﬁ‘»—t d,ﬂf

H {max[0, — (A; +rg, (x)]} AD

Z

TE IR b, o] LIRS R T R B E N
M(x,A)=f(x) —5—%? {max[0,4; +

rg; (x) P =2} (12)

XL T T R B AN F L R A AL B

3 H P AR st AR 7 B et S A b . SEBR T

B R X4 B A Ml SR A& T x (0 TC L RAAE

minM (x ), Hriafe 7 iy kR X (13) #E47
A = max{0.,A% +rg; (x)} G = 1,2,-.m) (13)

3 BETHIRFENERABRERZ

3.1 EXRABEEZNRITERIA

55 HA B 5 HE 28 i SO0 AR R O BT — B
FIBRE A SO RIE R SRR E  DUAE 2 1 #Y oF
J7 R ARAL BURR L I it 0 — 2 A AL, 1P

min{%(s 'Wo }

Horpr: 8,.0,.8,,0, 43 B s FEHESE (SMHE 4L | i fE
%*ﬂﬁ\]f@?ﬁﬁ’ﬂ%fﬂﬁlﬁfg;wlawz,wa»wa ﬁ%l“xﬂ‘
I 4 A HE S A R A A (L AL ) B ] DU T
W SEAE SR A HESR I B, — R L R A
S R E S S B s Rk TEY .
B ¥ iz Bl 2E B A vh D0 il 5 5 S8 AE SR 2 52 U Bl
F10 HE By R B2 A% 388 A o3 7 R LA Ry S X 2y e,
HE 22 1) 7 23 PR A A AN 45 2 2 o im A B4 Ak ) Rt
Zr, RiAE 3|
(1~ o
mm{?; w,S;}
hl:]ll ‘81+]12 '82+]13 ’83+
Ju ‘34 —w, =0
hZ:]Zl '81+]22 '82+]23 ’5\3+
]24 * 34 T Wy =0
h3:]31 '31+]32 '82+J33 '63+
]34 '34_601:20
81:84 T max <O

s. t. (15)
F — 04+ @i <O

Hoph R BFEXAN g BRARAFEXALR. £
oK A 15 AN 2 2XOM A 2 ) I 2 309 2% 1R L R A

Hoprt S50 B0 T B o G O £ ) o o
w, T A BB B 5 1 AT RO T o A
we| D566 ST 1y ARG S A AR R T Y 2 B £
w B AR TR G Ac . IR AT 10
w, S35 P B b B 1 B4 5
. 1 0, (t +At)—06,()]?
mln{; 27,Ul|: At :| }
hy:Ji * AL+ T o ASy+J15 o A6+ T« ASy, —wy » At =0
St ARy o o AL 4 Tay o DSy 4+ Ty« A8y + Jor = MYy —wyy » AL =0
hs:Js o A0+ Js e Ay +J35 o A0s + T« AS, —w,. « At =0
21:0, (4 + A1) — @y <0
s. t. (16)
{g‘g:—34(z+Al)+a ,,,,,, <0
Hop

AS; =08t + A1) —46, () an

PR DA A B I B R0 AR 220 9 4 S HE 2R A A

i NGB S A SR A A B U AT L e )

RS ) H 3 1 J7 R S — I 2 AE 2 AR . 42

T W2 HESRR SR 0, (0 + Ao G4 H S & R Y52
FE TR B H R

2
Nﬂﬁ,l)=115(t#*Aﬁ)%*%*}j{maxﬂ%ku4%
rio

3
reg, ()1 =A%+ DAk, (8) +
p=1

3
%fE][hp<5>]2 (18)
p=1

ﬁ%mmo+m»%§};m{&“%£&my
HARRELLL S (¢t +A0) N AZERMIER A, Fd,, 47
AR AN 4 2 24 oA A 5 2 TR G SRS B H
JURT . MSRASHAE LK R 1 B B T R RS B H PR L



142 S A S R

202545 A

I3 R A A A SR i 5 75 8 B R 45 52 Y
max R BOR i 5 A5 5E L AL AT DL Se R 0 AR PR A
IM (@6 ,A) :[ul

P B SR R PR A e . X 0 (A0 SR
SR

e JutJoa e Jat+Ts e 31):| (00 +A) =8 (D] +r(Jy T+

26, (t +A0) AL’
Joa o Jou+Tsa T8, +0a) =8, )] +r(Jy o Jus+JTo o Jos+Ts o Jss) e
0, +Aa) =0 ]+r(Jy e Jut+Ja o JutTa T8 G+ 20 —6, )]+
Aop e Jut2Aom o Ja+A ooy —7r(Jy cwp At +Jo cwy c At + T cwe s Ar) (19

HFER T FEZ. X 8, (t+A) .8, +A8),
8. (t + A) B STEMAFHER, RS A ER
mE—E, REASWS R 0. 58 4 AR

IM(8.A)  IM(§.A) .
230, (t +Ar) T8, (e +Ar)
IM(8.A)  IM(8.,A)
8, (t +At) ’88,1(t+At)_0 (20)

i B R BCE IR AT DA an e X
Knud,(t +At) + K0, + At) +
Ki30:(+A) + Ko, (e + A1) =b,
Knd,(t+ A1) + Kb, (2 + At) +
K03+ A1) +Kupdy(t + A1) =b,

K30, + A + Ky, (e + Ar) + b
K6, 4+ M) + Ky 6, (e + A1) =0,
Koot +A1) + Ko, +Ar) +
K0 +A) +Kuo,(t +Ar) =b,
Hrp Ky ~ Ky Bl A2 G812 EZHE

/%ﬁ;bl ’\’[7,1 J\IJIE@,H 81(1‘)782(1’)783(1’)984(t)9
AsJ W ir s Wy W 5T %Eﬂ%ﬂiﬁgi+%:ito ﬁ:ﬁt%ﬁfﬂ

b AR AR B max bR B AT 4 28 e S A
L AE max PRBCANHL O B, SR A 5 8, R BT
8 (t+An) B, HAEXT 6, (¢ +Ar) 2R A T B 2 A
ML BRI .

A 7000 (1) —an) > 08, K, 755 A
Lt L W b, EJRIERE FIEIN G s @ — A1)

M +r (=8, () Fawm) > 00K, 7ERILRY
R SRR b, FEBRIERE RO G e a0

Zeat PR 2 J5 % b DY oo g R A R AT B R
T A~ A ado ~ Aoy AR, TCIETE 4 N
FIEM THITEZ M. T2 EEAELY
WAL BRI A XF A 1~ A1 s Ao ~ A FEATRTY
AR W 0, B UGE AR T T A A I8 AR
NGS5 XN S E T B < O A A
HEREEOSBls. mMEFE ST T~/ Z
fR 4 ASHE 2R A ) ME Je O Ak 1] B 45 31 TSR
3.2 EERERESE

MRAE R AR E 3 FiR .,

i

A0, r*—r(O n=0

—

M5, A, 1)

=

[ uﬂamlﬁiﬂﬁrﬂ

[ n<n+l ] ?ﬁ@mmM

[#E&E’Afﬁﬁlﬂfﬁ%ﬁ

Dfﬁ‘#]
)

r(n+1)<—pB*r(n)

B3 HEBRERE
Fig. 3 Flow of the algorithm operation



5% 3

BT O T 1 1 B AL 4 28 2 DU Rl £ HE A A SR ST SR BT 5

143

SRS HUP BRINE - E5E 4 A4 R KRR 1H 2
FY o — ORI T 3R 1 oK BOAY A 3« 38 3 SR i e /B %
ST e ek BRI RE A4S B 58 — 21 A 5 SRS L AR 4 P
25 1y e T kAT ACBEAT T T 2 U I A
RN & Sy AR LY E S RPV Y AVE /318 N N e W

A4+ 1) =max[0,1,,(n) +rg,; )] (G =1,2)
Aoy n+1) =1y, ) +7rh,(6) (p=1,2.3)
(22)

U SR AN SR W EACE B9 A A e fE
R A T o T ek B R OR AR AR kT
SR B r fEHE R B AR CRBESE B AHI 2 ~ 10 %Al A
MR JE L ARATT — OB DL RIE 2 AR ik
S H BN R SR (i A BT RE) . Bh
7R 1~ PR KA figk B 2 d DG A 1) AL i

4 fFESEEMSH

BExr B A 28 R Y 42 2225 DU il % 5 i )
L ke = 3 O B 8 BR A B 15 S0 0 s L Tt L S
HhOR 5 3 5 T A 1) DU i e £ R AT A G O 1 A R
SERHPERELEL . TSR X RS B A AR 22 S R

o 105 AT, x 107

HMER 2

RS b TR W G . 78 S i %
A Ui & ry g b, ok 2 TR B Ak BE (B )
DU MR, 8 2 5 0/ f B AR AL 34 S i B AR B
() 4 ANHEZE F B 2, T DA 0L 670 480 1) S B B 3
2 DN L3 52 B 0 SR RN BR3P 8 A8 18 25 . X L]
BARFEEN 9 DS BONEH R 22 B, E 4 Pos.,

I LA, 1R 25 I B HE s 9 AE 10 ~10°,
P& 7 R A LA S 800 R ) ok T
PR il TE B 1 B 8 A 25 BRI L 45 08 A
Bk an il 5 Fi s 45 B A0 HE 42 A A A 20 00 e RN R 2
Bl o e 6 FE 7 R .

ARIFEER R 22 | P HIAE 10 °~10 7, A] LUK
AL/ N FE AR A S IR A I AL T B Tk A &%
J G I W A SRS B A T R R A A T i

R T BRSOy vk Rl M S R S
FE S VAR AR B 22 A, 43 5 A ) AHE B2 T BIR ) F e
aeb o7 35 BRI BE ARE AV E B /0N £ B K A B ) 3 AT 0
H, TETCHESEBR G AR AMAE 28/ A B2 0T 5 45
A A R LR NN P AE B i B3 B 38 2 RN 3R 22 1] 8~
10 frR .

AT, % 10- AT

13

175 ZLI [ /s

B4 AREMALBR-ESANMMDERBHERFRE

Fig. 4 Constrained optimization theory-matrix error of attitude angle and four-frame angle



144 S i S
10
51
— 0
= _s| /
&
E&-10
&
-15¢ — HHEHESf
) — SMIEAEAA
-20¢ — TERESL A
I
1 2 3 4 5 6 7 8 9 10 0O 1 2 3 4 5 6 7 8 9 10
Py ECRa]/s 7 ELI 8/
Bs5 AELESAHATUHTELE Blo W RFEIERABEDITE
Fig. 5 Trajectory lines of given attitude angle change Fig. 6 Augmented multiplier method-solution
trajectory lines of frame angle
%108 AT“ % 106 ATIZ 0 % 1076 ATB
4 10
2
0 3 5
-2
-4 0 0
0 5 10 0 5 10 5 10
x10¢ AT, 202107 AT, PR (U AT,
0
Bl 10
= s 2
o 0
= \
-10 0
0 5 10 0 5 10 5 10
x 10° AT, 0 10-¢ AT, 20 x 1077 AT,
0
10
-5 -2
0
-10 -4
0 5 10 0 5 10 0 5 10
5 FLHf ) /s

B7 WBIrRFEESATNIERANERIRE

Fig. 7 Augmented multiplier method-matrix error of attitude angle and four-frame angle

150
— 5N
— mfish

100f i

/(%)

0 1 2 3 4 5 6 7 8 9 10
{75 FLAE] /s
B8 AEAESHATIHITLE

Fig. 8 Trajectory lines of given large

attitude angle change

2025 4 5 A

T

150F | — Shffe e

ool | it

e pye e /////,//"\
= 50t
i
g‘E O</\ \/\

\

I -50t \

-100 \/

-150
2012 3 4 5 6 7 8 910

B9

75 ELBFE] /s

BIrRTFE IR TAREERERENITL

Fig. 9 Augmented multiplier method-solution trajectory

lines of frame angle with unlimited large attitude angle



145

,x10° AT,
0
-2
0 5 10
sx10® ATy
0
-0 5 10
5 x 1073 A T33
0
- 5 10

7 £ b N _\‘T ! O 7 ME 21 45' 3k 5 %
53 T 1T T Tk 19 BR A 4 A DU A 15 HE SR A B RN S I AT
x 1073 AT[] x 1073 AT]’.’
! 4
0
2
-1
) 0
-2
0 5 10 0 5 10
x 1073 AT, 5 x 1073 AT,
4
iﬁ 2
<0 ’
w2
-4 -5
0 5 10 0 5 10
x 1073 AT, x 1073 AT,
5 4
2
0 0
-2
-4
-5
0 5 10 0 5 10
D7 EUt ]/

B0 BIrERFEEIRATAAEESANMERAETERRE

Fig. 10 Augmented multiplier method-matrix error of attitude angle and four-frame angle with unlimited large attitude angle

Bl 2 R 2 07 VR TR R A R A D0 R o Al LA
ARG 1 S i i A HE 2R A R DABE L = AN A AR
b B T 45 0 A RE AR R RE R I 1Y) B S I 4
XPRZEWIE R T 2~3 DA G, X 2 AT DL LAY .
VENSRE M E 2 H bR, 6 R 1Y 25 0 L2 28 f BLR A AE
ZRUIN AR B AR S o 23 PR A A A B0 T L 6T N ) AE 42
fift BRI AR 2ZE A 11 FE 12 s,

AR B 2 B 3 FH A A i 1 0, BRI 45 2 # R RR A
LA AV EE 42 71 K A B BsF o XoF 07 1 E 28 it B 290 3 2
RZEMWE 13~ 15 FiR.

AIDLR B TE 2 ROl BR G 00T INREZE £ 23K R
TR B o Pl H At HE B2 1 Bk A8 M T X o 1Y IB Bl
ZEENMAERERKIBERAE 10 " B2 R/ U T. 5§
TG BRI () 45 SR AR T 5 4 SRR e AL RS TP /N
fif R 25 HAH2E 1 DB R IZ IGO0 T 2ok B A
AL R . ABAEARTAI A7 Ry B K A7 B I 2 15 o B 2 Sk
FREGEHA IR A B Bk B BT )T
PeF MR A E LR TE 120°Fffi .

BEAh ISR £ 2 IO BR R 2 TAE T 25, i
RT3 H 2 MHERM 2B W k. N, 7 2 AT R
SR AL LRI . s — M BA L
IR ) B 07 >4 40 O X 5% 5 S AR AL Y AR B L T AN S A
FRASE R IS 1) 25 B 07 S B 95 2

SN =Ty
150 | —— AMEHESE f
ool [ e
_ AIHE AE 4 A /\
< 50t N
R )
EB;]E 0 <7D<\/>sz>¥
ﬁj 50} S / B
= A4
~100}
~150}
-200

11
Fig. 11

2 3 4 5

6 7 8§ 9 10
5 ELAF ] /s
W fFiE-BRA THESRAMBENITL

Augmented multiplier method-solution trajectory

lines of frame angle with over limited attitude angle



146 T E L 2025 4 5 H
x 10 AT, x 1073 AT, x 1073 AT,
4
0
_10 2 0
-1
-20 0
-2
0 5 10 0 5 10 0 5 10
x10% AT, Sx107 AT, $x 107 AT,
4
2
i 0 0
s
o 2
il
= 4 _5 _5
0 5 10 0 5 10 0 5 10
5 x 1073 AT, x 1073 AT, x 1073 AT,
4 S
2
0 0 0
-2
5 - 5
0 5 10 0 5 10 0 5 10
15 B A /s
12 BIrRFE-ERTESATNERANERERE
Fig. 12 Augmented multiplier method-matrix error of attitude angle and four-frame angle with over limited attitude angle

— 7k
100 — (R
—— i
> 50
B
f» 0
)
& -0
-100
150
20 3 4 5 6 7 8 9 10
{5 B ) /s
B 13 #ErRERFE-EBRHABXMMEETH

BERTSATUHNTLE
Fig. 13 Augmented multiplier method-trajectory
lines of given attitude angle change with over limited

attitude angle including large pitch angle

— JLHEFEZR A
100 — SMIEFESL S
—— HIREFEZR A
o 50 V%Efﬂi”ﬁﬁl
2 ol
& \
% -50
_’1%1
-100
-150
20T 4 5 6 7 8 9 10
{75 B E] /s
Bl 14 ERFEBREBXHMAEETHY
EXRARENITL

Fig. 14 Augmented multiplier method-solution
trajectory lines of frame angle with over limited

attitude angle including large pitch angle



5 3 1 T 3G T -0 1 B Ao 4 2 25 DU il A 5 HE A T R S B B O 147
x10# AT, x10% AT, x10° AT,
20 0
10 \/ 0
-5
0 -2
_ -4
0 5 10 1OO 5 10 0 5 10
x 1073 AT, x 1073 AT, ) x 1073 AT,
0
| 1
s 0
& 2 0
¥ 3
-1 -2
0 5 10 0 5 10 0 5 10
x10° ATy , x 107 AT, , X107 ATy,
1
0
-1 0 0
) 5
-3 -
-2
0 5 10 0 5 10 0 5 10
{5 ELI ] /s
15 W RFE-EBRIBRFUAETESANMEIERBNERIRE
Fig. 15 Augmented multiplier method-matrix error of attitude angle and four-frame angle with over

limited attitude angle including large pitch angle

5 g

D &I KR, 3 ) o 7 ik B b B FRAS A
LA BE ), 0 T 00 Bl R A 2 5 AT HE 22 A i
S S R AT HA R

2) FE R 22 ¥ Wl J7 T, 5 22 e i LM L, A
FHFE /N BE S BT L T4 i iy ki ok 1 &Y
WA AT v TR T =R B BOR T A A R

3)FE LI M SR I, A B O S RO B, Bk
AT T 6~10 WRAIEAR . 7 L 5236 45 S 10 figg 44 i
[B]7E 0. 3~0.5 ms 2Z [A] , S I 38 () B 1] 9 6 A
AR DU AR A T B 3 A% I BT DA R
LG 5 1) SERHE R oK

O HHT, —LEHELR M iR T &5 AT BN
K BEAR AL 09 B2 R F B, A 46 90 B BE BORS BE AR
A1 KR A T s LA XA JE ) S ARG T o
TR AL b — 2D [ AE 2R A AT R4k
HE R ER SR &R,

2% 3k

(1] ERR. LTG0 MA K ATz 37 K8
WFFELD]. MR W R I Tolk K%, 2011,
WANG Xiaochen. Research on large angle flight mo-

[2]

[3]

[4]

[5]

tion simulation problems based on four-axis turn table
[D]. Harbin: Harbin Institute of Technology, 2011
(in Chinese).

PIBRZ, B . BT RES REMBRET & 2%

BEHI AL SME5HEH,. 2020, 19(4), 143-
153.

MIN Yuejun, WEI Zongkang. All attitudes control
method of inertial platform based on stable singular
value[J]. Navigation and Control, 2020, 19(4): 143-
153(in Chinese).

DUBEY R V, EULER J A, BABCOCK S M. Real-
time implementation of an optimization scheme for
seven-degree-of-freedom redundant manipulators[]].
IEEE Transactions on Robotics and Automation,
1991, 7(5): 579-588.

I, RBUS, W . — R ITTRPLAS A 30E 3l %ok
A BT B 0T]. FLBR TR 2 4, 2005, 41 (6) -
71-75.

ZU Di, WU Zhenwei, TAN Dalong. Efficient inverse
kinematic solution for redundant manipulators[]J].
Journal of Mechanical Engineering, 2005,41(6): 71-
75(in Chinese).

WAN J. YAO J, ZHANG L. et al. A weighted gradient
projection method for inverse kinematics of redundant ma-

nipulators considering multiple performance criteria[ J].



148

SAUE (5

202545 A

L6]

[7]

[8]

£9]

[10]

[11]

Strojniski  Vestnik-Journal of Mechanical Engineering,
2018, 64. 475-487.

TR DL T2 SRR R AR AR 0 DU B 5 HE S A
FITENIFD]. MR IR WG /R Tl K%, 2016.
XU Qinbei. The research on the calculation method
of four-axis gimbal frame angles based on constrained
optimization theory[ D]. Harbin: Harbin Institute of
Technology, 2016 (in Chinese).

MREETR XVE, R, 4F . BT RS /NS 1
MEgEavsrEEAmI]. S5 ES,. 2022,
21(2): 56-66.

LIN Xiaoyi, LIU Jun, SU Hao, et al. Inverse kine-
matics algorithm analysis of four axis turntable based
on damping minimum norm method[ J]. Navigation
and Control, 2022, 21(2): 56-66(in Chinese).
FLLME, HAM, RLE . 5. REREES SIS
AR AT RPN L] KT AR, 2016,
37(3): 439-446.

WANG Honghui, YANG Shaoging, WU Chengfu, et
al. Application of rotating vector in equations of mo-
tion for all-attitude aircrafts[J]. Acta Armamentarii,
2016, 37(3): 439-446(in Chinese).

EWR R — R A A AT L B 38 B 4
rlll. mEEE. 5B, 2010, 40(4): 549-560.
WANG Xiaochen. Kinematic analysis of a new type
of full attitude flight simulation turntable[J]. Scientia
Sinica (Informationis), 2010, 40 (4). 549-560 (in
Chinese).

THIZE, BT, RIRK, . PIYGERFER G
AR T s AR e (], Mias e 4%, 2012(4):
45-49.

WANG Yankui, TU Ning, WU Genshui, et al
Study on initial value of flight table in hardware-in-
the-loop simulation and drive equation singularity[ ] ].
Aero Weaponry.2012(4): 45-49(in Chinese).

BB . VU S HE 2R 7S IR) 2 A o Rk 2 b B
[D]. W/REE : WK TR K%, 2015.

CAI Jianchang. The space attitude control and error

compensation of four-axis rotating frame[ D]. Harbin:

Harbin Engineering University, 2015(in Chinese).

(12]

[13]

[14]

[15]

[16]

[17]

[18]

Py, ERE, A, 5. RS R AL
SRR G TR T]. SRz ik (AR
BREERD , 2021, 43(3) . 79-83.

PENG Yunlong, WANG Linjun, DU Yixian, et al.
Hybrid reliability analysis using augmented multiplier
method and immune algorithm[J]. Journal of China
Three Gorges University (Natural Sciences), 2021,
43(3): 79-83(in Chinese).
HUANG S, PENG Y, WEI W,

et al. Clamping

weighted least-norm  method for the manipulator
kinematic control: avoiding joint limits[ C]// Proceedings
of IEEE 2014 33 Chinese Control Conference (CCC).
Nanjing: TEEE, 2014 8309-8314.

FROTF . 220k, BB, . —FfoRBITRVLE
WiEd e LI, HLds A, 2012, 34 (1)
17-21.

YANG Fangping, LI Hongyi, WANG Yuechao, et
al. An optimization method for solving the inverse ki-
nematics of redundant manipulator[J]. Robot, 2012,
34(1): 17-21(in Chinese).

TING F, CHEN X, XU J. Inverse kinematic control
method of redundant manipulators with joint limits con-
straints[C]// Proceedings of TEEE 2018 37" Chinese Con-
trol Conference (CCC). Wuhan: IEEE, 2018. 3893-3898.
FEIERR, AL, MY, 5. TR A B AR
WFELT]. A AL 5w, 2013, 21(3): 759-
761.

QI Yanging, WANG Songshan, HAQO Jianping, et
al. Optimization techniques of virtual human joints’
redundant DOFs[J]. Computer Measurement &. Con-
trol, 2013, 21(3): 759-761(in Chinese).

YAN W, LEI S. An optimization method for inverse
kinematics of a 7-DOF redundant manipulator[C]J//
Proceedings of IEEE 2015 34™ Chinese Control Con-
ference (CCC). Hangzhou: IEEE, 2015. 4472-4479.
CRISCI S, PORTA F, RUGGIERO V, et al. Hybrid
limited memory gradient projection methods for box-con-

strained optimization problems[ J]. Computational Opti-

mization and Applications, 2022, 84(1). 151-189.

(% 48 - BH) 42D





