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Abstract: The induction hardening process imposes strict requirements on high-precision relative motion
control. As the primary motion actuator for this process, the servo control precision of the ball screw drives
directly determines the quality of the heat treatment. To address the issues of large steady-state error and high-
frequency chattering in the trajectory tracking of sliding mode control (SMC) , this paper proposes a
simplified-model control strategy for ball screw drives, combining time-delay estimation with a PID-
nonsingular fast terminal sliding mode (PID-NFTSM) control method. Simulation results demonstrate that
under the same desired trajectory, the proposed strategy achieves high-precision position tracking, with the

maximum tracking error significantly reduced from 68.2 pm in traditional SMC and 28.4 um in variable power
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reaching law control, down to 13.8 pm. Simultaneously, this method effectively suppresses high-frequency

chattering in the control input, yielding a smoother and more continuous control signal. This study effectively

enhances the servo precision and operational smoothness of the ball screw feed system, providing a reliable

control-theoretic reference for high-precision induction hardening processes.

Key words: induction hardening; ball screw; time-delay estimation; PID-nonsingular fast terminal sliding
mode (PID-NFTSM ) ; simplified model control

JRRWE VAR ok T A SR I, i s 450 Jsl 0 T A R
Pzt R AR T A 2 A % TR 5 57 5 Y
HE AT B % T2 R AR AT L B
VK ALIR R 56 1, TR Bk 22 K130k 45 3 GR A Ry J% T T
KHLIR PR Y 208 S AT AL, AR 3 S 30 S A
JEHE 4518 B I OGS AT 55 o DRt 32 TR KBLIR
VR Bk 22 KL 25 22 G (42 WS 07, 2 (R o g% I R
KL i Y LR AR

R RN RGRA 2705 G M B2
AR M Sh A RRAE™ L AR BN VR ALK 1 5 2% T
UL R G AR BE A5 A% 3l 8] B S A1 5 17 2
L ERAMEEG M MAET X E ARG
R 15 4E £ 11 ( Time-delay estimation, TDE)
S R g e R B IR A TR AR T —
ASBEEE R R G5 B RN RICR G S0, AT
RSHHX — G4 B8 BT X — R AT SE
HE T G A T R AR AR AL ] . (HY RGURE K
Az T B 7S AR B SEE Ay T A AT 3 B L 7 A R Y
B2 . BPRTIX — B, S ORI 45 i A0 TS
23 1) FH I 0E A R A 4 2 B0 U e A ST — o
LT I A A T 100 T AR Y A T E R, P45 5 A
R T 4 T R R A T M R

TE AR LM 1 1 oy 8 ASE 4 ) PRT G g 7 28
It B X R Gt 2 5048 8 KA T 0B R Y B
PE Tz sh#E Hl AR 2 7z . SR L 5
T A 4 ) 7 52 B R o fE R T BRI 4
e B AN A 23 0 TR Bk 22 RS+ 1 Bk 1)
&R B 2 PEAR R GE M FEHIRE BE o S X I 4
il 1) &, [ A AP VR 22 BF 5 0 e O T Y, Kamal-
zadeh BT T — FRR BR 22 KT F 3 I AR O
2 A BT R R B )R 4 T R
di T o B AR G R — R TR R B O A
(Variable power reaching law, VPRL) A 78 2k 22 f1.
HE2G F G R 5 ik RE S AT RO BR £HIR K2 2
B R AR A IR 22 B IR . ORI
TR HL PERE B B T R R I BR TS8O
Wi o RS20 o A% G0 T A5 425 o) ok BIOR: P 2k T 5 kR
B AR PR IE T I S, AH 2 R A R B[R]l 8T
REAT B A (45 i R BRIk — T SR, [ Py AMUE
ST BT 2 S 8 L (Terminal sliding mode,
TSM)## JE 5 5+ 2 uifi 18 45 (Nonsigular terminal

sliding mode, NTSM )" I 9E & 5 PRk 2 bify 1 45
(Nonsingular ~ fast  terminal  sliding mode,
NFTSM)"“™ & W B i 5 vk, B o 7 48 Ft
NETSM My Hl g, Van "B 3 H T —Fh 454 1
Bi-FH 431 43 #% il (Proportional-integral - deriva-
tive, PID) 5 NFTSM f PID-NFTSM i & # l %
W, R R 4 I AN B N BE Sk R A B B I i 8
) NFTSM ¥ 155 s 5, 4 38 0] 8y 3 7 NFTSM ¥ #5
BRI EICIT PID L 4 1 1T, 30 TS 5 45 o) 51 s 17 42 il 5k
ST () o SHfe A T R AR A PR A

X MR IR AT R P T — M T
TDE ., # % PID-NFTSM ¥ #% it K [ ik hy #4 I
MRSk, ZHENMBRGER Y S
B, R TDE 5 A 52 Ak UL I 422 p A 28 1 PR 42
S B 2 S5 H R B R Bl R TR I Bl ) 2R
eI AE SR . Ry iR TDE AT (9 48 8 A5 5 2%
it B A R PID-NFTSM ¥ 8 i, A1) ]
HAT W TDE 3% 22, F 45 A B 3 i [ 1 1
S A ST g A R R ] e 2 4 o SR I A L
WG T SCHRL 27 A A7 S )

1 REHRLIH NFEE

R LA R R A — Rk & 5
8 I T o vh 52 BB 20 g B9 %O AR ShAILA , 4
B 7R o 3% 22 40 32 2 oh £ IR 9K 50 rig L BB i 8%
TRTR 22 LRI |79 i 5243 b R 55 B4 5 1) LR 25 O Hi
TR I o FEAS AR IR A - £ A Fi L o e e s
T, GRR A A A% 3 2 22 AT 5 KRS TR BRTE 22 L 5 1R
RERUIE R OE ] 1 TR S A6 PR IR 3, F HL LB e e iz )
Bl 0 2By ROARIE R B B I HEF

K1 RR2ZILHG RS

Fig.1 Ball screw drives
Sy A B TR Bk 22 AT 4 2R B8 Y b ) i B R S

Rk R ARG A — > = A R R AR A,
K2 s



% 5 T, TN 8 A R 22 T AR B 531
BHHLES 5= ORI, — LIRS U ik R , 45 01 JHH IR
R NS AR I
= T e e ES CRCIETCRe EE /TR
.?1:é+/11€+12l9(€) (6)

B2 ZH SR AR AR

Fig.2 Two degrees of freedom model

RGN S I
m, 0 || &, b+ n —n ||x
I ) S A
Iy N S A B
—k kL, 0 d,
K om 5 om, 530 0 F G TE e K B AR S 4
Bl A Y SR sy B 2, 0 B R TR BR 22 AT IR A
AN S TAEG MWL ELN %0, 5 0,455
Shy Jiré #e v 5 V- B g 1) A A% R s BEL @ AR & R A% B
FR G0 R A B S S0 1] W BE 5 Ay VR BR: 22 AT 8 B R [
(1 45 RO 5 LS 5 2R Ge 42 il i A o S 9819 H AL 4
AR AR 5 5 d) R d 43 ) R THE % N 5 L 2R )
T AR AZ ) AR BT R
HE— A B AT DA 3
m, i, +m i+ b, b, —d —d,=u (2)
B O AR SO 0% Bsf S A 115500 WHZ R SR B
DR AL AT A3, AR 2 (2) Bl S i an F B R

mit, +h=u (3)
h:(777277ﬁ).f‘2+m1.f] + b]j,‘] + /721"27 d] - dg
(4)

3P R ik 45 R G R AR B R R — D iR
SE [ RS T B RE R

Bl Sy BB 2 5 UL b A B S A s, BT L
554 WAL X A BEAT S A A5 R REAS D R
A B — b B B AR R TR R X b Oy AT
Pt o, 5o, 2 AL R RE R MRS, %
JEXF ZR GE A, DL BARAT R i 1) o, B 4R A DL
g 42 T 1) A 17 Ak

BEXS AR SRR 7 SR SRR E M L
XF B GE 2 ) 2 AL AR AR

R¥E 1 RGah )% S8 h B ) 3% 2 7T i
HAS SRS 18] A % AR 2 e 4.

B2 R a5, 33l &b s A
i A B
2 EEEHNET
2.1 BEREET

& G 1 R 455 THD BRI AR

s=ceté (5)

Kfie=a,— I TRRIRERRZE , c HIEFEL
H 3 4 A A P T 30 ol PR 2 38 A A BRI 1) A 1)

Ao A A R IEEL, 9 (e) B ik i i an T IB X
Slg(e)’g SC]:O\/)?liO, |€,‘>¢
I(e)=
yieT y.sgn(e)e’ §170, [e|[<¢
(7)
K esi=¢+ e+ Asigle),05<<p<<1,¢6>0,
sgn () HFFSRE, Hy 5y, @ XL WTF

n=2=8)¢" (8)
== 1)¢"* (9)
Xt 9 (e )3k — B 5 5045
. Blel” ‘e §i=0V5 740, |e|=¢
d(e)=
yié+ 2y,lelé §570, le|<¢
(10)

= (6~10) fir7s , R H A9 NFTSM 2 38 i
WIS 8y, By, PR AFIE S E | [F] B 30 3 e 1 A1 S+
P [R) L

Bt X SR FH 1 T A R X (6) L iF — 2P SR B — b
PID-NFTSM (1 & 45 il 5 W, X 18 452 o £50ite i —
A~ PID 1y A R4l B

SZZKp51+KiJ51+de'1 (11)

K K, K K, ¥ R EE
AR T4 Gt 1) i A bR B, AR SO SR 1T 1) 2 A bRy
BA BAF W SRR | [ PID A 51 A 15 H b
i T — 20 SR 22 YT, e R AOR o
2.2 MIEREI
B ELIZ S GG s s M Lz s A i R,
K FH# S E  J7 n] D 8 O s B 1 3l A
. SRR T
§=—¢es— e sgnl(s) (12)
A e, Mle, ¥ IEEL .
TEAL G (W48 BUB I HE v, 2 &R e 4 i i BT
BF s B9 E AR 153 AR /N 3R T 0, A2 WA L - 2k
B, 2 S BORC S R BE AR g . TR IR BUE T
t, JCIR A SR BT e A8 Ak SRR AR S o T
XF 58 & 1Y 3R T EOR AL S A, JC ki B B R
RAEFFVERE , LUK KA 22
BEXHR BR 22 AT W B A 90, SCHRL 18 14 i T
— P RURE IR A
—ay|s|"sgn(s)— asarsinh(s) |s|=1

s=0(s)= )
—a|s| sgn(s)— aarsinh(s) |s]<<1
(13)

A e, > 0, arsinh (+) R 5B IE 5% PR EL .



532 BRI MR Rz R (A R B 22 D 55 58
AR SCET R VR Bk 22 1 0 i s il (Rl , e 00 O BRI R AR Atk P R o g 40 o Mg 7 4Rz, SR T
ESE T N A A BN B g SRR A 1) ARG B D AR AT B TS X

‘:—pls‘?—,o?qg(sz)"—(/e +a1)%gn(s‘7) (14)
ﬁhEXﬁ

. 1507w () 0<h <k
b= /AR 1\92 1 1 (15)

ol 2@ () by OB oy = ey
Ay w8 [FAT IR E X
@, (sy)=-sgn(|s,]— A (16)
@, (k)= sgn (biu/2— k1) (17)

A AR EH R, b 9 By B R KA . I, 24
W, (s:) R &M @, (s,)>00,|5.|=]s,]|, & N 4
|5, =15, |+, Rl & 500 Kbt @, (5,)<< 0B 1]
REAF1E 1Y A1 S 0]

3 EFREHTOEHRET

3.1 EHEES
Bf 22 A 31 A A% 0 TEUARUE R &R Gl — BB Z1
112 Bl AR A %%ﬁ%i’lﬁﬁﬁ?ﬂﬂ’)%%%ﬁw*ﬁ
B DGR REIN RS BT AMEM H B, na(4)
BiR , h W X 43 2% A% e 7 3R U AR
KBS BT o R ME, H T B A7 78 o 0 M AS 08 1 sk
B o AR SCER X VR BR 22 F1 1) 48 il JEVARC B2 F B 92 £k
TEoR Al 320 (4) A, (75 4 o A Y 87 1, P25 & 0
RS AR S B X 3R 0 A 4 o A
BT WA B R G822 i an T R
il
u=riu, + h (18)
he=h(t— At)=u(t— At)— i, (t— Ar) (19)
B (6,11,13) Al sk 15
ue =+ A+ A ()T Ko (K5 + K 5.+

K[lj<p].vz+,ozsig(sz Y4 (ky + a, )sgn(sz))
(20)
A H A E B IEIR B ], (2 — Az) W] DL i
BRI, Tbu—mwmﬁgﬁiﬂﬁwﬂ
AT

HApRmT
il ag T A a2
(Ar)?
ii(t—L)=0 —r

(21)
A T = 200, WAk 73 BE R B0 FZAR RN T 22
fi I AR B B i (¢ — A )BIRIZAHE S o BR DL B[]
B, 30 IO T A S b R T SRR A T G R R

Hir.
o 0 (18~21) , 15 H s8 3 py = il R an
w=u.+ u(t— Nt )—mi,(t— Ar) (22)

W58 HE T A5 Y o B A 0 (22) , W]
KA R G gh Iy A B AR o] 280, ke T S8
AR BBl A R i G i S A 5 Rk A
G ) ST — AT A R R ]

3.2 REMSW

XA E S AR 2 R 5] B

EH1 FEAELERG =/ (2, y), Hh
T HRGERE  y RGN ER @A . &X T A
1) 2 (2)= 0, FFAE a=> 0 A1 T (a, x,)<< oo, ffi 1524
1=t + THE | 2(0)||<<a Bz, WL A R
] fa e (FPS).

BIHE 1Y M FRG =1z, y ) BRAFAEESE
PRV (2), HEHa>0.0<h<<1HO<c<oo,
fii 15

Viz)<—aV'(z)+e¢ (23)
MR RGE 2= [ (2, y) AR R E, HRSGTE
A PR E A S BRI

c

}13}16 \%4 (I)gm (24)
K 0<<d,<<1. FEZXIE P EE AT
T VI lx0) (25)
ady(1—105)
K V(x,) RV ()RR 1E .
PEBA o A R PR R
—s2/2+k/2 (26)

Fef 20K (12) 7T 15
5= Ky + Ko 51+ Ky (6 2,6+ 2.9 )=

K},sl—l—KiJsmLKd((jd— G+ h— h)+

/llé+/12z9>:—K i (h— h)—

J(,olsz + pusig(s, V' + (b + a, )sgn(s2)>
(27)
B AR 2 R e=—m '(h— h), il 1T fF
i 1A 2, AT LURRAAGE ] & (A 1k L Bl e[ << @,
PRATUEIA UL STk 32] .
XF (26 ) 3¢ T B [A] 5K 5 ] 45

V:.§2.§:2+ élélzi.cz(pl“'g‘F{OgSig(Sz )/l)i

.Vg((lél + a )Sgn(Sz )7 kll/é>+ élél :7[01537

102|§9| k +a] ‘.\'2|+K‘/é.§'2+é]él (28)



5 3

BT € |<< & Huar , DA UG AT M R B a9 K/

AT B 5 A2 21 0y = K, @, (4558 (28) 25
V<*pls§*pz|sz\r]+k?]/; (29)

Sty BT R 2 SR T 4325090

EXIRL 0 by < ey

TERANE T % B WA B, 2 12 5. | > A F1
|5 |40 M5 |<AR, REC S E 7EH R
L R % 0 s> A B B, s> A
i B2 (14) T, by = s, |, 0 MG 4 T 30— 2 5
T 25
V—pisi— sl + hylsnl<—lsl(ols]+

ol 52l = ki) (30)
5% 26 (30) FT 0, 3 ok 6 48 4 3 5 3, W fii 5
BOM 2 A 01 A = By, WU TT 3E— 54 5 11 40 F
%
Vé*,oZI.5‘2|/171<*,02A"‘+1 (31)

AT LA HE, M5, | A B, 2 500 4k S o
ER S

EXI2 <08 b=k,

16 %58 ST L 24 by << OB, AT 501 &y = 7 5, ], 24
b= b6 ey = — gl 5o WA FERE S 2 0 S 1
T bk << O TR 6 — 2 4 10 B T 5 R

V<—pst— pds.|"" (32)
128 (32) T 3 — 75

ESESE S5 I T A G 0 VA R 24 R T B B B 533
V<—pis,|"" (33)
V<—pils| (34)

AHEE(33), T ARER (ot <
|| 4 [ | e 0 << 6 << 1, T LLA5

. + ~ pt1 . opt1
V<—pls!|" —plb| +plb| <

pt+1 w1 Looetl

—2 2 p,[(0.553) 2 +(0.5k7) ?

~ utl1 a2 £T
102|k1| <72 2 {02V 2 +{02|k (35)

PRI 51 21, AT R AR GERE A A BRI ] P
5 E

pt1 w1 ut1
1|

1

|5, |<<(1—d) k| (36)
APo<<d<1,
Syprat (34) , [7)BE AT 45
|5, |<(1—d) ?| A (37)

B A& (36) F = (37) AT A, 5, 23 7 A B R] i
S, 91 Hl ot S A M RS HK, K K, AR
s [ FE TR A BRI [ 8k . B S, AR 9% NFTSM
18 30 (6~9) Y H IR 25 5 5 1R 22 o 75 A7 BR A ] 9
TREEA A Rae PEARIE .

4 HEMHE
4.1 FERSGET

BERSAS SCHE TR TR 22 R 45 3 e it i 45
B A A P o AR e A M P T AT 3 T

=

SEHmf ’?2_@& L KJ %DSZ—E%%
d
K~

K3 Sk Al

Fig.3 Algorithm control flowchart

Bt X7 B R Bl ) S B AR SO S B
T SCHR 33 R BR AL 48 RGEM — H 2
PR AL B B R S8, % 2 BObs R 3% 1
ROIFHBRTR R d = d, = 0.1sin(nt ). 75 B4G
R 2, A2 R T 52 oy L 28 00 v A 0 MR AR o A
o L ) 2 LA R S ) AR LR PR R SRR, SOk 2 1 Y
PR SRS R G0 S 00 W) BB 02 18]S ] gkt
fAAE—E M BFRIR 22 5 2 [ sl o SR, BT 42 1 4%
il A A7 25 5 A T X R L S RO R . &
GE PR 2 44 SOHRR S B2 18] 14 i 22 1 () S T
VA AR AR LAY B, 7R A SCHY 8) ) 2 A P 2 ™

WA N RGBS A o A B A A
THEOR IZIR 22 TR T8 3 &R G800 s i A 5k AL
B8 B S I LI I UM

®1 REHHESH"

Table 1 System dynamic parameters''

ZH gl

my/(Ves’em™") 1.3016

my/(Vesem ) 0.148 4
E/(Vem ') 4.181 4% 10

n/(Vesem ') 5.3550

b /(Vesem ') 8.0954x107*

b,/(Vesem ') 1.610 3




534 BRI MR Rz R (A R B 22 D 55 58

7 1k a8 A7 i A B ALK Sl ) 5 AR i A
PR 8l BE 25 0 AR 5 3 2k HAF R, AN 2 S EUR
55 R BREE , AR S0 7% B0 e RBREE O 40 m/s°, fi
RINEE AN 1 m/s”, e REE N 0.1 m/s, fie Kk
Yy HE RN 65 mm , BEAKIZ BN E] 2.5 s, 225 Bk
K4 s

50.05F

5]

I

7
- 2 [
et |, ]

.
0.0 0.5 1.0 1.5 2.0 2.5
t/s

K4 ZHPk

Fig.4 Reference trajectories

AR SR 2P T A R B3+ 8 B0 I A I AT S
T AL ) B LA B SR [ 18 ] rv ity 4 M i A5 o+ A
Y I AR 5 PID-NFTSM £ ] 8 %) 25 5 (1) L 30
HEAT B R (5 ELXT LE , G b s B8 I A AR g b, R
c=15,6,=120,e,= 1, BREBEHES Ba =
120, 2,=160,r,=2,r,= 0.7, NFTSM ¥ # &
Fo AL, =2,=1, 8=0.8, $=0.001. PID
K,=500,K,=20,K,= 6. #irf:d , B p, = 120,
0:=80,p=0.8,a, =3, HEMNIG#HT Myp=1,
A=2,0=0.05, k=50 *F b JH 1 0 i 45 o 25 [
FEIEF B REAR AT, ZEAH [R] A B 2 2R T,
FH R g ) UEA T 0000 R B, P R E A= 0.001,

T UL R AR e il R R S 0
B8 25 5002 HOH ] 2 120 SR AR IE XS HG A - B[] 48 53R
A JU) R AR A S B SR AR A R AT E L, NFTSM £
B S TR A S 4R S BUE AR
B, HASEOEET A BB IERE ERIERS
o I 25 T EAT IR R AR
4.2 FE&R

g T B AIE i 4R H (9 PID-NFE TSM #5441 55 v (19
A RO B L5 A% G T R i BEAT T A R R ) B
XFLG 25 RN R 5 TR o BEAROR R 3R O Uy
e SR 45 2 S B AR T o AU ER . BT
T W20 30 P X LA O S B /N B B S 1R 25, 3 4% 5K
Pruam i fE o L S BBHLE S EES . N
T E— K PID-NFTSM £ il #8576 48 125 52 Ak
JEE b e SGH B DL R 55 R e IR O i 9 £ R
HE , AN 6~8 T/, 45 A EL U A 90 a0 R B2 a5 22 i 2k
HEAT VR 04 5 1t 4 AT .

0.08
~0.06
K 004l — BRI,
R oml - SEhRHx,
=3 (feGEEER)

0.00 . .
o
K 0' L — A B,
Bl -SRI,
Fooe CERRITE)

0.08
~0.06
o4} — A B,
Ho.0zk - - SEPRLlx,

0‘00 . (PID-NFTSM)

0.0 0.5 1.0 1.5 2.0 25

t/s
BI5 B B R 45
Fig.5 Trajectory tracking results

|
S = N AR DNON A
T LI T

PHBE/V O REIRE/10°m

|
—_
T

|

o

Ttls
6 gt R i 7 FL 45 2R
Fig.6 Simulation results of traditional SMC

S =N
T

1o
Wb L
L

S =N
T

|
—_
T

BEBE/V ORER%E/10°m

o
(=]

0.5 1.0 1.5 2.0 2.5
t/s

B 7 7RV I R 4G
Fig.7 Simulation results of variable power reaching law
g 1.0
S 05f
>~ 0.0
g sk
% 0.5
1&-1.0F
E-15
2
1 -
0
_1 -
-2
0

.0 0.5 1.0 1.5 2.0 2.5

I E /v

)
8

1.

K8 PID-NFTSM {jj 45 R
Fig.8 Simulation results of PID-NFTSM



% 3

LSESE, - HL T I AE Al T A VR B 22 L TR R A A 1) 935

TS 11 RS 15 2 1 2 MR A 5 Y A4 o 2%
TEIZAT i B iR 22 B B K, HLAR A I 5 0 8 Ao
PR, Hodm RIRER IR 2235 8] T 68.2 pm, A8 FE K
RS T R 25 IR &2 28.4 pum, H H AR B A1 SR 17
fEo MHZ T SRHASC T PID-NF TSM # i
ARG IR ERRS AR B T KRR T, R 2
S8 URORH X B INST-  R OR BR R OR 22 B E BRI 2
13.8 pm. X £ W] PID-NFTSM #5 il fi 4% 07 b 4 i
SO RN R G FR SR

R0 014 92 ) FhL S Y 5 R M Sz B T e 4 A
A BRI B o A G W R R AR T KR O
R (4 i AN S AP ZEAR L™ i s R R B 4
IR 4 il L A T A7 DX ) P A B B D) e . K el
1o AR AR 9 E SE bR TR Tl B 5 B0 BLERA T AL 1Y
I AR B IR . W PID-NFTSM £ il #5 1
G vy g g e P g £ A X 3 2 HLE T 2 R PR
Bl 25 7 ) R A R T s AR R I S . X
FEATUER] T PID-NFTSM i il 3 1 AN AA #5038 T
T RGN IR EEERE A DARAS T oE T 85 5 0
Jo e, L T A TR N AN

5 &

T H M B 3 T A ZE £ 3 ) PID-NF TSM fij £k
AR 42 ) SR W R 08 S X 35 A L0 Y R R R
5 1 5 i s A R SC AR [ 18 ] H A A T R G
AH EE 125 W1 22 4 1) B R R IR 1% 25 1 68.2 pum Al
28.4 pm I F MK 2 13.8 pm, K0E /DN T 52 iR
2%, it 5] A TDE 5 NETSM, i% J5 ¥ 78 44 3iF B
TR U ST [R] A, A A5 55 T A% G v AR S A i 11
o B I RN B T L% S R AR R (R
5o BOIE T 1% 5K B A 3 T R4 R S A8 AT
R Pk THD A8 A 8V RE 8 T G M SR VAR K o R X
o b B A2 Bl AR 0 TR SR SR L BR T R 4
NIRRT B o =

S E Wk

(1] Z=09, BRI, Ihartt, 45 TR Bk 2 RN T K4
AR FEHEELT]. 4@ HAb 3, 2025, 50(2) : 172-180.
LI Mingzhe, CHEN Baofeng, SUN Lizhuang, et al.
Research progress of induction hardening technology
for ball screw[J]. Heat Treatment of Metals, 2025, 50
(2):172-180.

[2] ZoT#. MRk 22 AT 3R SN T i BB il (D). 4
JE AL EL, 2011, 36(1): 120-121.
WU Yuanhui. Quality control of surface inductive
quenching for ball screw[J]. Metal Heat Treatment,
2011, 36(1): 120-121.

(3]

[4]

[5]

[6]

[7]

[8]

[10]

[11]

LUO J, SHIH A J. Inverse heat transfer solution of
the heat flux due to induction heating[J]. Journal of
Manufacturing Science and Engineering-Transactions
of the ASME, 2005, 127(3): 555-563.

NG, BUETT, AN, Rk 22 AL B ROV T K
T LBt BB ] AR AR Bl 2A 4, 2022, 43
(2):161-169.

SUN Ying, HE Lianfang, LI Zhichao, et al. Process
design and numerical simulation of profiling induction
hardening of ball screw[J]. Transactions of Materials
and Heat Treatment, 2022, 43(2): 161-169.

HEog, Jal [ A s il e % S v e LR Y 42 1
AGELT]. HlEEARSHLAR, 1998(8): 16-18.

CHOU Xingrong, ZHOU Guohua. Control system for
CNC crankshaft rotary induction hardening machine
[J]. Manufacturing Technology &. Machine Tool
Tools, 1998(8): 16-18.

MR, TR BT, RO . B BOR R RIR B K A £k
[J) HUB TR A% 42, 2015, 51(21): 113-120.

YE Peiqing, ZHANG Yong, ZHANG Hui. Review
on the development and strategies of CNC technology
[J]. Journal of Mechanical Engineering, 2015, 51
(21): 113-120.

L17Z, ZHAO C, LU Z. Thermal error modeling meth-
od for ball screw feed system of CNC machine tools in
x-axis[J]. The International Journal of Advanced Man-
ufacturing Technology, 2020, 106(11): 5383-5392.
iR, SR IE, S VR Bk 2 KT R 4 R e Uk TR
PERETC AL AL B 3 I A [T] L S 4R A,
2025, 29(9): 169-182.

QU Xingyu, ZHANG Shuang, PENG Chengkun. Im-
proved prescribed performance model-free adaptive
slidingmode control for ball screw feed system[J].
Electric Machines and Control, 2025, 29(9): 169-182.
ZHANG C, CHEN Y. Tracking control of ball screw
drives using ADRC and equivalent-error-model-based
feedforward control[J]. IEEE Transactions on Indus-
trial Electronics, 2016, 63(12): 7682-7692.

LIC, XU M, SONG W, et al. A review of static and
dynamic analysis of ball screw feed drives, recirculat-
ing linear guideway, and ball screw[J]. International
Journal of Machine Tools and Manufacture, 2023,
188: 104021.

ZHAO S, MENG Q, LAI X, et al. An adaptive nons-
ingular fast terminal sliding mode control method with
time-delay estimation for pneumatic soft actuator with-
out specific model[J]. IEEE Transactions on Industri-
al Informatics, 2025, 21(5): 4061-4071.

WANG Y, GU L, XU Y, et al. Practical tracking
control of robot manipulators with continuous fraction-

al-order nonsingular terminal sliding mode[J]. IEEE



536

BRI MR Rz R (A R B 22 D

i 58 %

[13]

[14]

[15]

[16]

[19]

[20]

[21]

[22]

Transactions on industrial electronics, 2016, 63(10) :
6194-6204.

VO A T, TRUONG T N, KANG H J, et al. Pre-
scribed performance model-free sliding mode control
using time-delay estimation and adaptive technique ap-
plied to industrial robot arms[J]. Information Sciences,
2025, 702: 121911.

LT G, MA X, LI Y. Adaptive sliding mode control
based on time-delay estimation for underactuated 7-
DOF tower crane[J]. IEEE Transactions on Systems,
Man, and Cybernetics: Systems, 2025, 55(3): 2277-
2288.

WANG Y, MENG S, JU F, et al. A novel model-
free robust control of cable-driven manipulators[J].
IEEE Access, 2019, 7: 125532-125541.

ZHENG M, CHEN Q, SU Y, et al. Sustainable tra-
jectory tracking control for underactuated ships using
non-singular fast terminal sliding mode control[ J]. Sus-
tainability, 2025, 17(13): 5866.

KAMALZADEH A, ERKORKMAZ K. Compensa-
tion of axial vibrations in ball screw drives[J]. CIRP
Annals, 2007, 56(1): 373-378.

BRA, VSO, AR TR U BT R A VR Bk 24
KLt 25 2 e B4 [T ). 7R R 2 o 4l (AR Bk 27
Ji), 2019, 49(2) : 237-244.

HAN Shuo, TANG Wencheng, BAO Dafei. Sliding
mode control for ball screw drives based on variable
power reaching law[ J].Journal of Southeast University
(Natural Science Edition), 2019, 49(2) . 237-244.
O, B3O . ETH ISR R 2L B R
B L], Wi R 22 4R (L2 ), 2020, 54(8) -
1497-1504, 1524.

LI Jian, TANG Wencheng. Sliding mode control for
ball screw drives based on H. theory[J]. Journal of
Zhejiang University ( Engineering Science), 2020, 54
(8): 1497-1504, 1524.

YU S, YU X, SHIRINZADEH B, et al. Continuous
finite-time control for robotic manipulators with termi-
nal sliding mode[ J]. Automatica, 2005, 41(11): 1957-
1964.

NCHOR R A, HUANG L, YANG J. Comparative
analysis of sliding mode and terminal sliding mode cur-
rent control for direct-drive wave energy converters
[J]. International Journal of Electrical Power &. Ener-
gy Systems, 2025, 172: 111176.

ZHU Y, LIU S, WANG H, et al. Fractional-order
terminal sliding mode control of single-phase nine-lev-
el rectifier with coupled inductance[J]. Electrical Engi-
neering, 2025, 107(10): 13185-13198.

(23]

[24]

[25]

[27]

[28]

[29]

[31]

[32]

[33]

YIN S, SHI Z, LIU Y, et al. Adaptive non-singular
terminal sliding mode trajectory tracking control of ro-
botic manipulators based on disturbance observer un-
der unknown time-varying disturbance[J]. Processes,
2025, 13(1): 266.

ZUN W W, WANG Y Y, HAO F. Nonsingular ter-
minal sliding mode compliance control of aerial manip-
ulator based on disturbance observer[J]. Transactions
of Nanjing University of Aeronautics &. Astronautics,
2023, 40(S2): 69-76.

WANG Y, YAN F, CHEN J, et al. Continuous non-
singular fast terminal sliding mode control of cable-
driven manipulators with super-twisting algorithm[J].
IEEE Access, 2018, 6: 49626-49636.

XU B, ZHANG L, JI W. Improved non-singular fast
terminal sliding mode control with disturbance observ-
er for PMSM drives[J]. IEEE Transactions on Trans-
portation Electrification, 2021, 7(4): 2753-2762.
VAN M. An enhanced robust fault tolerant control
based on an adaptive fuzzy PID-nonsingular fast termi-
nal sliding mode control for uncertain nonlinear sys-
tems[J]. IEEE/ASME Transactions on Mechatronics,
2018, 23(3): 1362-1371.

QIN G, WANG M, CAO G, et al. PID sliding mode
control of PMSM based on improved terminal sliding
mode reaching law[ J]. Energies, 2025, 18(10): 2661.
ANJUM Z, ZHOU H, GUO Y. Selftuning fuzzy
nonsingular proportional-integral-derivative type fast
terminal sliding mode control for robotic manipulator
in the presence of backlash hysteresis[J]. Transactions
of the Institute of Measurement and Control, 2022, 44
(4): 809-819.

MINH TRIEU N, TAN No N, NGUYEN VU T,
et al. Chattering-free PID-nested nonsingular terminal
sliding mode controller design for electrical servo drives
[J]. Mathematics, 2025, 13(7): 1197.

WANG Y, GU L, GAO M, et al. Multivariable out-
put feedback adaptive terminal sliding mode control for
underwater vehicles[J]. Asian Journal of Control,
2016, 18(1): 247-265.

KALI'Y, SAAD M, BENJELLOUN K, et al. Super-
twisting algorithm with time delay estimation for un-
certain robot manipulators[J]. Nonlinear Dynamics,
2018, 93(2): 557-569.

oL BUR IR AT G R G B A R R S R
WD, M At KBRS, 2015,

DONG Liang. System dynamics and precision control
of highspeed ball screw drives[ D ]. Nanjing: Southeast
University, 2015.

(¥ RER)



