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Abstract : To improve the control accuracy of the ferroalloy tapping robot, a control system for the posture
adjustment mechanism of the tapping robot is designed based on the 4—RPC/PPR parallel mechanism
in this paper. Firstly, the structure of the 4—RPC/PPR parallel mechanism is introduced. Secondly, a
fuzzy PID controller is designed for the posture adjustment mechanism of the tapping robot to enhance
its control precision. Then, the Zebra Optimization Algorithm is adopted to initialize and tune the
parameters of the fuzzy PID controller, so as to improve the parameter tuning efficiency. Finally, an
experimental prototype is built. Experimental results verify that the designed control strategy possesses
high control accuracy.

Keywords : tapping robot; parallel mechanism; zebra optimization algorithm; fuzzy PID controller

515

AEIGHPIITIR . HIREIAEEES, | ek, AP ATk RS . i R B T TN, s Rl
TR, HAETRNUAZ RAIFEREEI, TR SRR RS R EE R .
FEHBHUERISUR, EPNSEE (RSP EREMERRIETE 6, DR AR RINERE. et Rt SRRt T H 7T,
Pan % " A= BB R UAGTN S, S8 T — RIS S s s AT, Wang % ¥ $2HH T Z F BB BN AR 4
AT, Nouri § P I T — R &AM TR IS AT PN, IFSCB T SENEEU S, fEGHERHIEIH, Liu 5" 2
T FIER AR T Xu %% O SR H oo SR SRAATER AR, MR RF-G U T L3RR SR e R mas] . Gao %"
BT T SRRSO SRR AR k. Jiang % U HEHY T RMVE SN BT S 2R RO — BRI A A B B R o Ah,
AR S GG T R G DSRTHEIERE, Zhu 5 Y SEFRidt SN, 1R T ST LSRRt At PID st
o Guo & SEBIY T H EEZSIA FIBRH U DNN SSHMEITHRDHEIR . Zhou %5 1Y SKBIL T TE AW ME R s FE U B =il
AT ATV T TS —E SR, (BB & A2l B REFFIBNUA , AR 2R T O T (U HE LA [R] I 2 Pl
IR, ks R SRS ER, 448 PID ZIPEREZ IR, #80 PID B A& — & IS AES), BHSHIRMAR KT, ML LR
eflte I, FHEARICRM 4-RPC/PPR FFRAUAIEN L A S B, A 7 S B AR e i, 20s, Wih T#
M PID I8, DA e RO A ORI AR I ANE A SRR . [, SIABES USR] PID AL et 52 RS
o, AT ERIR AR et fon, 07 Iiir S SRR O it s SR T T 18k

TEER: HRSRKESABHPISBAREHE, WitAERMAITRAN; HS5: 22371801D,

020 | Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License.



—. PSR A EIRARNBIEE S 5IgIHERR

RSO P AL SR O = [ | B 4-RPC/PPR T
SIRBIFHA I, PG ETA . 3IT7-A . P94 RPC SC8ER1H ]
PPR SCHERIA, FAWAU Y [00F Z [ A9Fe 3 5 R — 48 Y
Bt E U, HAUWE 1R,

b E M

ERRRG L

[E1 4-RPC/PPR HEHIE

—. ETF SRS ENEMEH BRI

(—) ETHSMHEEN PID S8#E

FHIBAE T HAH SR, S 2R e, [MiEs)
B RGO MERE SR, 1655 PID il g ab st . 5 T50,
(AN e R L v A 2 R BRI R 5 | A R LU
TSR AN R, RS R R R E R SR, A
SO T TR (ZOA) RS PID #2614, B
RS PR DL B S RO T -5 Rl ) (2 5 1T LA o e
BREI R, BA SRR, WO R .

TR ZOA X PID 825 K, Ko, K BHTERREE,
DIARASELICH) PID WIIh 24 BEIG &5 Sl ng, RIRRSE
TR AR AR R AT PID BRI TSR,
SLIMBHAEN SN FET LR TT A T MY Simulink 4]
ZET & 2 BT

2 DR PID fFEE
NTEETNAR PID ZHAE THEHIRGHITERE, EFER

&, T HERER R RIRLE, HERiIA0h
ITAE :j(0.3~\e(z)\+o.6 | y(6)=1])-tdt +0.1z, )

Hrr, et M2, vO-1ABIEE, « B EFHRAL,

15 Z0A ALt fE B 4g4 PID 25048\ Simulink #2572
GUERLTOF OO, AR R Gem iy th Ze L SL8 b pR BB 1A
WER RERRAL, DAPRIA 2 HU S . 34 H T ITAE HEAEFR AR RE
BB Ze, WEHRRTEIG ., ERAH ITAEE T
SR, BRI ERIE IR B RG], WL BE DS
REBPOEE BN MR, BRI, ITAE (DEE#ET

B, 7E497 - 10 YR IAISL, F 5L ELREAHRAY PID
SHAA,

B4R T PID BHK,, K, K, FERLRTRE P 8 2.
TR HI, TR B B SROE Rk, BT A
7. AN, HR U R K, SRR 36 747, 4
R K WS BNEH, BUYFRAL K, IR P IR
{5, #BHLEL 10 YOERIEIEAEL,

LA ESTIEATT LR H, BE% PID SHAKRI, RE%
ITAE $RFRHEEHN AT, SIS S B U R
SEPERBASELE, BET ISR AERE D RUCRN 56 PID 2
e, K PID Bl SR AT MIIAS A, TR
UM RSB ISR R BT

L Bl MA B ITAE R 2 i Kp Ki Kd At ih 2k
09 =K
0.8 4 -~ Kd
o7
o6 3
0.5 -
< 0.4 4K\\\2
Fo3
0.2 10|
0.1 N
0 b 5 10 15 20 25 30

5 10 15 2 PEAR UK
B *

3 ITAE BEIEHOREZ LI,

(=) #&H) PID #=lggigit

WP LS X PID S8 T TR ), AT
BRI S H (B TH BN RS R —E AR ERTI AL
P, 52 PID SR LR RIFAIERIAUR, RILfEstn
RIS PID 28 TR

PSR PID f2I8, WHUR SR 2 5 2 B S
MR E A AL L, FRLR PID 8 g td] . s, s
ZABHUE IR VB R s AR

B K,y Ky fl Ky 29 PID FERIGSOIIGEE AL, Zerd BOmIm
FELLH R, TSN ORI s PRz fT B K, K
Ky 79

B4k ke k EEHS

KP =Kpl+AKp
K, =K, +AK, 2)
K, =K, +AK,

T PID #Ia EAN TP BT

(1) eI AR

LEATEH SR IR S E S L AR AIS, FHRTR T A
b B, W e T ec MIBHHE A [-6,6], AK, G 30E A [-
10,101, AK, (e384 7 [-0.5,0.5], AK, i ii% R [-1,1]. %
B AR A G N R 4 AR A (R NB, farp
NM, f/NNS, % ZRO, IE/NPS, IEHF PM, 1EX PB}.

(2) SRJE R us T

S J R ST T A A A\ L e A R A O £ SR AR
o NTMISEE . BT S48 ELAS 52 i Hp (] DX ) A U R
FE, AR X SR = AT SR m R _R A TN i 0 2 DX (R
G A S A UK, PR R A R TR ek i e, Lk
EI5 R,

Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License. | 021



IHEHRIZESHEAR | COMPUTER SCIENCE AND TECHNOLOGY

© AK,mERETH (d) AK, ERER

E5REEEE
(3) LI A
BARGRFZEBRIN, &SGR K, ERGFE N, [F

/N K A K (BRI AR 5 2 224 T3 P, K, B

NI R G R  RE, K, R K, JEEUR RS, B RS R

BUNE, EHER K, MK, DURIRE R SRS R . fh it

SEBER RN, PR 1~ R 3R,

R AK, BRI

e
ec
NB NM NS ZRO PS PM PB
NB PB PB PM PM PS ZRO ZRO
NM PB PB PM PS PS ZRO NS
NS
PM PM PS 7RO NS NS
PM

ZRO PM PM PS ZRO NS NM NM

PS PM PS ZRO NS NS NM NM

PM PS ZRO NS NM NM NM NB

PB | ZRO | ZRO | NM NM NM | NB NB
2 AK; BHHINIR

e
ec
NB NM NS ZRO PS PM PB
NB NB NB NM NM NS ZRO 7RO
NM NB NB NM NS NS ZRO ZRO
NS NB NM NS NS ZRO PS PS

ZRO NM NM NS ZRO PS PM PM

PS NM NS ZRO PS PS PM PB

PM ZRO ZRO PS PS PM PB PB

PB ZRO ZRO PS PM PM PB PB

#3 A K BRI

e
ec
NB NB NB NB NB NB NB
NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS ZRO

NS ZRO NS NM NM NS NS ZRO

ZRO ZRO NS NM NM NS NS ZRO

PS ZRO ZRO | ZRO ZRO ZRO | ZRO NM

PM PB NS PS PS PS PS PB

PB PB PM PM PM PS PS PB

(4) MCHRELS fsaki

KT Mamdani T7 35 EARMICHITT ;MR TT 4R
fREGR - Tk, IR ZOA B PID 45161255 PID #2428
BT HOTEL, AN 6 fr7R . @A BRSOy FLA
B i 2 7 R

T

6 XILLTEIRE

Wi

E7 N EXESHTIRIRAFEIILL
I THTLAE H, ZOA KR PID AHAET PID 2 6] # BAT B bk
AT 7SR REFT /N B FEAMRLTHRASHE T, 1458 PID #2541
RETHENRERKA. AR, ARz &,
TS PID 25 Z: 50w 22 S I L] 0 T-H0 PID #2541

=, (ZRENLIEFIRRISITSSLNIE

N FEA P R GRS W4 UNO-3073G LS
SREII MPC2860izsh -~ Bl E LMz flis S LB 5 k1%, 12
FEH R o 55 KB R 28 DS2P [AARIREh %, ZIKBhas
HIERABEIEIITIEE) . R GREREARGU N E 8 iR . HRAR
IR, FEEHP LA AN R S E 9 R

i -
R O N ‘
el Bl
) - ) i

e Een e wn wme
BRIt Bt st BRain]

poTErY
i1

2

B0 P MBS IR S
FLZEVRBEN AN AZ B S B 10 s, Bk b £
EIEE ., LB, PUliESh, Y 1EIEEh PR TR RE
ek, HH BB Bl T2 Bl Al 25 7 5 A AR
B LB RIS i A RCE ST E B S PUkiE s
PHUEIE S HEIESHZE); Y ST Bl
ITHIEZEE ;SRR SR U AT R R TR (2

022 | Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License.



 wrEnE - o x

P e s

O st s el oz | | nwsh |
ion Mmoo b ] [

erfp | [mEe] 4m )
i) ] S B

s

ughs [ | umERe [ |
emeRs [ ] wwmee [ ] (¥ [REX|
N N = —
ks [ | usmRe [ |

E10 (BN ANZERE

TR R AL RO I BE AL SIS AP L A0
WUAFE B 1 SRR A

(1) EHHEPREIESCE:

TGS SIFENL BB RRIA B TR T IFaFR, 4 BIFF AL
HEAT Y AR PR, Z 10 R PR RS DA Y [l A0 B 2% A a3t o
B, FUFH AL RS SRR Y I e f OB BRAE, A BD O C I BE A%
JRARERTR 7 000 F AR PR s S R M, SR E ATk
30° , Z [RFRAIRS X[ 720-1100mm, Y [l 1E A e K i B AT
Ik £115mm, FWSHIFER IR,

F & & i e 1100mm B2 A W 1@, Y W
110mm (2N 110b). 31558 Y B IE R e 20° (i 21 1
11(c)e JRIMERE 20° A& 11(d) i

%%ﬁ%%ﬁﬂ%@@ﬁ&ﬁ%ﬁ,ﬁ%Ymmﬁ%ﬁ%i

IRUOIE. (I LA AR Y [ AR, SEOeill A kE
k30, ﬂﬁ&ﬁﬁ%* A% Y Bk / IAiERE 20° £

YA HINE 11Ga) . (b) .

(@) Y MIERAEEE20° ®)

2 Y MR EER 20°
E 11 (EEETUSIR THERIGIE

(2) BRGNS
VNANSED SRV AS R IR AR ZEN Tt a D =3 W ol o] S = e d el

REAEE Z BTER S 900 mm FHZRE Y RINHIEEEL /1 200, R
SFRRIEATIE R M AL s SEOE I Sk, A S 1070F
BHYmES TR,
S A FERESI RS
ik
Yot
g vl 2 B
AR 20 900
1 19.737 902
2 19.673 901
3 20.214 900
4 19.515 898
5 19.212 899
6 20.914 902
7 19.602 901

8 20.313 899
9 19.706 900
10 20.193 901

AT, Y AlEeg) 200 EaNm2Eh —1.185° ~1.113°
7 5900 mm (VRS EE EMWZEN —2 mm~2 mm, SLEE IR
WA: (1) fEEEIaTE, Y M RECEANT £1.2° , &EhE
IRBNEFER @) MEEHI T, Z RS E e 22 I 2
mm JEE N, WEEE AR, WU SR T SR A O 25

ISR R B A PR FP L 8 PID AR R 955 FR 2 4 e
KE%W@,%ﬁ?~ﬁ%¥ﬁ%ﬁ%§%%ﬁﬁmDﬁﬁﬁ&o
A BSOS PID ZECIF LGRS, PASEIG
ﬁ,#E%%ML%A@%%%%%,ﬁ%%%ﬁ%&ﬁﬁ%%ﬁ
PID 2B TRZ R, SCBEBEMTY . RIEESds,
ET%ﬁﬁ%%%%%ﬁ%ﬂﬁ%ﬁ%ﬁ%ﬁ%@ﬁﬁ%ﬁo

24k

[1]Pan H, Tang S, Chen G, et al. Active Control of Contact Force for a Quasi—
Translational Flexible-Link Parallel Mechanism[J]. Journal of Mechanisms and
Robotics, 2024, 16(7): 071015.

[2]Wang L, Song B, Sun Z, et al. Flapping trajectory characteristics and attitude
control approach of a flapping—wing robot with 2=DOF parallel mechanism[J].
Aerospace Science and Technology, 2024, 147: 109020.

[3]Nouri Rahmat Abadi B, Carretero J A. Modeling and real—time motion planning
of a class of kinematically redundant parallel mechanisms with reconfigurable
platform[J]. Journal of Mechanisms and Robotics, 2023, 15(2): 021004.

[4]Liu P, Wang L, Duan X, et al. On the contact dynamics and adaptive fuzzy sliding
mode impedance control for 4-PS parallel mechanism with model uncertainties and
external disturbances[J]. Advanced Robotics, 2026, 40(2): 93-111.

[5]Xu A, Xu Z, Zhang H, et al. Design of active vibration isolation controller for
pointing stabilization mechanism based on feedforward - feedback hybrid control[J].
Journal of Vibration and Control, 2025, 31(15-16): 3258—-3271.

[6]Gao X, Niu J, Jia R. Grey relation analysis of natural frequency and semi-active
robust optimal control of a multi—-dimensional isolator based on parallel mechanism
and magneto—rheological damper[J]. Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science, 2022, 236(10):
5181-5191.

[7]Jiang Z, Chen Z, Xu K, et al. Distributed collaborative control to pose tracking
for six=DOF parallel mechanism under multi—cylinder communication[J]. ISA
transactions, 2025, 159: 312-325.

[8]Zhu Z, Liu Y, He Y, et al. Fuzzy PID control of the three—degree—of—freedom
parallel mechanism based on genetic algorithm[J]. Applied Sciences, 2022, 12(21):
11128.

[91Guo D, Xie Z, Sun X, et al. Dynamic modeling and model-based control with
neural network—based compensation of a five degrees—of—freedom parallel
mechanism[J]. Machines, 2023, 11(2): 195.

[10]Zhou Z, Gao J, Zhang L. A model-free decoupled and robust repetitive controller
for trajectory tracking performance of a three—axis parallel mechanism[J]. Journal of

Mechanical Science and Technology, 2025, 39(2): 857-875.

Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License. | 023



	基于斑马优化算法的出炉机器人位姿调整机构模糊PID控制与实验研究

