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Abstract :© A variable structure controller is developed for an AC servo motor used in CNC milling machines.

The designed controller is implemented as an outer loop controller to a factory designed motor-servopack system.

The robustness parameter is tuned for a fast response when the speed tracking error is large, while it is tuned

for small oscillations when the speed tracking error is small. The designed controller is installed on a CNC

machine using a PC. Cutting experiments show improved performance over the factory-designed controller.
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Fig. 1. Model of AC servo motor and servopack.
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Fig. 3. Simplified model for controller design.
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(a) servopack, (b) model simulation.
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Fig. 5. Block diagram of controller and plant.
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Fig. 6. Hardware setup.
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Table 1. Parameter value for experiment.

J(N - m) Kp Kz n 9 A

1 0.0109 8.1 1.6023 2000 25 250
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Steady-state average value

300.04

300.02
=
$ a0
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Experiment count

a9 7. AN dEelA e HFEF v,
Fig. 7. Steady-state average.

Servopack : 300rpm command

“ J ' j T j i T !
300 ; : - -
200} < et :
L S D T S S _
S S S S S S S
) 1 2 3 4 5 8 7 8 9

RPM

300.6 T T T T T
30041 T T ‘_“"ﬂ
s0.2L b1k -tHH HE _ {11 AT £} N
o (L~
2005 NVNIIRATY Qg i i ld ”,_4
2996 : . ! L ;

S 52 54 56 58 6 6.2

(c)

Iy 8 AREHMH Aol - FRE
(a) AA &%, (b) A= A, (c) A4 A,
Fig. 8. Servopack(only P) : no load.
(a) step response, (b) transient, (c) steady
—state.

X 2. 300rpm 3 AA] MR B3I VSC B (F3
3}).
Table 2. Servopack vs. VSC(300rpm with no load).

tms) | MSE | ess(%)* | Mp(%) | 55 9s¢t
(rpm)
A
(H]L““ﬁb 10 | 00211 | -0.0155 | 9934 | +01375
Mg
(e "® | 11| 0031 | 00057 96 | £0.1757
A ol)
VsC 82 | 00766 | 00003 | 767 | +02769
(F5-8})

*ess 1 500-3000ms 7k i
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Servopack : 300rpm command
400 T T ™ T
200F-----------e s oo o
0 2 4 8 8 10
(a)
OO 0.005 0.01 0.015 0.02 0.025 0.03 0.035
(sec}
(b)
301 T T ! T ™
300.5 :

300L
299.55

52 54 5.6 5.8 6 6.2

(c)
a9 9 ArR"mE HE Ao) : FHI)
(a) A& &4, (b) A= A=, () AAF AHH.
Fig. 9. Servopack(PI) : no load.
(a) step response, (b) transient, (c) steady

-state.
VSC controller : 300rpm command
400 r r . y
20 ---- e i Tl T
' : | | | \
! H 1 1
0 i " i e
0 1 2 3 4 5 6 7
(a)
400

(b)
302

301

300

299
5

(©)

a9 10. VSC Ael7] : Fr3)
(@) AA ¢, (b) F5 A=, (¢) A4 AH.
Fig. 10. VSC controller : no load.
(a) step response, (b) transient, (c) stea-
dy - state.
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T oA A3 YoM A" X3 grE o] 8F VSC
Hojzle] dAE Ralo diF AL FAH7] AsNA,
MegUgn AEgdFsaATad dE TNV-40 HAd AlE
9} zZo| Yaskawa®l ZEE FAasich WA AEo 2
e 288 2E7} FEH 31, A28E FAY 259
2A wEo g Balrb e e A FHE B
At 29 118 AA=Z o]8H /O RES 4y EE7}
Hard TNV-40 wAgd MEe] AE Apdo|ch ool M3
AN Fdd AL IR o] &3y, 300rpm A H| sl
AR VSC Aolzle] 45& vlustgrt 19 129 13
2 MARgrs o83 AF ZHioth Iy 12+ AR
dld Alo}r|mE ol &5t 7] WEd, Fate dFgoz s
of A AR XH3 PFHer & 5pm ALY L3t
7 ATk 1Y 138 MR vE AR AojrE o
43 Ao vd Aor|Rte £2 45E YERIZ UF
gl Ao]r)9) miAAR Rt JFgo T Qe x|
d &zt 9 07rpm ALY HF FE AVF WAL
& 2 & 9ok 284d, 2 149 VSC Alolrle &
€ B, R3UF 2y ol AN A 2 A
Z FFsta Aok a9 89 (oY AFe Hiade R
d, VSC Alojrle FEsAIV Fa7t d=ls dqu, A
Aejollal A W5E ARE Yu Y& o = AUtk 2
Y 159 (@ Z¥ 140 dig £5 Ao U4y u9 Ao
th Balz Qi £% oxE BASY Fr] Y AA
AFEct oF 5rpm A= o 2 gol Wt ASE B F
stk 1¥ 159 (bE 3PS Wb Aotk X 16A
e dz2 s9 Arie A dudA 258y o R
Ay digt AHES FAFHoz vwstyl YA, F 29
& oz ¥ 39 1 AxE Vel ¥ 38 29
IAE Beprl AEe o, VSC Ao7|& 9F F=E H7}
39S W7t MRAHTE AILSHS drg o U2 AT
HodE AL 4+ o 2¥ 162 A 432 & 39
W3l FolE YEld Aol

)

go Jm 3O
o Ello

(a) (b)

O 1L A 2 A,
(a) /O BEs} AHA F5H
(b) TNV-40 HAlYd AE].
Fig. 11. Experimental device.
(a) 1/O board and servopack drive,
(b) TNV-40 machining center.

Servopack (constant load) : 300rpm command

300

200 -------- — ———————— [
1oo~— ----- .

S os 1 15 2 25 3 35

300

200

RPM

100

0 N s N ; .
0 0005 001 0015 002 0025 003 (0.035

298 T

296 :

294

2922 2.2 42; 2.‘6 28 3 3.2

(©)
a9 12, AR E Ao) - I FEt
(@) AA 4, (b) F= 2, (o) A .
Fig. 12. Servopack(P control) : constant load.
(a) step response, (b) transient, (c) stea-
dy-state.

Servopack (constant ioad) : 300rpm command
400 T — . r v

2oor-n~-—M----'Ah--.---;-n-‘--_-<

:

0 0005 001 0015 002 0025 003 0035
(b)

300

2995

299

298.5
2

(c)
a9 13 AR#HEE AR Ao g4 Btk
(@) HA &4, (b T e, () BY dH.
Fig. 13. Servopack(PI control) : constant load.
(a) step response, (b) transient, (c) stea-

dy-state.
X 3. 300rpm 3 AA] ARy VSCe H (YA
o
23h),
Table 3. Servopack vs. VSC (300rpm with constant
load).
. . o o $S 0SCl.
| tr(ms) MSE ess(%) Mp(%) (rpmy)
REE
CEEED 175 2391 -1.6072 -0.03 +0.8140
) 'H oo
(1] 3]‘1]1011—)1 - 175 0.796 -0.2584 1.667 +0.4416
A]
YRS 175 | 03088 | -0017 | 1536 | L0553
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VSC controiler {constant load) : 30Qrpm command

400
3
0 d. i e
0 05 1 15 2 25 3 35
(a)
400 - . - .

Z 200
[+ 4

0 0005 001 0015 002 0025 003 0035
(sec)
(b)

(c)
a9 14. 7P T2 Ae)r] - dA B
(@ AA &%, (b 3= FE, © ZY A

.

Fig. 14. VSCcontroller : constant load.
(a) Step response, (b) Transient, (c) St-
eady-state.

Switching function s

(a) (b)

29 15 Felrh e
I A3,

Fig. 15. Control command and switching function
(constant load),

el VSC #jo}71e} Ao} ¥

R et AR oA, EHHOR Fart Waks A9 o)
sto] HAE Aoi7|E o §3te] A(milling) T YL
P 29 19 2% 238 LHE DpmzF ol

A~ AT 2

4 £E2F Smm/s)o® FHA|IFILL, AWE  HE
3B00rpm o2 I HAAA 7HFHAFHE Y =ES AE
o] 43 ¢°lH, FHAANZE FAILE lem] SS41CE o} 8315

o a2 173 AR PI AojrjE ol &g AHolM, 1¥
182 £ =89 VSC #Ho71& o] &% Hojr} 18 173
189 s 1YL FEHE AXNR @& Auolr) Mud

of 79 sbgel AlapEliz Egtol sl vhehuh 1ol
Wb VSC Aol 71E ol 3 A geliz kg dgkel & uheit
A7) el FMA gl grel 911§ 2917 109)
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trend of mean square
£ error
g 10
x
I i i e
£ . . ‘
<% ix*ﬁ“*z—wi‘.‘la—;.sec
1
[0} 0.5 1 1.5 2 2.5 3
trend of steady state error
L
a OF - %= X oK K K- KoK e Ky K- R Ho - -
- ; ! . ' .
1! ‘ — sec
0 0.5 1 1.5 2 2.5 3
trend of steady state oscillation
a4 .
£
a 2‘—v;———v~-~f~-74--4-7" -----
o- bl E X X X X X sec
o] 0.5 1 1.5 2 2.5 3
*1 VSC line : servopack
2% 16, Azl wE AEss VSC Alelrle) Bl
(5-3}).

Fig. 16. Servopack(PI) vs.
time (load).

VSC controller with

ZPLPF(Zero Phase Low Pass Filter)E o] &3le diolg &
A2 Ao|rh, 1§y 173 182 T 2P AM 7HEo)
AR E £7H) &5 Aojs AR Ao °F 0.7rpm
Az Ha, VSC Aoi7lE= ¢F 05mm YL & ¢ 9l
th 19 19 A#8gae e Yl Aot MHEdE 2
7 291E BE9 FAR Q3 AAZ K-slyte] zHg-sir}
7t, 7bEel AlztE e ke @S 59 ghol AX: QL

S dehia gk zEm, gabAe] Fe] o FHeldw
oAl Mg vld grew so] gho] "ol X 59
U2 o b} AAE okl 92 E B & Uk

Sarvopack Pl contral.. raw data
T

‘ ‘ 1§

: 1.3 2 2.3 3 3.3 4.3
Servopack A1 control.. zero pnase LP fitered data
32 3 T
31- - A pe— - . - -
; 0 _‘.,\. “'.;"1 DAL 0 PP - ).w,wgw .‘\,‘-'r,dw“"Mr\,ﬁ‘ﬂ"‘N\wWM 2
29 - - ———eem e et . jl, i e oo P — R e e —
284 . -
2.3 1 13 2 25 3 35 4 4.3
N Sarvepack P! contrel., magnified
1
0.5~ . - S 4
AR
£ w- SRS f‘\/ gl N\} ,\, ,4 l\ "/‘ y /"‘/\ -
x . : \ .)
255~ - N - S . -
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2 . . i
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g 17 ARH(PDE o] &3 A2 A,
Fig. 17. Drlling with Pl servopack.
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e} ols} o] MAAE A7 EYaskawa FE]o #-83t
A1, o] A2"E TNV-40 milling machine?] z-% ol4
zx)o) Fasle] 2HE o] FAYT A ANAFHE A
ok Hrlsk A¥ A B =R dAE Ar|rh
Yaskawa AR 7S o] &3t AeHwrh TR Y dA
3 2o st A5 A3E BASA F 4 UdsE 1A

o 58 A4 2Ee B =
#e YEsiac,

el el Aol

VSC controller.. raw gata

1 1.5 2 2.5 3 35
VSC conroller.. zero phase LP filered gata

31..,,,. - e e o o s 2 =
L 30 vaWMWMWWM -
298 — S — _— O,
\
28 .
0 0.5 1 1.5 2 25 3 35 4 45
VSC controller.. magnified
al
305'. — st e e e e - .j
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Fig. 18. Drilling with VSC controller.

Switching tunction §
25 -

0 05 1 1.8 2 25 3 35 4
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Fig. 19. Switching function s in drilling experi-
ment.
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