frkss' % ERF'? O LEMAE w3

3T MFAC 8 PLAR AL B ik 258

HE

F Az HURAL B AN IR B Yo A& B2 HUR
HERMRA S, AN LY £
%, EBERNZ ST aAEGH A, IR
R, AL B M B AH h AT AR
WY e Tk LR SV AR LR B 45 B A9
SRR R B R &l B Y
RZH RGN RLE TR0 PLIEH,
KRS X 3 AL AL (CFDL) 7 ikt
— ik B 55 B R AT B kit
B AT 69 AR B 1E B 4 H] (MFAC) ,
Z_ )G B 3d 3 A 4 b R kst s Bt AT MFAC
k4Tt 13 3 it & %9 MFAC X
* % @ A A k2 £ Matlab/Simulink F %
BT A, 45 R A B G 8 MFAC
P ERLBAR R B BT MFAC 324 5
B SF S B R M AR B
R 69 S Mt
KEiE

HAEWIR AL B AR R %% KB R
WAL AR B 15 4]

HESES TM341;TG659
XHERPRAERD A

Y FE HH 2020-10-19
REmHE EXKHARRS IS (51705286) ;
FERPLFF G HE 4 (51705294) 5 1L 7R
A H AP IE4 (ZR2017BEE057 , ZR2019ME
E054)
fEHEE N
TRUREE 4 A, WFSE 5 1) 2 v, g v, 7
JHLAL.1322031061@ qq.com
WENRGBEMEE) , &, WL, BBz, i
5 AR PR . yuhuanfei @ gfnu.edu.cn

[ RRTE A2 T 2B, H B, 276800
H IIC AR R B R FE B, H 1, 276826

B O R

IR K2 HUBR T RE24BE , BF RS, 250100

Il RGRIE S TREB, 1M 510006

0 58

BAEHURAE S —Fh =k BE MU TR pL e — kb i 25, 76
Az 7 b o B B A B LR A AR IR AR G R B LR AR
HERLBE Y, B — N LA MBS EE B R AEL R85
HAR 8 ) LW AL 3 38 43 F gk #G [7) 25 8 Bl ( Permanent Magnet
Synchronous Motor , PMSM ) A5 s A5 P Flsis ki A PR A 4 . SR ik &R 40
TR B SRR A AR | REGEAN R M LA 7 R Mz T AR £ X 4k
FEVURN BRI RGOS , B N A3 R T ZF5E0E  nBow ¥
5 e AR T PID 4R A AR 254 58
TR M R G, BA R BRI BT YRR 7 iR AR L R 5 7 A
PHR B R BE N FHTEAE et RN KA € 4 R 48, A
T BB W R AR B AR HHOE R R G ko Bk
[l BB ol o (R AR B D 45 RS N v R P A —
IR SR PID Pl 2 A T4l ) AEAE S BRI A ph 007 ) R
ARGt & 2y WAL TR, PID 45 il AR X SE B

AR A B9 o B 5 38 B #2 il ( Model-Free Adaptive Control
MFAC) " B REAE S AR 2 Mt 2R 40 09 TR Y [ 33 I 3 1. 1% B A
KU BRIk R G — L 2E SRS R TIMME R R G A —E
PR T 28R, L T B O TR AR (4R R WIC R N T 4R i A%
AT SHORA SRR A TS0 80 MFAC B3 2 1 Bsf [a] A X 48 0,
HE e A AR R g DUhEsR «A7 ey ™ S Xt g
BCENE . MFAC 773 H AT MRS R G h e R )iz H
I TR 7 3 N 45 B — o TS ).

1 HEHACERKRRSHHEFRE
ASCRHT dg HFRFR T PMSM (R ERRLANR

d
u, =R, + ;b: - w#ﬂ,y
(1)
u, =R, + t" +wi,,
W, =1L, +¢///, (2)

wt/ = Lqiq ’



88

3
=L n (‘//diq

Te_z P

- lﬂqid) =

%npl:lpfiq +(Ld_Lq>idiq:|' (3)

— R BL R, 7R A0 R =AY i R R) A5 L AL
':F' Ld = Lq ,Fﬁ‘u:

3 ) )
T, = ?nplﬁfzq =K, (4)

P E&AT . o, FAXTFERE F A B R, NE
FLEHRHEI L, L, 535 E S d,q i u, u, 5
BREF d,q i, i, 500 5 dq Bl
P, SIRIHET d,q TRERE K, AU RER R AR AL

WK 1 s, 5T PMSM (938 A7 B Aal Ik & 4t
— PR =R S5 H A ) MR HL A |
JEEBR B A7 A FL U PR 5 B AR PT R A A% A
BIRR A P 2.

2 ETFHGHBI MFAC I ERRESKIZIT
RBEEZERAD
2.1 ETFidtsr MFAC B3z #221% 1t

ARSCAEALSE P 7 3 A 1, 5% F A% X
AL (Compact Format Dynamic Linearization,

Tr ik, %5 . FT MFAC BB HLRNL B IR R 5¢.

QIAO Lingyu,et al.Position servo system of CNC machine tool based on MFAC.

CFDL) J7 2 Y TCAERY 1 3 N 47 1 75 58 %z ' 31 5 3l
JER BTV, Fr st A T MFAC 5947 & ] filk
RGMIE 2 Frs RSB E N K, = al,,
K, =aR K, =aL, K, =«aR, HIEWHE R A o =
2a/T, BIE]EE T, = min{L,/R, L/R |

PL g BHAE S ( SLEAE S « FE N RGERHA
S, 4 DL Bk A R ( Single-Input and
Single-Output, SISO ) & HL T [ (IR LM RS 7 2 .
x(k+ 1) = fla(k), - x(k =n),i(k),i(k =n)),

(5)

Hor, i(k) 5w (k) o3 A AL EAR IR R GETE k 209
HULS S AL EAS 5 () EARTNREL  n, 5 n 2R
I 24

TE25 B S LA R Z i, VR B R 75
B0 E A IR R SRR

Big1 f(-) KTH(n, +2) MEHEMWFE

Ri%2 RS0 X Lipschikz 51, BIXHE
Bk #ky,i(k) #i(k) A
I x(k, +1) —x(k, + )1 <dIl i(k) —i(ky) |, (6)
Hodrsw(k, + 1) =f(a(k,) o x(k, =0,),i(k,) -,

UDC ‘

0 I+ \
R P @ P R "l /] Y
_ + 3 Phase
g _ U [svPwM
9/ n, i =0 « Inverter
i
Speed ‘ dq < oap
Calculation i .
af lﬂ
0, ap 'ABC
Position
Sensor
K1 T PMSM RSN EAR IR &R G2 il 454
Fig. 1  Control structure of an AC position servo system based on PMSM
MFACHE ] 25 _ Unc}
0+ n+ b+ rsm U, U
PI PI I
—&N QP [——4 S Phase
- . U SVPWM
0/. n @ Inverter
’ ’ af
i
Speed . dq — af
Calculation i .
af lﬂ
0, af 'ABC
Position
Sensor
K2 JET MFAC 456 5 G2 i r B A e 3R 58

Fig. 2 The proposed position servo system based on MFAC




K71 R 24 22 W RBIED) 2021,13(1) :87-92

Journal of Nanjing University of Information Science and Technology ( Natural Science Edition) ,2021,13(1) :87-92 89

i(k, —0.)),e=1,2;d > 0 &%

RiZ 3 X458 M —B0E F0 RS B
RS2 (k+ 1), BFE—E RN (k)RR
GELEG @S AGS WK T, Wbk ETF
x"(k+1).

BRi%d  XHERRZE LI Ai(k) # 0,5 (k) =
0, HAEA BRI 2 o (k) = 0.

MR ) WAKK 1 SRk 2 H
I Ai(k) | #0 B, RGEHFE(L) ST

Ax(k + 1) = @(k)Ai(k), (7)
Hp | o(k) Zthin S48 (Pseudo-Partial-Derivative,
PPD) , 2 AE 4L

T il i AR U] BRSO

JGaE)) =l " (k+1) —x(k+1) 1%+

AMoilk) —i(k=1)17%, (8)
Horpo A > 0 RACER T Bk Ai(k) K, 2" (k+1)
JEWEEIREE .

R T ERESRZ /N, % 0J/0i(k) = 0,13 %
il R
. . pe(k) .
i(k)=i(k-1) +m(x (k+1) —x(k)),

(9)
Ho, p e (0,1] BHK.

T (k) KA, TFEXIHATAG T, PPD £
THAE R AR
J(o(k)) =l x(k) —x(k=1) —@(k)Ai(k-1) 1%+

plo(k) —@(k—1)17%, (10)

H w > 0 2AEKT
2 0J/9e(k) =045 PPD fhiT5E N

R A nAi(k - 1) . _
e(k)=@(k-1) +M—+ AiCE - 1>2(A (k)
(k- 1)Ai(k-1)), (11)

Hop, n HIMAMEK, HHEEA B, o(k) R
(k) MIfETHE.
A (11) H530(9) , 43 MFAC #ifil05 % «
b =gk =1+ TEET L
(k= 1)Ai(k-1)), (12)
e(k)=¢(1)  #o(k) <esfl Ai(k-1)I<e

(Ax(k) -

} sign(@(k)) # sign(@(1)), (13)
i(k)y=1i(k-1) +%(x*(k +1) —x(k)).
A+ (k) I?

(14)

AU TEN 2 BRI A RSO T W A2

DIlx"(k+1) —x(k+1)I <Nl Ai(k)| ,NJ&
WAL

2) M (k+1)=c,c AWE AELEEA,, >
0, A >A, B, REGE A F W A-A i
( Bounded Input Bounded Output, BIBO) £ 52 ).

PRI RGeS BIBO FRUE 1.

2.2 (FEERSH
3 R TORRY [ 3 I A BRI IR R G B
B AN BRI R U, =300 V,PWM JF &

Reference Seope
- 18
Input uk) _.@_»m n e theta and pos_ref
m N Ld*
Subsystem _ Transport Transfer For 4" jg 2/2s  SVPWM
Delay @
bt |
WiR PMSM  measure
Step
@Cominuous
Powergui

3 KT MFAC B B Ik R Ge 0y BAE

Fig.3  Simulation block diagram of position servo system based on MFAC



90

W foww =10 kHz SREEJEHH T =10 ps, RAZEL K
ode23th B4k MXTR2E K 0. 001, {5 ELAFE] M 0.3 s,
E MU TR RN | mm, BIRFEHE R S N-
m,0. 15 s BPRF AR 2 10 N-m. & 3 5 HLAE
BB HEANT ok, =15. 6,k = 116 2, JOBIR [ 35 i 43
H#SHA n=1.5,p=0.01,u=1.5,A=4HHPZS
BNz 1 FiR.
#¥1 PMSM &#
Table 1 PMSM parameters

SR Bl
OISR 4
Ha X HLJER/ mH 0. 002 075
AT HLH/ Q 0. 62
Wt/ Wb 0. 086 27
EFh IR/ (kgom?) 0. 000 361 7
FHJE R/ (N-m-s) 9.44x1073

TR [ 3 17 47 il 4% O ECPT A i 2 n T < 18] 4
e BRI A, P 5 e e i 2k 18] 6 D FL
FerEm 2 18 7 S = AR i .

s —

— current

1 1 1 1 1
0 0.05 0.10 015 020 025 030
t/s

€4 o Bk 2k
Fig. 4 Position following curve of MFAC

100

50 TOF

| -
| ) . ]/'0.5-‘
0k [

1 1 1
0 0.05 0.10 0.15 020 025 030
tls

PS5 Bl meg 7 2k
Fig. 5 Speed response curve of MFAC

n/(r/min)

40
30
20
10

0

| S E— —

T/(N+m)

[—

1 1 1 1
0 005 0.10 015 020 025 030
t/s

K6 HLTRERE R I i 2%

Fig. 6 Electromagnetic torque response curve of MFAC

Tr ik, %5 . FT MFAC BB HLRNL B IR R 5¢.

QIAO Lingyu,et al.Position servo system of CNC machine tool based on MFAC.

40 F

1 1 1 1
0 005 0.10 0.15 020 025 030
tls

7 AR HZR
Fig. 7 Three-phase current curve of MFAC

4 v LUE 5T 2 0. 15 s, BIR 4
FEME 1 mm, {7 B IREFIRZETE 10 pm Z2 45 NEL 5 7]
DIE RN, TEHT 0. 05 s AR (bR 5
B ik E T 55 o/min 7E 0. 02 s )i, 18 T
R NI 6 TT LB 1, 5 shint il B RGBS A D sh R 20
42 N-m,0.01 s B 22 4B R 20 2R #5222 ,0. 06 s 1),
WCSEN S EEH S Nom. A 7 AT LU L 7 0. 01 s
PUG , AL Sa B 6 A, =M IF A iR E
BIRFIE] R 0. 055 s, I HAE 0. 15 s K )5, R4
7 B ERBE LT AN 2 5% 6 ol 52 s 2y, 8 3
FE 0.5 v/min 247, FURERG R 7= A R /N, B
SRR S A H I = A U SR A, R G sh S PR RE R

K MFAC #5550, AL AR (L G212, 37 i )
o 2R B TR, OB, R R (R R IR
i TR R PPD N REAE TR 52 R 1Y R GE b 38 40 b T
PE AR SRR AR R B E 6 il A1,
FL T P L S BhIsH ) Bhs K.

3 ETFMiiE MFAC I ERRZSIZIT
RFEGERDH

3.1 ETFi#/E MFAC B4 881& 3t

Syt A B RN B e R A
PERE, IF ELORIE R i 50 0 Rt AN AR | ok LI i 34
LU B FRAR o342 il R AR X MFAC 42 i B3 1k
AT el T K A I (R S B AR S, HL ekl I 1Y 5
tr ST AR(ENRE I NP

X (9) #EAT R, BT DL S Sk

N pe (k) (k) —
i(k)=i(k-1) o (1) |2(lp< (k)
e(k=1)) +Le(k)), (15)

b, L, =051 > 0 2R T, MH e(k) K
e(k)=x"(k+1) - x(k). (16)
ME(15) Al LUK B, et A MFAC 42 i 50k &

A L SRR AR SR, Pk (9) A I A

(15) BRI B 1 = 0 R, = 1 B itk fs i3k 5



K71 R 24 22 W RBIED) 2021,13(1) :87-92

Journal of Nanjing University of Information Science and Technology ( Natural Science Edition) ,2021,13(1) :87-92 91
ORI ] 40k

B0 < o(k) < o, FEW LM 1 B2 S5/

WAL, 20 + 1, < min{m,zﬁ} i
¢

FHECHEJE ) MFAC 8% 35 2 .

D) limlx” (k+ 1) —x(k+1) | =0, RGN E
PRER R 22K

2) M (k+1)=c,c N, REMNE B
G ix(h) | SRMEHGES (k)| AR RS
& BIBO F&5EHY.

KL, P 3R R 482 BIBO FaE 1.
3.2 (HESERSH

BHEIE MFAC #EHl 8 RBIS S8 1= 1,1, =
1.5. 18 8 S B BRI 2, (&1 9 Sy stme 1o it £k, 5]
10 Ay B REGS kmm oy R 42, T61 11 2 —AH L Ut ph £k

—
e — HEE
i —— current

1 1 1 1 1
0 0.05 0.10 0.15 020 025 030
tls

P8 i B 2k
Fig. 8 Position following curve of improved MFAC

100
=
£
£ 50— 70
= \.
r N 0.5E]
0 1 H’ I I
0 005 0.10 015 020 025 030

tls
PO A I Hh £
Fig. 9 Speed response curve of improved MFAC

40
2 30
z 20
= 10

0

1 1 1 1
0 0.05 0.10 0.15 020 025 030
tls

Bl 10 R Rt o ) o £

Fig. 10  Electromagnetic torque response curve

of improved MFAC

M 8 iAW BT E A0 0.15 s, B3k %
FEE 1 mm, 7 B IREFIRZREFNZ 1 wm. NE 9 AT LA

[ I P A )
20
T 0

|
N3
=)

1 1 1 1
0 005 0.10 0.15 020 025 030
tls

11 AR R e
Fig. 11  Three-phase current curve of improved MFAC

I
N
[=}

T

F o 107 28 TG B G R, B AR AR e R
0.05 Wl FE AL 35, fem ik 8 T 51 o/min, 7E
0.01 s J& ,FAETE 50 v/min, 7F 0. 03 s J5 , 7 T F%.
M 10 AT LB I sl ) H 2 R 0 8 R 240 41
N-m, 7t 0.01 s i, 22 4kad TRIZL, 78 0. 06 s B, 8L
FIAEREME 5 N-m W 11 ATLAE 1. 33 0.01 s
J , FELIA I B FE RIS, AR HL R S R AE 5 A LA
P, DRI o 1 2 5 1 BB UL F 2l 2E T Y MFAC; =
AH LRI IR AR e B TE] A 0. 055 s; 1E4R,0. 15 s 1,
FH T8 28 S 2000 7 1 sh s Bl /N3 0. 25 r/min A7
4 U RGBT TR RE J1 A BT e Tt T L g e o
SR B BB, R SRR
g o

LT MFAC #8119 07 B R il R G A HE, R
FHEGHE S A9 MEAC 45 i s, H AL 8 ) % e %) sf [
B JE BB R 1 0 0 R /N o7 R BORG EA
Fritm, RGN shif SR A —E =T h kil
B, et J5 T v i 4 A8 1 S8R R I 3h A
PEREFIBLIL SN BE T , BB T A2 S BR 2R G0 45 il 14 B 1)

W
4 g

BB 14 ' A) iR 2R G0 0 — U () S 2k
P BT A R AR R G A SCRT T PR E T
MFAC F5 il (037 B Am] i 3R 45, 16 el ik |iF MFAC $5
TR 3 TR B ) R, 398 im A B 5] 5 AR 4 o
TR T, BT T G IS I MFAC #2805 B
SCIGZE RN PR MFAC 5 H f5 %5 G 52 906 o7 &
AR R Ge i, JF H ekt J5 MFAC 5535 9 07 1 BR
SRS -, R PR TS 3 T R B AR
LN

S 3Tk

References

[0 SR, LA, U3 AR BE RS J5 A 5 5



Tr ik, %5 . FT MFAC BB HLRNL B IR R 5¢.

92 QIAO Lingyu, et al.Position servo system of CNC machine tool based on MFAC.
B M AL ST AU Tl H A, 2006 :10-15 [ 7] FmeW] kAol i L HAEHAROZ R G h i
[ 2] Chen X,Che Y B,Cheng K W E.Motion controller and NHBFFE[ D] .M R MG R Tl R 2%, 2014
the application of PMAC in AC servo CNC system[ C] // JIANG Xiaoming.lterative learning control and its appli-
International Conference on Power Electronics Systems cations to wafer scanner systems[ D ].Harbin; Harbin In-
and Applications,20091-5 stitute of Technology,2014
(3] JY0 SRERtE B URICET ROBOM PLAERIOFFE (D). [ 8] ARUEHEZET MEEMD 53k i K B H 2 [ 40 s L 73 £k
il H A S PR ,2018(6) :95-99 B R I 4 [ D] 2B T B Tl ¥, 2019
YIN Ming,CHAO Jiajia.Research on stick-slip phenome- SONG Hongmei.Fractional-order iterative learning control
non control of CNC machine tool based on fuzzy Pl con- for permanent magnet linear synchronous motor based on
troller [ J ]. Manufacturing Technology & Machine Tool, MEEMD algorithm[ D ].Shenyang ; Shenyang University of
2018(6) :95-99 Technology ,2019
[ 4] SR, A7 5 36 T 00 T A4 ) RO B LR A [9] QuBZ,Wang H Y.Study of PID simulation based on
fRAIRZRS[ 1] . FIER AR SHLAR,2017(3) :64-68 PMAC servo system [ C ] // International Conference on
SHI Xiaojuan, YANG Ziyan. CNC machine tool position Electronic & Mechanical Engineering & Information
servo system based on fuzzy sliding mode control [ J]. Technology,2011 :440-443
Manufacturing Technology & Machine Tool, 2017 (3) . [10] BeibiA: JoROARY 33l i 42 il i BAR S5 R R [ T ] 5 il 31
64-68 W5 R ,2006,23(4) :586-592
[ 5] Z=Me)I], EikE AR FETE R B % WEEE HOU Zhongsheng. On model-free adaptive control; the
LA K g L3 G AL SR s [ 7] HLR 5 9 K, 2018, state of the art and perspective[ J ].Control Theory & Ap-
46(14) .118-122 plications ,2006,23(4) :586-592
LI Huachuan, HUANG Shangmeng, YU Huijie. Optimal [ 11] Z5Z2%%. PMSM 3R 31 &R 40 oA B h0 [ D] A 08
control strategy for permanent magnet synchronous motor AR T KA,2017
of NC machine based on feedforward self-learning[ J]. LI Hongtao.Model-free predictive control of PMSM drive
Machine Tool & Hydraulics,2018,46(14) . 118-122 system[ D].Hefei; Hefei University of Technology,2017
[ 6] Korkmaz M, Aydogdu O, Dogan H. Design and (127  FRd T IOAAY F 5 W 45 ) 5 v n0 DU 3 KAT a8
performance comparison of variable parameter nonlinear ﬁﬁ%[D] .j[ﬁ:‘i;j[ﬁf}fiﬁjﬁ%JOlS
PID controller and genetic algorithm based PID controller ZHENG Jian. Quad-rotor aircraft attitude adjustment
[ C] // International Symposium on Innovations in Intelli- based on model-free adaptive control[ D ].Beijing ; Beijing
gent Systems and Applications,2012.DOI: 10. 1109/INI- Jiaotong University, 2015
STA.2012. 6246935
Position servo system of CNC machine tool based on MFAC
QIAO Lingyu' FEI Yuhuan'® ZHENG Kai' MA Zhenwei'”’ LIU Yue®*
1 School of Engineering,Qufu Normal University, Rizhao 276800
2 Rizhao Huilian Zhongchuang Institute of Intelligent Technology, Rizhao 276826
3 School of Systems Science and Engineering,Sun Yat-sen University , Guangzhou 510006
4 School of Mechanical Engineering,Shandong University, Jinan 250100
Abstract As an important and complex mechanical and electrical part of CNC machine tools, the position servo

system is difficult to control and affected by many factors , however, its position precison will affect the machining ac-
curacy of CNC machine tools.In this paper,we use the Compact Format Dynamic Linearization (CFDL) and tradi-
tional PI control to improve the speed loop and position loop,and then improve the design of Model-Free Adaptive
Control (MFAC) by adding control items.The Matlab/Simulink simulation results show that the proposed scheme
keeps the advantages of MFAC ,and improves in position following performance as well as robustness.

Key words CNC machine tool ; position servo system; permanent magnet synchronous motor; model free adaptive

control (MFAC)



