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RESEARCH ON VIBRATION CONTROL OF ROBOTIC
GRINDING SYSTEM BASED ON MAGNETORHEOLOGI-

CAL DAMPING

ABSTRACT

Robotic grinding has been widely applied in industrial, forestry, and
medical manufacturing fields. During robotic grinding processes, the dy-
namic coupling effects between grinding force fluctuations and workpiece
vibrations have degraded the surface quality of machined workpieces.
Therefore, conducting research on vibration control in robotic grinding
systems has become critical to ensure system stability and improve ma-
chining accuracy. This study has focused on vibration control in robotic
grinding systems based on magnetorheological damping. The main con-

tents include:
(1)Design and performance analysis of a magnetorheological damp-

ing grinding device. The magnetorheological damping principle has been
analyzed, and a magnetorheological damping grinding device for robotic
grinding has been designed and prototyped. The magnetic circuit of the
magnetorheological damping unit has been validated through electromag-
netic simulations, and its mechanical performance has been systematically
investigated. Mechanical testing of the magnetorheological damping unit
has been conducted using an electronic universal testing machine. Experi-
mental data have been utilized to establish a damping force model for the
unit, providing both a practical device and a theoretical foundation for vi-

bration control in robotic grinding systems.

(2) Vibration characteristics analysis of the robotic grinding coupled
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system. The composition of the robotic grinding coupled system has been
analyzed, and its dynamic model has been established alongside a work-
piece equivalent stiffness constraint model. The vibration transmission
characteristics of the magnetorheological damping grinding device have
been studied. Workpiece vibration behavior during grinding and grinding
force fluctuation characteristics under vibrational coupling effects have
been examined, revealing the dynamic coupling relationship between
workpiece vibration and grinding forces. This analysis has laid the theoret-

ical foundation for vibration control design in robotic grinding systems.
(3) Fuzzy PID-based vibration control strategy for robotic grinding

systems. A fuzzy PID adaptive controller has been designed to address the
vibration characteristics of the robotic grinding coupled system. A theoret-
ical simulation model for the vibration control strategy based on fuzzy PID
has been developed. The fluctuation characteristics of grinding forces and
workpiece vibrations under varying parameters (e.g., grinding wheel speed,
feed rate, and workpiece thickness) have been analyzed, comparing results
before and after applying active/passive control. The effectiveness of the

control strategy has been validated.
(4) Experimental research on vibration control in robotic grinding

systems. An experimental test protocol for the robotic grinding system has
been designed, and hardware components have been selected. The host
computer program and data acquisition system for robotic grinding exper-
iments have been developed, and an experimental platform has been con-
structed. Robotic grinding tests have been conducted, during which grind-
ing forces and workpiece vibration displacements have been collected.
Comparative analyses have further verified the effectiveness of the grind-

ing device and control strategy.
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B 2-22 AN[A] AR E T MMBEE 1 (a) FRAHHEEE v=200mm/min;  (b) JE4EHE
v=400mm/min;  (c¢) FEAHHEE v=600mm/min

M1 2-22 FTRLE Y, BERASRHJE oo A B PH e I FREE Hil. IS 4ifF8x
AR 25 VI R BE K, X A7 &0 (2.33) HREHJE I FBER L. 406 Al
IR FEvH AR AT AR AL LR o ST, MK 2-22 ATDABR A Y, R4 x>
0.6mmtf, SZI6r P43 BH JE Iy a5 48 o FL g g B2 L 2R 7 AN, JFH 2
TE0.4ART, SIS R BEJE ) B8 HL i 1G n FC 3G Dok FE b B 7 FLAS Sy KR T
RIS SRAF, 4 R 4 FEv>400mm/mini],  SE56IAS 1 FH G 77 BE A2 2 19 0 H 38 hn
R EE RO 07 H A BEAG o 1K 3 S RN SE BRI IR AR VR B2 i 5 TP 5 DR 3R R i)
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N T A EEH T8 N B EIIRSE G B JE iR, ASCRAE 2-23 s
(1) Bingham>> 5 Y X6 A [\ T35 i A2 BH JE 52 oo i i BB 1T 96
% R B 256 8 A B L T BRI AL R RBAE — N7 1) B AR BUR 4, AR AR
BHLJB 800 B S RREE MY, Hr f1 5 R 48 JJAHEE AR I . e Reml b, @S i As
PELJE BT B JE s an
£o(x)+C5+F.(I,x),%>0

F=10 =0 (2.34)
o () + Ci - Fo(I,—x), < 0

N, CONRERAR R AR A RS TERLJE R0 — OV Fo AMLRASR IR
Ber By, EERIRAARIE xRN FooaMhi A RN LB 77,
2 FL LA S 248 A A xR A o

T TG AL JE H TR E 1103

F=f,+Cx (2.35)

CHITH S A R

_ Fooo = Fano
© (600-400)/60 (2.36)

X, Faoo 1 Fs00 43 5 0 43 B v=400mm/min Flv=600mm/min ] % it 22 FHLJE B
TCIEZHIY TP BB 11, Wi M B SUE IR 2-7 Fis.

# 2-8 AAFELEAL#Ex T CTHE S R .

FMatlab¥4-75 2 (¥ C A 5 M S FIx AT LA, £351C=0.03018Nes/mm.
¥C=0.03018Nes/mmfEAN T (2.35) RHif, fo MIiHELERINZE 2-9 Fin.

fEMatlab, FHZ BUAIETEN o SHM B TG, 1536 K Txim
FiEA:

fo(x)=5.446x" —3.253x" +0.3958x +14.23 2.37)

HH R AR A T 4 338 P v=400mm/min iz JE AR, H SRR AR WE IR, G
JIF 2 JEGE TR FEvIRISE I Al LG AN . Rk, AR SC PRI AR FHLJE B 056 T 46
R v=600mm/min [ Fe i AT 70 1 o % B 75 BRI ML I 40 1 B N
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% 2-7 BWH T ASIE R L8 SR P 77
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% 2-8 A EEALAE X NI CAR
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X -1 -0.6 -0.2 0.2 0.6 1
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R 2-10 BLmAZPH e socrEA R R T BB E 1fE
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=2 (A 6.930N 96.882N  119.480N  126.028N  133.753N  150.077N

H1 T & JIFo B8 A A i xRk 5, T, AR 230
WA BTG PES JIFe 5 IR EE L Bx R R, RS JIFCPI RN N
F.=al'+al’ +al (2.38)
¥R 2-10 %R 5 AMatlab, 7EMatlabH X A (2.38) 11 & ailk 4T
A, BRI FEx ST R ol . EMatlabH LA A Fxxd B adl, 15 3ak T
xM) 2 T
a, =17.12x" —=7.536x" —=12.76x" +7.792x — 4.295 (2.39)

a, =—50.17x" +30.48x" +30.69x> —19.51x +30.93 (2.40)

a, =12.59x* ~2.098x’ ~11.89x" +12.61x +9.647 (2.41)
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FRTCAEAN TR HL AT o 4 PSR I 4 (52 7% (R BELJE oy A P o e o A AZ B JE
I SRR HEAT IS, AL T REURAC R JE BT RE e JE A, SR A5 SRR,
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S ST (TG i A FELJE BB )2 B PO PELJE 0 R e A D9 HIL A B B R IR Bh 42 8L T 2
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B=F NBABHIES REIRSNFIE SR

3.15|8

Wk 3-1 fis, ARSIt FRIbL s N HIRS & R g2 hALEs N BERACFHJE
P HZRE e T RN Bh D2 i & R G, RGUREN SR I Z AEER & R R
AR AR bR ST B JE Jo A A g Sl R B RS A R S RS
TEotlr o ESEHEE THLES NEEHIRE & R GUI3h /7 22 DUR T A 5 R0 M1 B 20 TR
M, fEMERAG B, BRI 7ML N IR & RGO IRSIRRE, IR AR R
VEFITR AT B ) s R, AR AL N B HUR & RSN sl &M G
1709, NSRBLRL a8 N\ B RE A ) 747 DA K A B IR S P i 4 1 08 SR 3R ST 4%

B 3-1 HLER RS HIAR & RS B

32 NBR NERIFBE RGN HFHEE

Wl 3-2 i, ILEs NEFHIRE & RG02 — M2 4G 25, LIRS A
NZAHFEER G R AR, LRSI ARSI, B Rshx T
PEIREN R BBV E T, R, B ) 0 RO R S SE L I s B 1R OB o A2 B
AR, WLas NI REE ] B H B2, fak i A ELJE B H) 2k B SR 4l % ) 0 R8¢ 30
CASCEL I/ AR o AT AR A 55 WA AR B e B e B TR AR 5 B, i
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T LA N B & RGN 15, ST 1 AR IS RN L AR, 4

TAFRIRENNI R TT RS, #aom Hh AT RS 5 B ) 70 Z 18] IR A%
BOUER Lo

BEHIRb 0

. y
~ Vo
(n
x(n.0), ap| Fr
FN A

ki \\
\
T

|
d=v,t !
l

3-2 HLas NEBHIF G R s J)2p i
3.2.1 BERZRREEI R E 1FIRE

N TR S LS B Bl ) 2 T8 I Bh AR & 8 &R, ASCREILHLER A
PEHIRG & R J1 5 . S5 RE RN 0 5 LA 2 e A BAR A, IR H AL A
ALY FIRIEEAR B T2 ELBOR, B B AR o LA P 2R sl RIS AT, A SR
PLES N B IENNINE R G 18 3-2 h, COBREIERZ I RE, K2 B Arsh s
RIMIEE, Mot TR AT N B Z A, x (p0) 52 TAFRBINALFS o

XL N BIRG & R G052 S0t /R ss e, e

d*x dx
a2 +CE+Kx:f(y,t)_FMR (3.1)

R R A2 PHL e B H e B AR S 3 ) S AR A i 2 RS T RE R - BEELE
HE AR I Ay L IR, AN LAFBEN 1 (p,) ANEE I
(RIRELIE F1F, i DA B2 )2 BB AR g (Y 0 2 57 Ao W) 23 & A S5 P ¢

M

X=[x x ¥] (32)
HEIR AR FELJE BE )5 B RGN 1 A R R A
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X = AX + BU
Y =CX +DU (3.3)
REFEREA, MNFFEB, #iHsEMEC, BEIBEEAREEDS MR RA:
[0 1] 0 0
A= K _CpB=1 1
L M M M M
1 0 ] 0 0 (3.4)
co| 0 1’D_ 0 0
Kk C 11
M M M M

NI AR TG AZ BEL JE B ) 2k B AR GRS R PRt AT 0 b, XFRHE kAT 4%
RO AL SOV, o A5 2Rl — A8 RAORG T LB 77 C 8 R — A4 R B 1 ) 38 5 7
AR A ) K x

F=Cx+Kx (3.5)

FELJE JIFHIth &R 1124 IR A0 38 — R rpiE i s SR A 15 e, AU A sk
5045 H I FH JE 1Rk A AEMatlabH 3E4T 05 30, 9 BIRER AR B S #oerE — My F2
HAF=AE IR i kN, il 3-3 Fiows

160
----- 0A  ==-=-0.8A —-==-1.6A »
140F == -04A = - = 12A - -~ 2A -
120 PP
=100 F T
z A ——
& ) e
= 80 e
I ///' B
= 60 L amemeesse e
o e ]
T e
40 "y, J——
i e
e -
20 i/” emmmmmmmmSo ST mm T
A o e e
4B
0 ! |
-1 0.5 0 0.5 1
JE4L A% x(mm)

K 3-3 AL P e S e e — M7 AR AR IR E
FAH e R ECARRN:

C o=
le. At
T (3.6)
T
W= F-xdt
0
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WO B B oo e — MTRE T eI RE R,  Hon] LLEE BE e 71-1272 il
LEIHIARR R R, & ML A TR AR F I 2 2
RN R K

F —F.
K — max min
X X (3.7)

K Fars Fouin7 ARG AZ B B T0AE — M7 RE R EJE 00 1 e KA A B /IMEL
Xmax»s xmtnﬁ%jﬁgﬂ}:ﬁﬁFmﬂﬂsu%d\ Kﬂ}jbijmmXﬂ‘@E@Eéﬁ{on
e 3-1 ANIF) LRGSR A5 5 2 SR RN S5 R0 LB FR 4k

I (A 0A 0.4A 0.8A 1.2A 1.6A 2A
K. (N/mm) 5.857 11.325 22.586 31.328 54.208 71.573
C.(N.s/mm) 0.170 0.329 0.647 1.086 1.606 2.168

N TG AZ BELJE B )2k B IR R PR SR AE R 564, KR 3-1 Ry HeEE
I MatlabBEATHL, 15 H SR RN BEE R BOR S50 Je 22 B0k T Bt i Rk 3

K, =11.84i +9.595i +5.857
C. =0.32847" +0.3534i +0.2688 (3-8)

3.22 THahHEREE

IRGEHL e N HIRE & RGN S5 & AT MR35 B B 1 2 TR ok &
el 3-2 fls, FEENLES NEERIRS & R Gl A . Dy 1 3R AL A B ) AT
PBE T, A SCR IR ARFRALE I AT, G T AR 55 2 AU SR SR AL
X R PEAEm, BBEK () BRI BRI T AR, HobEH
BE AL B AT AR AL, o BRI Jan, =0sit, RMRCAL T4 g, b A
VIR TAFIR ZEA8 30, WldaimEh B od.

G IEnAT RO IPAE SAVAE

E=K)x,(0.0)~F (3.9)

A, FAEBEHIFEA Ty FRBERIZEE P EMLE T xw (pe) 22 TAFE R HIALH
REFIRENOIAZ , P I RE P R P IR BN A S B R RS B

Wk 3-2 o, BEEIERE PR — R B E IAEX DT R, YIS, ZJ5 RO
JINRH A BEHI J1F.a DA BE ) 1 Fr, AR BRI T3 Fye SEFPE BSR4
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Al B H g, MR RITE A BRI 7)ok
J)=Fo(y=v,p) (3.10)
Ho, vo R BEHIEE RS, o (yvot) NEALIKIT A, BB EI T IR HERE 1,
P BV 1) 3 2 BE M) 10 1.5~3 4%, FLRAE /N 32 2 5 8 1 R A LA A e
AR, KHIFN=2FT.
ARSI B ) 2RO S AT 42 228 SRR TS, BRI 0 n] LR IR N

F, =C.a,” vsﬂ by 1 =28282a) v, 0 G.11)

A, CrNIBILBIRSL an bR TIBIREE, v bl I
PR R IR 3 2 3R BS IR BE A, A A MAE & 6 R, 1 B
I 113N
F, =28282(a,, +x,(y,1)) vy 2004 (3.12)
P A F AR AT R AT AR Ny
E0=[0f00Z0)dy=F [(Ay=vNZ 0y = FZ0u0) (313
R, Z Con) S Ey=vo BRI (2 T8 B S
RGP . B SO, T R A

cosh 1, —cos u,

Z.(x)=coshAy—cosly— (sinh 4 y—sin4y) (3.14)

sinh g, —sin g,

CU k=Pl IS5 T S ) il A7 A3

Hi 2 E[_ 2 2 =
a)l.:l—zc—li\/p—j—[( —) ]\/7( =3,4,5-+) (3.15)

A, ERRO R, DRI A p W BRI BERE, AN
F AR T AR
TEBSHI TR, BRI SRR 2T (R 5 ) 72
Mg, +o'q, = F,=Z,(v,)F,  (i=1,23-) (3.16)
FErt, g RIMAY S AR 585 0 TS Al b RIS 5 R o

M, = [\ pAZ,(y)dy (3.17)
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F I SR

F . ] . .
q.(t) = —M,.na),- J' oZ, (v, 8)sin[w,(t —6)]dS + g, cos wt + %’j’sm @t (3.18)

S gio Mgio 733N AR N IIATIR AL FHIE T -
AR oM T ARG, HX IR s By () 5 (IR A6 bR
(1) ARAL B0 R BRIV, 45 B IR BB 7 1%

5, (n0= Y 2,740
(3.19)

Y BB (4,6)sinfe - S +g,, cos o + T sin o
o Mo, @

1

M (3.19) BEUETE I BEAAHAE IS B A rh IR 3 5 35 170 B I 0 A7 A2 58 ELIR
WG R R, WP M sl B T~ A (S A R, D9 S )
ENASRFIE T AROHE %

»
B>

2
/

A A A
A4

Pl 3-4 [ e B2 T A
K 3-4 Pros NIRRT BE B R GER AR LR, A (SRS T B 4%
fish 3 I BN R BT W BE T AR R 2R, I 0 B o B AR AL T A2 AL
DR AL I BT By A A SR E A TR A IR P i [, 0 A 1 J %
218, R AT R TR AT s N

1 M)
p(y)  EI (3.20)

Hit (3.200 , RRIPFIIBRE IR T RE r Ry

d’y M)
dy*  EI (3.21)

Nl 3-4 s, FEREBIFVERTS, SCEERIRAIER 18R N
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2
.

F.a’
FRB: =

BRI ACBINBCE B H T RER R A

F, b2 2a
1+ _)yl

Ml(y)_
M (y) :]}/—2(1"'7))}2 -Fy(y,—a)

A v NRMFACBAE R — A HH,  y2 MR BCBUE A -

(3.22)

(3.23)

XX (3.23) 3 BT —IRAR 0 A IR By, RMIARACS BCEL V¥ M 7 FE AT

B e RN N
F,b’ 2a,. , C
= +—)y +—
%)= 2E112( i i El
Eb . 2a 5 C D,
= +—)y +—y, +—
Y (y)= ZEHZ( ] WV El Vi El
F.a’ 2b F, , Fyay,+C,
_ 2by 2 Ay o B, 4G
@)= v oy El
F,a’ 2b. 5, F F,a C,y,+D
Y. — + _ N 3+ N 2+ 2.2 2
20 =g WY —eg % Y op £l
RS 1E 1S
{al(a):az(a)
Yi(a)=Y,(a)
EEBUR TS QURES

al(o) = az(l)
Y,(0)=Y,(7)

(3.24)

(3.25)

(3.26)

(3.27)

B2l (3.24) o 3 (3.25) BRI (3260 . X (3.27) Hh, HRRMIMER

BEN

—e3) -2(2)),0<y<a
y(») = ©

B2y -2y ez ysl
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NP e ARMIE R I RIREE, FERBN T T, RN B A I s KRN
2F, (a’b?)

3EI(3a+by’ (3.29)
FHEA T, SR H A A R S5 R0 B

F,  3EI(Ba+b)’ 3EIQ2y+l)’
K(»)= = g ) 130
V(3 2a’b 2y (I-y) (3.30)

Fa (3300 . A (3.19) AAAFIE (3.9) tf, 1530 EEHIAL B A BEE] SN

_3EIQy+I)’ _
F = ) ;Zi(y)qi(t) F (3.31)

N =bR12, % p=900kg/m?; #APERIE E=2x10%pa; K 1=0.5m; %% b=0.2m,

EZY(V)max =

=1 % h=0.008m.

TTAE I Wit FERE R A AE RS Bl AT T ARS8 R PR 3 A Rk, 22 % 1 70 £
TERAF I SN2 i PR B, By=0.05~0.45m, 7EMatlab% {4 )5 B JEAE (- 7E
AT N AR I 2. A& 3-5 FroR, SRR SE RN EEAE P S de K, B
SEIE AR, AR Ry=0.25mAb BN IR T L RURAR, A5 S LB

x10*
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B A
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K 3-5 BERIAEA [F)AL B AL NI
it — BIAER BB E R A R S50 B oy AR, 1 2 A PR TT 07 A%
RN TAERIBE D ATREMEIAE, K TAF = 4R S N AnsysH, 15 B T4 # i [
YOO, WNIN AR R B, 1 B AR T AR R A, 07 B T A AR T
253, WK 3-6 P,
GRS IR A R G B4 SR AN P 3-7 B, REm B ARG HE RS

40



LI TR 28 3

BRI R 7 M RAAE S — B, BRI (0 5 RO LA AP0 AR B I, TPl
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— R
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K 3-7 GEAL 1S5 A

3.3 2R NERIFBE REiRantr it

N T BT TERL s N BE MRS & 2R SRS ARF I LK AR IR SR £ 1 B 11 77 1) 5
SRFPE, AN SR AR BE I R B RSN AR I R T TE, 20 AT TANIE
ARG HOS BE IR BIRNLE R M0 Fifi )5 fEMatlab/Simulink o5 1 1%
HIRGE T B, b A RSN S B H e sh 2 (8] R A L2 .

3.3.1 i E R EH R E R G RN T EB T

(1) IR r e
ARG AL P JE B I3 B AR G B 1 v B s s - - e R 48,
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S JE 1 B R b 52 B AT (B MU B o (p,) =Fesin Cot) > IHE 3-8 Fis.

JERR WA

KEJC Ke\;/ﬁ %

[ S0
Kl 3-8 HEIRAZPHJE B0 R GE N ) A5 Y
1 RGOAh TN T IR JE I B R 030 %5 0 R
d’x
dar’
A, Fo /e BE I B R i 32 2 RS JIRE, o2 RshiiE.
AR (332) FAEFR IS RERIE R MA IR, 5 R REAR A,

X = Ade™ sin(\1- ot + @)
E) sin(a)t - l//) (333)
JK, +K - Mo*) +[(C, + C)o]
A MRIEYRSN, REAR BH S B 2 B ARG AP sh J1/E F R I AL R i
i
JK, +K = Mo*) +[(C, + )]
F (3.34)

0

TR A KNI A + QL)

M

HEAO DK 4 K)v=f() = Fysin(on) (33,

_|_

X =

/K +K C,+C
, B /122, A = e , - e =
A, FEREL 4, o, [ A5 3% o, IY; FHIELE S, 2 MK 2K)

RIS UELIIR YN RS,

dx
(Ce+C)E+(Ke+K)x:Ft (3.35)

Arb, FAWMNIERE, B, AR (3.32) #H47RM, W5

¥ L

L
JK K H(C 00l (K o+ KW+ G309
KAK (3.36) AANBIAR (3.34) 1, BEHIRE RSN IEERA:
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by K, +K-Mo*) +[(C, +C)oT

\/W (3.37)
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(2) RIS E 5 M2 B 5 G fe A S0
S — 25 AW R AR BELJE S 1025 B (s PR, A SO B R SIS
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B

~

3

4 ><10 T T T T
— — K =10000N/m
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