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Abstract: Because the performance of the existing fast tool servomechanism was difficult to meet the pro-
cessing capability and accuracy requirements for non-rotating components with micro-structure array surfac-

es, the giant magnetostrictive actuator (GMA) was integrated with the motorized spindle. A design
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scheme for a micro-structure precision machining mechanism for the electric spindle was presented. First,
the influence of the GMA driving magnetic field on the spindle motor magnetic field was analyzed. Sec-
ond, the electromagnetic-mechanical coupling model and the force sensing model were established, and
the influence of bias current and prestress on its performance-as well as the variation law of force sensing
characteristics under different bias currents were analyzed. Finally, the performance test platform was
built and verified through experiments. The results show that the excitation magnetic field of GMA is only
4.09% of the driving magnetic field of spindle motor; The addition of appropriate bias current and pre-
stress is beneficial to improve the output displacement of micro-structure precision machining mechanism,
and the experimental and simulation results verify the validity of the theoretical model. The force sensing
simulation results are consistent with the calculation results of the force sensing model, and the output volt-
age and the axial force of the main shaft show a first-order derivative relationship. The experimental re-
sults show that when the bias current is 1 A and the prestress is 1 MPa, the output displacement can reach
26. 2 pm and the output thrust can reach 22 N, which indicates that the design scheme of the micro-struc-
ture precision machining mechanism oriented to the electric spindle is feasible and provides a solution for

the machining of complex micro-structure components.
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Fig.1 Schematic diagram of the structure of the electric spindle
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Fig.2 Schematic diagram of microstructure precision machined structure
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Fig. 3 Schematic diagram of the working process of the

microstructure precision machining mechanism
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Fig.4 Schematic diagram of the force-sensing structure
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Fig.5 Schematic diagram of the working process of the

force sensing mechanism
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R BEALAG . 2 ad 50 56 I X A5 F) S 45 4 RS 2
AL B HE g 2 an 1 20 R .

FH T 20 AT, G045 Ra RS 25 I T HILAS) i s o 4
F1IH GMM (g [ A Hi ik S o — @ AR, |
TSI IE Y 1 D G S A R T R S R RS 2
THLAL B R AR T, 2 L 1 AR A
KHEF 22 N,

25
20t
z 15}
2
=
= 10F
—m0A
—e05A
5l A 1A
¥ 15A
_e2A
O 1 2 3 4 5 6

Excitation current/A

B 20 ASTE) i o HRL R T ol FA RS 6 n T AL A4 H 7 il
Fig. 20 Thrust curve of micro-structure precision machin-

ing mechanism with different bias current

S E WK

[1] GUO Y J, YANG X J, KANG J, et al. Ductile
machining of single-crystal germanium for freeform
surfaces diamond turning based on a long-stroke fast

tool servo[J]. Jowrnal of Manufacturing Processes,

A% SC I FH R SO 46 bR TE 8RO 4R
W — R EL A 80 T 8 Y R S 2 R RS
INTHAG BRI TR, BRI

(1) & PN B30 2 18 1) i ML R i 3 5 T
DAY B TRl £ P 1 EL L PN S 1) R S A R 0
BB AR T, WG 250 BE AL s & A 8 B U 4
14 FELBIL A 7 D 08 81 35Dl 0 2 1) A AE B R R
07 1) U il 16 0 A5 HL GMA B4 38 il i 3 Ak 6 3
HLAL I SR Sh #G 3 4. 09 %%

(2)A FRITO5 B UE T i A0 B 455 A0 15 g Jk
HIBIHL A 8t . TE R E L O TA (TN Tk 1
MPa B, & A7 B8 AT 3k 39. 4 pm; J3 BN H
G5 5 J7 ALY (4 T 5 25 R A R A R A —
RS B 2 RO R

(3) S5 56 5 9iE 1 i i HL I R 900 T % T 45 A
25 0 T AILAS) i 1 AR 1 1 FH A S 56 00 5 B
KN TATFE 26. 2 pm, fe K 4fE 97 22 N [] i
S 3 UH Bl 245 4 RS M T ML i A RS A AE —
SE BRI AR 2R OF A SR B2 g b o SR AR L bl 1Y
P2 1) SR W B 5T, AT e AU vty A 4 1 o) fL 3 B £
S5 VRS 25 M T MLA B ARG R B B, DT K
LA GMM 8 2k 4% o0 B 291 35 18 119 PR 0 ] iz 1L+
55 H F A AR LT, A AR TR RS % i T
AR ATATHE T .

E& Ik A A :

W F R B EHERRTFTE,RERF
Y5 B R R AT AT E S 6 R R A
AT, WL % B Ak

& a kit R ik, AR, pR
HAE, TAAL 2 I, 145 5 1F

IhiE R s B, ERHKIEITE;

KA B FI & HE, RIS

B E RNy R i RE N

2022, 82: 615-627.
[2] CHANG KM, CHENGIJL, LIU Y T. Machining
control of non-axisymmetric aspheric surface based

on piezoelectric fast tool servo system[J]. Precision

Engineering, 2022, 76: 160-172.



5510 1 W = A < T 1) R 3 A 0 TR ARG 4 N AL 4R B R T S T B R 1607
[3] PUXN, XUJH, HUANG P, et al. Fast tool ser- nology, 2017, 91(9): 3799-3806.

[4]

[5]

[10]

[11]

vo-based ultra-precision diamond sculpturing for fab-
ricating micro-structured surfaces [J]. International
Journal 2024, 263:
108790.

TANG H, LTH C, TO S, et al. Design and con-

of Mechanical Sciences,

trol of a new 3-PUU fast tool servo for complex mi-
crostructure machining [J]. The International Jour-
nal of Advanced Manufacturing Technology, 2018,
94(9): 3503-3517.
REZ, REZ, AR, F. ZWMBp-JERRE
9K gl P 3 77 B fm) e 1) A BR B AR R [T ], b M
I#2, 2023, 31(15): 2236-2247.
ZHU Z Y, ZHU ZH, ZHOU X Q, et al. Trajecto-
ry tracking control for tri-axial fast tool servo using
hybrid electromagnetic-piezoelectric actuation [J].
Opt. Precision Eng. , 2023, 31(15) : 2236-2247.
(in Chinese)
TAO Y, CHEN Y L, HU P, e al/. Development
of a voice coil motor based fast tool servo with a
function of self-sensing of cutting forces [J]. Preci-
sion Engineering, 2020, 65: 130-137.
WU D, ZHOU S, XIE X. Design and control of an
electromagnetic fast tool servo with high bandwidth
[J]. IET Electric Power Applications, 2011, 5
(2):217-223.
ZHAO D P, ZHU Z H, HUANG P, et al. Devel-
opment of a piezoelectrically actuated dual-stage fast
tool servol[J]. Mechanical Systems and Signal Pro-
cessing, 2020, 144 . 106873.
NIU Y H, ZHU Z H, ZHU L M, et al. Multiobjec-
tive topology optimization for a piezo-actuated fast
tool servo [J]. IEEE Transactions on Industrial
Electronics, 2025, 72(5): 4612-4622.
Elms, A ek TR B R IR Sl i R AT AR PR T a] iR
LM BEIT [T, k5 # % 42, 2020, 28(2) :
390-397.
YAN P, LI J Y. Design of piezo-actuated long-
stroke fast tool servo mechanism [J]. Opt. Preci-
sion Eng. , 2020, 28(2): 390-397. (in Chinese)
FENGHH, XIARS, LIY Y, etal. Fabrication
of freeform progressive addition lenses using a self-
developed long stroke fast tool servo[J]. The Inter-

national Journal of Advanced Manufacturing Tech-

[12]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

GONG Z, HUO D H, NIU Z Y, et al. A novel
long-stroke fast tool servo system with counterbal-
ance and its application to the ultra-precision ma-
chining of microstructured surfaces[J]. Mechanical
Systems 2022, 173:
109063.

GONG Z, HUO D H, NIU Z Y, et al. Investiga-

and  Signal Processing,

tion of control algorithm for long-stroke fast tool
servo system [J]. Precision Engineering, 2022,
75: 12-23.

CHEN N, WEN Z C, RONG J T, et al. Design,
modeling, and testing of a long-stroke fast tool ser-
vo based on corrugated flexure units[J]. Microma-
chines, 2024, 15(8): 1039.

TAMURA Y, YOSHIOKA H, SHINNO H, ez
al. Nano-positioning system using self-sensing
function of giant magnetostrictive actuator [J].
Transactions of the JSME (in Japanese) , 2015, 81
(832): 15-292-15-00292.

LIUZ D, LIU W K, WANG P, ez al. High-preci-
sion position tracking control of giant magnetostric-
tive actuators using fractional-order sliding mode
control with inverse Prandtl-ishlinskii compensator
[J). International Jowrnal of Precision Engineer-
ing and Manufacturing, 2023, 24(3): 379-393.
g, EAEAL, MAa, F L BT GMM Y PERE
WoE A TAER IR RGE R FFMI[T]. ALk = 2 5
&, 2019, 55(9): 136-143.

YU C F, WANG C L, XIE T, e al. Develop-
ment of drive system of high performance micro po-
sitioning worktable based on giant magnetostrictive
material [J]. Jowrnal of Mechanical Engineering,
2019, 55(9): 136-143. (in Chinese)

CALKINS F T, SMITH R C, FLATAU A B.
Energy-based hysteresis model for magnetostrictive
transducers [ J]. IEEE Transactions on Magnetics,
2000, 36(2): 429-439.

JILES D C.
fect [J]. Jowrnal of Physics D Applied Physics,
1995, 28(8): 1537-1546.

Tk, Helg, I, 5 AU B 46
e A I 5 LR T]. &35+ &,
2017, 36(12): 175-180.

Theory of the magnetomechanical ef-



1608 err K TR 55 33 %

MENG A H, YANGJF, JIANG S Q, et al. De- strictive energy harvester[J]. Jowrnal of Vibration
sign and experiments of a column giant magneto- and Shock, 2017, 36(12): 175-180. (in Chinese)
fEE R/

MiEE (1987 ), B, LB R A,
+ @l R, B A S0, 2011 4E F %

=S TR 2017 T
- SR T2 A 2,
\y P B PR PR S R R A

2y 55 WK By 5 i 1R 45 J5 T #9 B 5 T

fE. E-mail: yucaofeng@aust. edu. cn



