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MODELING AND CONTROL OF
NANO-POSITIONING STAGE BASED ON FLEXURE
HINGE AND VOICE COIL MOTOR

ABSTRACT

With the progress of techniques in fields of semiconductor manufacturing, ultra-precision
machining and biomedical engineering, higher requirements of positioning range and accuracy are
raised by the related equipment. Nowadays, more and more researches concentrate on
nanopositioning with long stroke. This thesis presents the design and development of a novel
flexure-based nanopositioning stage driven by voice coil motor with millimeters’ range.

Design process of voice coil motor and flexure hinge is presented. Voice coil motor with
novel structure is come up with and parameter design is conducted by FEA analysis using ANSY'S
Maxwell. A set of optimal VCM parameters is selected by comparing the FEA analysis results.
VCM prototypes are manufactured and tested to verify the performances in terms of the output
thrust. A novel flexure hinge mechanism is adopted to achieve large deflection. Structural
parameters are carefully designed based on theoretical analyses, to guarantee the satisfaction to
the range and stiffness requirements of the system. Design of parameters is verified by conducting
finite-element analysis. The result of from FEA are compared with those of traditional theoretical
analyses.

DSP is selected to achieve the close-loop positioning control. A/D converter circuit, D/A
converter circuit and linear driver circuit are designed to meet the accuracy requirement of
VCM-flexure hinge positioning system. By using the automatically code-generation tool provided
by Simulink Real-time Workshop, which can directly convert a control system Simulink model
into a CCS project file containing a series of source files, and thus software programming is
largely simplified.

Nanopositoning system prototype is manufactured with system parameters to be identified in
the following experiments. System mathematical model is established and applied in the Simulink
modeling of the positioning control system. System PID controller is carefully designed to get the
optimal control parameters and simulated in Simulink. We build up the VCM-flexure positioning
system prototype. The nanopositioning system is tested for point-to-point positioning performance
with step commands of 2200nm. In this test, a steady-state error of 127nm (peak-to-peak) or
31nm (RMS) is achieved, thus confirming the desired nanometric motion quality.

Key words: nanopositioning, long-stroke, voice coil motor, flexure hinge, Simulink Real-time

Workshop
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/N

v(s) x(s)

u,(s) Ls+R,

w

E (s)

B 35 RGHAHEA
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XA il 22 G W AR T S B R R, A7 BN AT 2R A AN AT B s 5 S
LB, RS HE R, RATRH SR EITET RGNS 5P, @it DSP
0 g3 25 B B I ERAE 5, K RS0 F IR B A B R N, I S R 2
RKIEF| FAIHL PC %, i PC #HATEIE I REINE, SRS R2a &S5,

3.2.1 R/L ¥R

3.1 TNER I, RGBS EFHRE A AL BEE PR . R e
WMIASEHER L FE KRR D) ¥ BB T 52 2 FRE 1 A E R i = AR s 21, ) FEHLER BEl ge i A e
A BN, T L B S A S X S BRI 45 B Ao, DR A HE R A I R 4
LS T PRFFE L, 8 e S AR A4 . SRR 7 VAR IR — R /. AN Bl AL A e
e 77 2 N L TR, [ 2 1) 7 A FE L PR 286 Pl SR 4E N HRL AR PR 7 ), S 759 R ML 2B A
FIT7 R, IXFE ] UENUAR R SR T A S BN R Lb A, M A ROEE e T
T Bl T 7 SR ) s HL Bl 35 R s )

HFR(3-3) Al A1, N LR P Gedl [ HBh Ao O i, RGHEBM AT — R, H
X R AT 5 1 B A <

i(t) = UE (1—e®L) (3-6)

SEiGh, 1 DSP gt 4 e s, 2 DA Fein FF I DI BORAR IO, IR Eh ¥
Rl AL, (RIS F A AR A TN FE LR (R L, 22 AD Hedfim th DSP 3RIGE el FELBL Y 1
SIS IR, SRR ) 1 A R E I A LIRSS BATHL, S 5 AR A A Bt 2 an B 36 B
o IRAEF(B-6) M HAR BT, FTELRAGX B R, LH, R=7.24Q2, L=39.03mH,
RGN A HCT, =0, 39ms WU 28 4 FRL AL 1 38 PR KO «

1
Cs) = = (3-7)
39.03x10°s+7.24
voltage
current response 0.6
2.0+
405
1.6

404
S @
2 12 @
5 403 §
g ,,« 2
O —_
0.8 .
- H02 §
5
o

0.4 - 101

0.0 I!-"— ki '.;.‘sw._.- z 3 s i 'agr:hsy\‘ql . : . ‘ 400

0.0 0.1 0.2 0.3 04
time (s)
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WK 37 . aTUEE, STHREIMEKEERAGS, HERSS5LRARGHmNAHZ £+
0.02A, iFHFHRZE R BEHTEE.

———error

0.02

0.01

0.00

error (A)

-0.01 1

-0.02 +

0.0 I 0.1 ' 0!2 ' 0.3 0.4
time (s)
B 37 B ShEIRE
3. 2.2 10N REHER
W P L) SR TR B T, Sz /N T RGN LR TR H 2 T ARl Ul Fdt il 1 i A
TR B IR RS 2, RLE EA T B A S EO RS AR, mT DU AL R i A 25 3k
N—ANEHONE . HARGRIBCHER A A

_X() _ Kiew i
)= i.(s) ms?+cs+k 39)

SEEG Y, H1 DSP il gt 2 Bl F AN R FE AT IR ], A R E LN AR — i HLR
(1=0.2A) , HOGH RN RS0 Bk, DSP MMDEH R EMES, HHALMN
SEBROLE, FEALE (S Bl B RS BN, REALE MmN i 38 s, R4
A7 B I L3 B HOE AT B 2(3-8) e , A Matlab #2645 System Identification Toolbox %t It
M RGNS S AT R E, R4S R m=147kg , c=1469N-m/s ,
k=220x10*N/m, | &5 hr 8 5t ek 0 -

11.03
C(s)= > -
1.475° +14.69s +2.20x10

(3-9)

#
)
o
p=it
Pz
S
=



;}’iﬁiﬁx?

Y

g &/ SHANGHAI JIAO TONG UNIVERS

ETRMREN VCM EMLF AREERITHI RS

200 - 412
position
current 1.0
160 4 408
J06
— 120 4 J04
E —_
E <C
= bt 402 =
c UV"" < g
e . @
= 80+ 100 5
8_ - (&)
i H-02
40 4 4-04
4-06
0 T T T T T T T T T T T T —= 0.8
0.0 05 1.0 15 2.0 25 3.0 35

time (s)

B 38 FRGEXTF IR AL A e
N T REIRHFRAR A HER TR, IRIEPHREE R, £ Simulink 3L T ARG B SR
AR . FEAH R RIED T, A AR AR S PR AL SR AR JREAT X B, A RN 39
Ne PIBEMEEEPMENRSIRZENT L1um, EVXRGNIE KRS R EA BN m{E
FZ, B ARSI e IRah 1 i 07 18 5 SEPE BN AIE, (HANE] 39 Hhal DL 5 1 a3
Wi 7R FE AR RR, X R Gt ) A5 20 R AN A5 28 L JE RO TR 8 SRAFAE — E i 22

180-“ M ESEFME 180
160 fir BAT AL ] 160
140 4140
1M, ]
~ 120 ‘M J120
R AR 1 &
= 100 i — 4100 =
i ] I Y J
& 80 ! 180 ﬁ
gﬁ.ﬁ BOEI leo &
: 1" m
A= 1 4
= 404 {40 &
20+ 420
0+ 1o
-20 N —————————
0.0 0.5 1.0 15 2.0 25 3.0 35

I 1A (s)
B 39 RGXTHrER B R R

3. 3EHIR G IE

SE QLT B P R G RN 40 PR, 1 ELELAE I P F LSRR BE R Gt DSP il 4
ARG WIERAR ARG RS Lo . bl R G A B BRI A ALK
A BINR I 0 e R AL B S 55 ka8, DSP il SR BOLHE R AR 2 1L & 7%
MES, 2FITEARARSGEE, IS ENMER ST PID M1 EHARLSN
HLLA R H] %/ﬁ4:§72%§1’ﬁjjfi*$ GRS, RS IG5 40 AID $4, 4 DSP %
fill#s PLIFTY, f 4 € ISR 5, 48 DIA 228 N\ 2 D) R TBORER BEAT IO, SR 2 5 [l Fa AL
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& 40 frE#H RAGER

BRI RGBT RN R : EMNAIHTFLG, —H BT RN R, B IR R
Fo BB S, R E A IR E OO BT R G I AN EARIRAT, Wt E
Pt s,

3.3. 1 MRS RS ix1T

R IE S B L RS, DSP iaBfit, DIA Bt DhRBOBE DL 5 i
& o () RS MRS H A AID B3t 7E Simulink PR 8 5E FR PR 2 S 5O L,
A H b RS RN R R 2. LS, JFAH RIFHIREEN: .

A BT R B A AR, SIS o T — M B H ML) O 1A) 2 b &R
G HUBRAS 18] 3 BB NS 2, gt AN d LI A = S R B B R A T RS 2, IR e
TR AR ] O AL VO A, B B3R

IhR I H K A H ] LLE i — AN IS AT, AR 38 s 0T DL -

K

G . =__3a® 3-10
amplifier Tamps +1 ( )

Ko Ko —— R A8 Ky =72
T, K S AEIR A ],

D/A e R DL Bl — N R A, A%l s 30T OBl -
1

G,,=— 3-11
PA T8+l (3-11)

Krp Tpa——DA BIBLEELR I [l
AID BB AT LI R — S ER, A 3 R AT LU -

1
— 3-12
T os+1 (12
Keft Typ——AD HEBLIER I ]
FE AR I AR n] DU R — N e R, AL 33 pR ] LU RN -
K
Gsensor = e (3-13)
T..s+1

sensor
A Tsensor —— LA RS B ) B AR

K, ono—— it 2y, Ko =04,

#
N)
©
p=it
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S
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1 1/R
Gon = T57R CTs+1

(3-14)

Aot T, ——3% [l E L Hh i 3 5

MR IR 41 (2) FiR. KBS SR T — R MR, 9T PHHX—iER
VR, FELA A 5 2 N — K TR ) B B R B , i 5 15 S R (5 5 e I i) -
(RS, AUk @), W LLR RS AT B A, W 41 () (o) iz

1 - SeHSOF L
T”iD s+ l .\‘em’m‘S + ]
lc (S) Ha i FRPID _ | _ K oy _ 1/R , (Sz
] 2% To5+1 T,,8+1 T,s+1
(a)
| Ko |
Tps+1 b TS 1 -
i.(s) Ko . HIREFPID || 1 | K | 1/R i (52
T s +D(T,.s+D ! i A8 Tps+1 | T+ o T,s+]1 o
(b)
£.(8)~ Kow | owgwsier| | 1 [ K [ 1/R i,(s)
N (Typs + (T, +1) el d | Tos el " Tomp 8 +1 o T,s+1 o
(c)
i.(s) wietD | | Koo | | 1/R i.(s)
8 " Ts;s+1 T s+1 w
a
(d)

B 41 BRI T HER
i Toas Tans Tamps Taensor AERET To AR/, A2 10 0L E, i ol L 24
PESRATACTE, IR MBMEER Y, ARG SR, W 41 (d) B, WL
T Y PR A2 B PR 3 0 KON
K greor K / R

G sensor ' ~amp

current = (-I-ZI S +1)(-|-as +l)

(3-15)

AR G300 B BT FR A3 R MO I s 8, SR P Pt L s it ) T Ay
RGP, PI IR I35 O
Ts+1
pTiS

G, =K (3-16)
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BETE P 2 58 A HE 2 5 B B T 0 R A ) B 5 #TT T, =T, = 5.30ms »

Zoit PIRRIERI | J5 B (45 K Bt P 42 T, PR i b 20
I(s) K oK o K / TT R

p " “sensor © “amp

T o2
1.(5) %45/ Ty + K Koo Koy TT5 R

p

(3-17)

KampK..ven.voer / R ir (Sl
T;s(lszis—+l)
B 42 & Pl R FHERASEHE

N T ERAT R I AR G R A B RN ] R SR B AR S BVE RN, B

1

6= KK__K
ZTZI pT s-(;_nsor - amp
Zi

(3-18)

a

ﬂﬁ%Kﬁﬁ&L

£ Simulink PR8N @B R BT HRRIA T B A, AZ T REIRBI T PHERIEE, &
gt e T RS 5 P AR W 43 Pron. WD RECR AT LUR 2], ARG THikfE 5
Im SOE A LE 5% T, AR TRl E 1ms LA,  RGEM N Rl R B 0D, Foetiiim, Ht
AR A2 FLL AR I[85 FE PR 5K

\ f f i ff
1.4 fommes Fooneees =1 1.4
] | | | A
1.2 1 . - — S S —— 12

0.8 — — S .

-3 —

< 08 L

06 e S S O A —— Jo6

" ] 1 1 1 1 1 |8
o4d [ ——— e 404
0.2 / - . — {— R N— Jo2
0.0 — - 0.0
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time (ms)

B 43 FRIRRTER AN {7 H 45 R
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A
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x.(s) REFPID e | | Koy 6 ) | /R Kyey
BB ol Tpst1 [ | Topst1 - T,s+1 ms’ +cs+k

Ks =

x.(5)

Bl 44 AL BEIREHTIER
K1 B R PID i 2592505 F Simulink PID Controller $#24£ (¢ PID Tune T. &, F|H
Z L EAT LT E A PID S804 N RERImN, SRR BIRAAER PID 4. X
BB ERI SR T Simulink 7 5, {5 BE5 R K 45 B . Z 404 B ) S 1 542 il 7
5%LPA, R ()20 80ms, i o S B L AT R R G MERE TR .
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W BB T3, R RIS B ] 253847 1 it JRAE Simulink 435
NESL TR ARG, JFEEAT 1 Simulink 475 5, 07 FLAE SRUE B P BT AR ) 2 A B,
N JEEESEIR TR T BB KR .

EMUE BT EFEREHRSERT

AN B LE T SCER G2 ) SR A0 FCAR A b, 50847 1) 22 48 0 5B FRL B R R e R S
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Simulink PRE3 T & 57 4% il R G B AR o) B CARRS (8 CCS LA CHE), MoKFF
7 DSP 4mfE TAER, #EBhSZHL DSP fIPUE T K

4.1 =H| R rE it
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i o DSP F28335
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ADHE F S ER
A
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P EE M TI AR TMSF28335 715 S iEtl#y, TEREN R4z, DSP /£
K% ¥R e, B 150MHz 1R R A RE 77, A& 32 f7 CPU 1 32 {7 F s AL HL T,
Hak R IisH IhRE T LIRS H s B 5. %3k DSP B A H (5 5 a3 ae /), A
Ao K SRR AR N S Th e, & T A E R A B RS G, i Tl A 3l
ez, B RRAXERACR S LA AR RSt % . 1%k DSP HL A5 88 B¢ 10 11, 32 frahf
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H DSP %t 45 2 RS 5 i, BT DIA B o Bl /4 Rt 45 Th
RS ;A4 HRAE RS RER M BRGSO E, BEd AD #ison iy 25
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se gz 5| 5 DSP (1) 10 A%, 1 DSP (1) GPIO 51 I i Ik FESFAS e ST B Bk 4 . A
TARIRZS . SR st B, AD Bl i) B R R K 47 (a) Fin. DIA B
Pl IR TI AW DAT742, Z0H HA 16 fidesk, @ ifal/hF Sus, KA 16
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AADAE T B Simulink B89 B 8228 il CCS TRE, 4mik’E il DSP Al 0T S0

PHIEIEM EBE TN XFERAEG ST, 5% M EE ST IR, 1E
FERZEMATAEN PID 7T, e e miifE s Wl yURRES, WRIE 56 8 H
H RS 5 R ZE AT IR AT, & RS, SRR R s AT IR L, 18
I H AR5 E] PC A HL

4.2.1 Simulink AARSA R T H

Real-Time Workshop 72 MathWorks 2 =) $2 Bt A% 3 24l T H, 7T LCKE Simulink &
TR B B A B ) A 5] B ARFIARES . E AR AE D RESEH T N R G v H 2 SEIR
KRIEE T ARG SRS TAER, IR AWM. Ik TI A F A1 Mathworks 23 7 6 A4 H (1)
¥ T Embedded Target for TI’s C2000/C5000/C6000 DSP Platform F14% 171 . A Matlab Link
for CCS Development Tool (LL Rf&#xy CCSLink), {# Matlab V&~ DSP 4s /S E 5
A RSN TTBE, SEEL T A Simulink BEEIE] CCS TR TC4E 4, PR T 95 DSP ARHD s
JEFMT{EH . DSP Embedded Target TI C2000 JF /& ¥f$5m] LIEH RTW ACHSAE s T H M
Simulink B8 Az BARHER) ANSI C 274809, #RJ5id 1t CCSLink 2 H TR H CCS &k
Bigw PR REX L CAURY, AR R E HARB AT AT AT,

DSP H &S A i A2 & 50 . £ Simulink PR35 N E57 DSP 2R, I xi
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Simulink Embedded
Target for
TI C2000 DSP

model. md1

A

HPRiE S iFds -
idelink_ert. tlc @@

model. pjt:
.¢y .hy .asm, .lib. .cmd etc

CCS Link Gk, B

model. out

H #RDSP

Bl 50 DSP fRA% B 34 iz

4.2.2 Simulink 2 Sk A

Simulink I ELEEERK T TI A7 C2000 &% DSP KR T EF, #2487 51 DSP #
P, BG AD B, PWM B, GPIO b, eQEP #h%E, H AT LATE Simulink A3
N 7 A5 i P X e R s I T . DSP28x3X HEHLEE T 51 . ARE DSP ESZI
RE, FEMBINEHA  Digital Input. Digital Output HiHedz ] DSP i 10 % A K&
RSP, B 52 AID. DIA Bef)#%H]; SCI Receiver. SCI Transmit fE 52 DSP
5 PC _EATHLH (S eQEP AL LLSEHLEHER 205 SRS, SFRIMAFKMAEE
“Z; Memory Operation fRELSZHL P 77 5 — bk RIS N, FPASE A AID 34515510
AR ) DIA 57 5 N i (i 220

CAN Calibration
ADC e we) Digital Input P Digital Output s 12 Receive
0 > PTOtomI SO BCREY

12C Transmit SCI Receive o SCI Transmit = SP|Receive ™ SPI Transmit
R SQWT 1R 20T
" Software T _’W [ RSN [T
: Watchdog eCAN Receive &l eCAN Transmit i} eCAP
Interrupt Trigger = ey ) i S

ePWM xxrp eQEP
& 51 DSP28x3x Mtk

BH RSGEF EEH R VBT e R W RS TR K. R EE %
WA FREF A, SEBL RS IIA . AR e SCRIE, HmERwE 53 (@
FroRe TESEBRAT Simulink #2l SE R o, IX 57> Dhfg ti% Target Preference A (115 B 5¢
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IDE/Tool Chain: ITexas Instruments Code Composer Studio

Board I Memory I Section Peripherals I

F28335 I Enable loopback
- 8DC

Suspension mode: IFree_run

- eCAN_&

-~ eCAN_B = l—
eCAP Number of stop bits: |1

- ePWH
- 12C

- SCI_A B [—
i Character length bits: |8

- SCI_C
- SPI_&

Parity mode: INone

Baud rate: |115200

- eQEP : : ) [—
- Watchdog Communication mode: |Raw_data

-GPION_7 [~ Blocking mode
- GPIOB_15

-GPIO16_23 Data byte order: ILittle_Endian
~GPI024_31
- GPI032_39 Data swap width: IB_bits
~GPI040_47

-GPI048_55 Pin assignment (Tx): IGPIOQ

-~ GPIOB6_63

--Flash_loader Pin assignment (Rx): IGPIOIl
~DMA_chl

-~ DM4_ch2

~DM4_ch3

- DMA_chd

- DMA_chb

- DMA_ché

~PLL

|
Cancel | Help I Apply |

K& 52 Target Preference ¥ B

P SRR S B 3% TO R R RSl i, AR T RE R R R e 6T A AT
BESHATEN, 5S4 e EESarii, R BiREH T &N PID YT, HiHdh
SEHTUE S RN EYLERGE S, RS0 8 5 0 LG 5 iR 23 T il , &
ShmH RS . PRIRS TREFRAERWE 53 (b) Fim. £ Simulink &R d, s
TO H i & 3 5 i ik 6k Simulink Solver (1915 5 5E Bf): E$E Solver [IZRAUNEHU ., [ &5
K, BCHT R E AP KRT Y DSP (A E . #4728 0 Simulink 32 il AR AR RS A2 i) T
AR RS FRET, BRI N Wi RE Y, i S A AT — Ik

PO eQEPH I
'
l E FhA/DE e
I i
PrE 5
FF e i
- R
!
TR S TR NEDARR
At o R AH
A
o)
(a) (b)

Bl 53 (a) XEFHRER (b) STWiRS TEFRER
AR B SR IR A B BR AR Simulink A8 NN BAT AL E L HLIRUT PR A7 B4 il

036 U 4k 420



YEZALY

s #/ SHANGHAI JIAO TONG UNIVERSITY

BT ZMSE%M VCM BRI T ANEE RIS A%
RN 54 fros. #H RS Simulink BRI A Rl IRS 2T, FE A BRI, A8
IR PID fxifi| 28kl . A/D BEHAR e . FLIRIE PI 45| 2eiibh, D/IA i L 5 EATALE
AR o

AD conversion

Target Preferences

Current PID DA .
Position PID . | Position PID Controller - conversion

measure | Controller

B 54 $EH RS Simulink A
A BRI LS T DSP (¥ eQEP BHLR M R th 1112 45 5 BEAT AR,
eQEP BELERBEATHLE, KB E N7 T E A LA Rt 22905 5 - Kt eQEP fr
Hoar A7 SR Ia & TR B EAZHL,  FIRARIE MR B (L2nm) BEATIHEL, 15
BIRGSERALEE R, L& T B0 E I PID #HlI0T 2. 8RR Eus 2k 55 B
7No

C280x/C28x3x

qposcnt

eQEP
eQEP

C280x/C28x3x

P Data

SCI XMT
SCI Transmit

&l 55 ArERMAER Simulink &

AJD B I AID B4t i i ) 58 o FRUR S T SRR, i X AID B
Pots FAH OG5 B EAR P 3, SEElE shg . %Tﬁ%mﬁﬂ"{ﬂ AT IR — &
FIEE, SE RO IR RS 5 . T 7E BB AR K e, X 65| 15 DSP 1354 10 1
BRI, K r @ DSP 1) 10 H- P F4s dil e E sl b Thae . K A/D B4t & st
Y RN A, AIEH] Memory Operation ARE i H i 3 ) V\Jﬁi@iﬁl& TIEEHUERAE . R KE 12
HE) 50 B AT T S AR B, 19 BSEBRI IR . AD Fi A 56 (a) Fiaw.

C28x3x

0 [L - GPIOX
1 Ssrc
Constant GPIO DO

Digital Output Memory Copy

GPIO19 Memory Copy
Address=00200006

C28x3x

— P GPIOx

Constant GPIO DO
Digital Output
GPIO19

C28x3x

0 b——pcPiox

GPIO DO

Constant Digital Output
dst =1+ GPIO16
Memory Copy -
Memory Cop Add out C28x3x

y
Address=0020000C Gain
1 b————— GPIOX

GPIO DO
Digital Output
GPIO16

Constant
Constant

(a) (b)
B 56 (a)A/D (b)D/A B#aiFibk Simulink HH
D/A BSOS DIA 45t b (% ) 58 BOR 2 1) LA 5 B 40 B B0 5

37 T dt 427



By Y FLAAY

et/ SHANGHAI JIAO TONG UNIVERSITY

ETZMEREEM VCM ELT ERNEIERIESI RS
e, JEIEXT DIA B FA DS SR BT i, SCBEERRON . B el — R515)
15, B 5e U AS 5 B4 H o 78 B ERAR I 1 T E i, 1X 28 5] 15 DSP 193584 10 1 ELFEAH IS,
DRI L AT DSP 10 FESF fl 428 il 3V E SR L T RE o K5 DIA 363008 B AN T A7
Al A Memory Operation FEHf HoG B [ P A7 H ik 3E 1T 5 N35/E . DIA B bis s d o (&
56 (b) Fizwe.

4.3 KE NG

A& E AT G AR AR ) R G R B AR R R HEAT T A T s B 045 DSP
HLE%, A/D. D/IA FLESFITNRIRA) . WA A, SRR B3 T T, mRT
BIERI T, T T PCB I THRIEIE . SRR 510, R Simulink TET#B’J DSP #
ﬁ%ﬁ&ﬁ@*ﬁ?ﬁﬁﬂ% AL T ACE L RIS RS0 Simulink B8, FEFRIA Simulink
RIS E S ER T, BIhARR T CCS TR, G4 B4R T n $AT U1+ %1 DSP
BHIE IS T, VPR, RS R ER.

FBLE RESLWIIF

51 KB¥E

I 57 B R B R G T S T SR B G RGO A T B,
AT T AR ST SR -

L @ > L 4 L [ ] L d L 4 L4 L

.
» o o o ® @ 4 o & &
* s 0 ® 0 o ® L] e o 50
! [ ] » L . » L4 L . L L] L]

B o .0 o .0 o 0o o o 0

Esmﬁﬁ%@%@
5.2 LG RBIES T

5.2. 1 HIRIALL

FEIRIA SIS R P % ) 25 SCEL PR T, B DSP #% il AID #3508 b 5 st is it o
ITH AR, B B RS S SR SE R S S T, @it PR
TRV, ARG, I TR O B DIA B4t .t DSP i DIA S E
B, i R 2R BOR R, IR O S RS T EH RS AL
EE/ﬁHIﬂH#%U;&%AEI% BE N HIRAE S N RS S, DSP 152 Brka il 2] i s A ik A e
H R E 2 EALHL PC i, W8 B 5 A SEBRIAS B E S5 e i 58 fn. Hfat M

25038 U 4k 420



b “*a e AR | X
@) xFrirt

“ragies”  SHANGHAI JIAO TONG UNIVERSITY gﬂ:?&‘rﬁ%ﬁ%ﬂ VCM /'_‘I_'.'EZSFIIEI\E"JE*%&*?E%U%Z?E
Vil TR, PRI B [5 5 FR A7 E RN R, REVAREZI T 15%, WA K2
N 3.4ms.

— SRR
 —— B
T e e e o T -4 1.0
L T e T T S e -408
< ; —_
12 0.6 —---oome- e B SEEREREEE B -~ 06 ii’
il =
iz 1 {_EEJ
04 Joa
K 04 0.4 Y
0.2 e e 402
0.0 e — i B R - 0.0
1 T T
0 500 1000 1500

IS} A] (ms)
&l 58 FEIRFAHERNE ST B
5.2.2 fr B
TENL R G B AR IR A ] PR SR, SR ARG I B R AR BN, HEAT B
Wi SO o AR X LEVERREESR, X RGO B I R AT IE S 1R, 15 RS s A R4
BIRNAE S . 4N B/ N HEHE N £200nm IS S, FTfErAn B NAS S B K
59 Fiiin. RGihr BB AR IR ZE R 127nm - (I D) /31nm(35) 77 AR1E) -

400
E 200 -
c
S
i
o]
a
0
2004 : . : :
0 5 10

time (s)
& 59 fr B LR R

o Mg 2 SR AL, R LB SRER 2 SRR 2545 5 AT 1 FFT A 04, 45 R ¥ 60 Fros e
W2 {55 1E 50Hz, 100Hz F1 150Hz Bt I 1 BB FIARIE ORI, R 4052 B A 7 (5 5 1)
TR B AR oh, B A RSN T — W T EES . RGP EH
TSR % DSP LSRR D) 26 IK By H B ARGEEA T (A R, ST FH AR T HLIER i 1 L
E5 TR, F5 RS AEMELN 5mV 1) 50Hz 2R BAAMEX RN, HegidD)
RIRBNAR FIHORFEN B AL R G, IR ZR G0 = A2 IRk BE 520 A A S (R TBOR A 8 AR 22
RVRE T — 53

% 39 T Jt 427



) X FLAAE

o %/ SHANGHAI JIAO TONG UNIVERSITY

ETRMREN VCM EMLF AREERITHI RS

— 1.
1200004 (1501 1705) 120000
90000 - 90000
g
I 60000 - I- 60000
(99.28,4.148e4)
30000 - I 30000
49.99,4.801e4)
0 pLliy T ' 1 T | ' T - 0
0 500 1000 1500 2000 2500

$ii# (Hz)

& 60 FFT S 47

5.3 KRB/

AT X R UL - SR MR R L R GE S B6T 5 IURE - AT Tl HEAT T HLRIA PR
PERI I SEES, RG] PT 42, RS I S HOAT T & MR, SRR
ARG A A SR R RE Sy, LW BTG o A B PSR DA 200nm Dy REHE, REGAL
BN FRAS R ZE Y 1270m (EIEAED [31nmIYTTHRE). Scinsh REW RGHA BLR IR
&, WIPUAE 7 st i€ L] R el AT .

BRE &

BT XA 4t s Hi B S BX Bl 1 72 60 R RATAE AT RE /NI IR A, AR SCH T DA PBl FE ML BR B 3
PEFER 7 sNCA S RATRE . Wk e, EETAE RGBT

(L ik T H B shg e 1 & P F L, i T 7 PR G AN SEIR Bt & Rl AL
ANT7 FHE 75 5053 )04 5.45N/A I 5.58N/A, ] %t i K HE 71 KT 20N, 7EATHREVE FE W HE )
IR ASER I FL 3B I £5%. FRMREEM & THRA T 2 2B, LU e KITRER
T, RABAMRICTEIAT T s /1%, 40N #E11EH N KB N 2.68mm, NI
N 1.49X10°N/m, ZRZi—rE A HiZ% N 35Hz.

(2) it T KRG i, A4S DSP i ge B, Boii. MIECE K DL R IR
UKy, FEIAI RS . P R G PA BT SR A Simulink RS H BhE R TR, KiEdl R4
f) Simulink B 74 B4 A4 S LI C 8 =0, &4 n] T 3% DSP $14T .

(D XML ARG SLY T GRAT T IR AL B SEHN . RGERH S 8] % 0~ 5.39ms,
SN Ay 2.2010°N/m, SRR BN 1.47kg. BT T 5 B M- M R G I e
Hil5E 7 PID 5 55, RGN TP ER IR 5 0 B TE 5% LA T, REE R [ 7E 1ms LAY 5
FAGE ()5 B T [E] 249 80ms, 1 8 A ] B 45 I 7 5% LA

(4) 477 RGN IR PR FIALE PRS2 . RS0 M K FLALAE 5 (K0 S 1A] 204 3.4ms,
HEIARELZN 1.5%; XHT5E N +200nm A BB S, RSN BEWMNRFESIREN
127nm CIEUEAE ) /31nm(H) 7 ARAE), 152 RJF £ B 50Hz IS0 5 .

40 T Jt 4271



ETRMREN VCM EMLF AREERITHI RS

S 3Rk

[1] ZEngnG, KATREGOKE N R Ge4 TR EORBE S [D]. LK, 2007,

[2] Dong W, Tang J, Eldeeb Y. Design of a linear-motion dual-stage actuation system for precision
control[J]. Smart Materials and Structures. 2009, 18: 95035.

[3] Hiemstra D B, Parmar G, Awtar S. Performance Tradeoffs Posed by Moving Magnet Actuators in
Flexure-Based Nanopositioning[J]. IEEE/ASME Transactions on Mechatronics. 2014, 19(1): 201-212.
[4] Xu Q. Design and Development of a Compact Flexure-Based Precision Positioning System With
Centimeter Range[Z]. 2014: 61, 893-903.

[5] Kim Y, Kim Y, Sohn B, et al. Voice coil motor nano stage with an eddy current damper[Z]. IEEE,
20081714-1717.

[6] ESZAR, JREPE, TEH, A5 KRATHE R B 20 A TAE & B T ERT K 0] ket 5
3. 2001(04): 71-72.

[7] WLk, 700 B G BOEOCZINUR & Yo 8 AL TAF G FE[J]. Ot LA, 1996(04): 66-73.

[8] Eipe, HHI, BT, H IR ER L AL B Gl sl R PE SE I oK g AL 9], A 25 RG % il i iR
1998(06): 9-11.

[9] =22, o el R LIRS (1 iy s S8 9K e 8 L R GE[D]. M /R Tk K2, 2013,

[10] skulZ%E. 5T 5 Bl ALK SN B PR & A2 R G ih M oSS BRI FE[D]. B By RFHoR R,
2006.

[11] Hu Y, Finlay J C, Zhu T C. The design of a robotic multichannel platform for photodynamic
therapy[J]. Proc SPIE Int Soc Opt Eng. 2009, 7380: 738049.

[12] Z=F}. T F) LEDE S LI E 2 40 i e AL st [J]. wa /R Dalk K27, 2012.

[13] 4. — H i RV AT MU BT A S 45 a8 R R 5T D). b K2, 2012,

[14] Paros J. M W L. How to Design Flexure Hinges[J]. Machine design. 1965, 27(1965,37): 151-157.
[15] Lobontiu N, Paine J S N, Garcia E, et al. Design of symmetric conic-section flexure hinges based
on closed-form compliance equations[J]. Mechanism and Machine Theory. 2002, 37(5): 477-498.

[16] Yong Y K, Lu T. Kinetostatic modeling of 3-RRR compliant micro-motion stages with flexure
hinges[J]. Mechanism and Machine Theory. 2009, 44(6): 1156-1175.

[17] The modeling of cross-axis flexural pivots[J].

[18] E&ul, BRE, &5, 55 MBRVRECEERE IR RERIDT T[], TH R ik (A AR RR).
2001(11): 49-52.

[19] MR8, YA, TUEZE. =ML RVERBEN @S /0[], MU LFE#4R. 2009(08): 1-5.
[20] Z=tHiR. SEYEBCEERESN ). T A f AT SEE T E AL [D]. 7O 2 1 RHE R 2%, 2006.
[21] Xu Q. Design, testing and precision control of a novel long-stroke flexure micropositioning
system[J]. Mechanism and Machine Theory. 2013, 70: 209-224.

[22] Xu Q. Design and Development of a Compact Flexure-Based Precision Positioning System With
Centimeter Range[Z]. 2014: 61, 893-903.

[23] ERB&, ¥E%. K DSPHIFPGAE UK I ] 7 8] i ALK 4% il RSE[I]. AL 5 3 2 4.
2011(04): 7-12.

[24] Fa%, KR, 3T Matlab/xPCI1) B i FEHL S F0HF N BB P A 45 i 8F 72 [3]. Dz H R

41 U1 Jt 42T



) X FLAAE

#/ SHANGHAI JIAO TONG UNIVERSITY

ETRMREN VCM EMLF AREERITHI RS

2011(12): 32-36.

[25] XINNEE. & AL B R s il R R0 FE[D]. #a /RIE Tk K5, 2010.

[26] Ogata K. Modern Control Engineering[M]. 28 FLhR ed. Jb3T: HF Lok s ik, 2011,

[27] X5, Z=fid, 22K 8. Matlab~F- &5 DSP H s AR 2B s AR 7L [3]. BARHE -FH AR, 2012(14):
11-13.

[28] A1, XA & TR % TFDSPAI[M]. 20114E8 H SRR LK. dbat: [ER5 Tk H At
2011.

%42 T1 3k 4270



(VA 2 {Ié X N4
-

K =,

g v ]& A ’:r

#/ SHANGHAI JIAO TONG UNIVERSITY

ETRMREN VCM EMLF AREERITHI RS

I

AT P = A2, X BN A LR AR B TR 2 E S AR T, AU FIA R
WA, A AES], ARSI . KB, H e BRI AR R SIMeKECE . B
FRE IR ENTRTKE IR, 72 PR L IRIRIRIR R BRI A A AL SRR, W E R
KA, wf AR A RE— AN A, KBRS A, IF JISRMARA Lok . 72 ERb et
AR, SKRZIMN I L E AR IL, X C e ) TARRAT I &, FFXH A7 LE 1 1] 7 e i
EBSCE I, IR TAEREUS SR A etk AT, e TIRZ B BRIKR L [,
FE I I a1k, 2% B 3 BhIRIE R AR k. R AR T, IR 2 7K Z T A BHE T
VRIS . INFCRERIT IS L, XA XS ANAS FE I I 2B B . fEIX L, JOXT k2R
B0 .

FLRE X BN 6] EAISREA A AR JERE B RLEA], B R R E
FM AR 2 ATHCAS A AR R DRGNS ) 62 KB 2 o 8 281 DR XA PO AR EL 35 )
WA FRE I AR 3E R 70 5, IX BRIV AR 1) R A B i R i HAR B2 = 5 2 b, DURBATH]
RESAEM AT R s TR, EEMER SR PR KRR A L

R BRI SR, EUHRA T — ELLURAOSCREAIRE£F, RO URATTIS 3 — Bt K

FE LR A A B RN, B RAT

% 43 T 3k 4271



%/ SHANGHAI JIAO TONG UNIVERSITY

ETRMREN VCM EMLF AREERITHI RS

MODELING AND CONTROL OF
NANO-POSITIONING STAGE BASED ON FLEXURE
HINGE AND VOICE COIL MOTOR

With the progress of techniques in fields of semiconductor manufacturing, ultra-precision
machining and biomedical engineering, higher requirements of positioning range and accuracy are
raised by the related equipments for the positioning system. Nowadays, more and more researches
concentrate on nanopositioning with long stroke. Given their high resolution, powerful output
force, operating bandwidth and lack of friction and backlash, piezoelectric ceramic actuators are
usually applied in most existing ultra-precision positioning stage. The primary limitation of
piezoelectric ceramic actuators is their inherently small stroke, they can only travel in up to
several hundred micrometers’ range. Typically piezoelectric ceramic actuator delivers a stroke up
to 0.1% of its own length, which makes it difficult to realize a translation in millimeters.
Recognizing the limitations of piezoelectric actuators, a direct-drive, linear voice coil actuator has
been designed and investigated for large-range nanopositioning. Compared with piezoelectric
ceramic actuator, VCA is capable to deliver a much larger level stroke. This thesis presents the
design and development of a novel flexure-based nanopositioning stage driven by voice coil motor
with millimeters’ range.

VCA and flexure hinge are the most significant parts of the positioning system. Voice coil
actuator is a special kind of DC actuator, which works basing on the Lorentz force principle. The
VCA can obtain a relatively high precision and rapid response with a simpler structure, smaller
space. Moving-coil configuration is commonly employed in VCAs. This structure can easily
achieve a higher output force because the application of a lager static magnet. But meanwhile,
moving-coil VCA suffers from the limitation of the current and the disturbance of the moving
wires. To overcome heat dissipation from the coil connected to the motion stage and the
disturbance due to the moving coil wires, the voice coil actuator is employed in the
moving-magnet configuration. This configuration eliminates disturbance from moving wires and
improves thermal dissipation. Moving-magnet voice coil motor with novel structure is come up
with, which can significantly lower the moving mass since the relatively heavy iron core remains
static. There are several conflicting requirements placed in the VCA parameter
specifications—output force capability, force uniformity, moving mass, heat generation and
overall size limitation of VCA. Such tradeoffs in parameter design is carefully balanced by
conducting FEA analysis using ANSYS Maxwell. Several parameters which have significant
influence on the performance of VCA, such as the thickness of the magnet, coil, iron core and the
size of the gap, are made into different combinations. By comparing the FEA analysis results of
each combination and considering about the feasibility of manufacturing at the same time, a set of
optimal VCA parameter is selected. VCA prototypes are manufactured based on the designed
parameters and tested to verify the performances in terms of the output force and force uniformity
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and linearity about the loading current in the overall stroke. The force constant is obtained by
linear fitting of the scatters in force-current diagram. Based on the results of experiments, the
VCA prototypes achieve quite good linearity about the loading current and uniformity in the
overall moving range, even though there are still differences between the test results and the FEA
results, which may be brought in because of the manufacturing error. For flexure hinge design, a
novel Multi-compound parallelogram flexure (MCPF) mechanism is adopted to achieve larger
deflection. Based on the theories in mechanics of materials, the theoretical stiffness, theoretical
maximum deflection and the natural frequency of the flexure hinge can be derived. We employ a
mirror symmetric configuration of flexure hinge to eliminate the torsion of the axis. To overcome
the problem of bending deformations in off-plane direction, two MCPFs are used in series to
increase the torsional stiffness of the stage. Meanwhile, several connecting rods are added to the
flexure hinge system to reduce the deflection in the non-functional directions. Structural
parameters are carefully designed based on theoretical calculating methods, to guarantee the range
and stiffness requirements of the system. Parametric design is verified by conducting
finite-element analysis in ANSYS, including the motion range, stress distribution, and the
deflection in off-plane direction when driven by VCAs. The result of statics and dynamics analysis
from FEA are compared with those of traditional theoretical analyses, and these two methods are
proved to achieve a high degree of agreement, which verifies the feasibility to design a MCPF
mechanism by using the theoretical analysis method. The moving magnet of VCA is fixed to the
flexure hinge through the output shaft. This configuration can lead to a frictionless motion and
reduce the problem of nonlinearity due to friction force. But the unbalanced separation between
the moving magnet and the static iron core introduces the risk of assembly error in the direction
perpendicular to the motion axis. This problem can be mitigated by increasing the torsional
stiffness of the flexure hinge as mentioned previously. Other parts of the positioning system, such
as the base, platform, seats for linear glass scale and connecting pieces. These parts are carefully
designed considering the requirements of assembly between these parts.

Control system design is divided into two parts: hardware design and software design. For
hardware design part, DSP circuit, A/D&D/A converting circuit and linear driver circuit are
separately designed and fabricated. DSP F28335 from Texas Instruments is selected to achieve the
close-loop positioning control. VCAs are driven by linear power amplifier due to its wide
bandwidth and better linearity. A/D converter circuit, D/A converter circuit and linear driver
circuit are carefully designed to meet the accuracy requirement of VCM-flexure hinge positioning
system. The strategy of the control system working as following: DSP will acquire and accumulate
the differential signal from the linear glass scale with eQEP module, and calculate the actual
position of the system based on the resolution of the scale. The actual position will be compared
with the given position and the error will be calculated by PID controller in DSP. The controller
will output a given current value. The actual loading current in VCA will be acquired by current
sensor and converted into digital signal by AD converter. DSP will compare the actual current
with the given current, and the error will be viewed as the input signal of the current PI controller.
After the calculation, DSP output the given voltage value. This digital signal will be translated into
analog signal by DA converter. The VCAs is driven by the amplified voltage from the linear
amplifier. For software design part, i.e. DSP programming, here we use the code-generation tool
provided by Simulink Real-time Workshop to generate software program automatically, which can
significantly simplifies the software programming work. Simulink also provides an abundant
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block library for F283x3 series of DSP specifically, which contains various blocks corresponding
to DSP peripherals modules, including ePWM modules, eQEP modules, SCI modules, GPIO etc.
We can use these blocks and also some other blocks provided by Simulink to build up a control
algorithm Simulink model. And then we use the code generation tool to directly convert this
Simulink model into a CCS project file containing a series of source files and other relative files.
The output file is executable on DSP after compiling.

Nanopositoning system prototype is manufactured and built up with unknown system
electrical and mechanical parameters. Electrical parameters including the resistance and
inductance of the VCAs. The VCAs are driven by a given voltage and the current response is
measured simultaneously. We can calculate the unknown parameters according to the step
response of the first-order system. Mechanical parameters of the system, such as the equivalent
mass, damping coefficient and stiffness of the prototype system are identified successively
identified. We measure the input current signal and the output position signal and the unknown
parameters can be easily calculated by using System Identification Toolbox provided by Matlab.
System mathematical model is established and applied in the Simulink modeling of the
positioning control system. According to the mathematical model, we formulate the control
strategy. System PID controller is carefully designed to get the optimal control parameters and
simulated in Simulink to verify the PID controller performance.

To verify the performance of the nanopositioning system prototype, current control and
positioning close-loop experiments are conducted on the VCM-flexure positioning system. By
using a proper current Pl controller, we can realize a fast-response and no-overshoot current
close-loop control. The nanopositioning system is tested for point-to-point positioning
performance with step commands of x200nm. In this test, a steady-state error of 127nm
(peak-to-peak) or 31nm (RMS) is achieved, thus confirming the desired nanometric motion
quality.

Overall, this thesis achieved substantive results and basically completes the intended target.
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