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Design and Realization of the 19-bit Sinewave Decoder

via the QEP-CORDIC Algorithm for Servo Motors

Student : Chien-Lung Lee Advisor : Dr. Pau-Lo Hsu

ABSTRACT

This study focuses on the development and realization of the decoder algorithm of
sinewave encoders for precision-motion control, especially for low-speed operations. The
linearization methaod. for sinewave decoding has been implementedion a DSP microcontroller
with high-level-programming realization based on the C language. Furthermore, The
proposed QEP-CORDIC algorithm is realized on the FPGA-based 19-bit decoding. The
present QEP-CORIDC algorithm which:employs the CORDIC algorithm with the proposed
techniques as : (1) auto-calibration of-ADE-eonveriers(2)-vector mapping of QEP, and (3) the
state counter of the’QEP./Also, the best recursive procedure.is also, determined by both
simulation and experimental results, with 17521 logic gates and 150ns decoding time.

The developed 19-bit sinewave encoder is applied to the serve motor with a low-speed
control. There are three methods are compared to estimate the velocity from the encoder
output: (1) the differential approach with a lowpass filter, (2) the east-squares fit, and (3) the
Kalman filter. The Kalman filter has been proven to be the best performance with the
minimum velocity variance. Both the PI controller and the Kalman filter has been applied to

the CNC to render satisfactory control performance in extremely low-speed motion control.
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Residual Error Between V _and Perfect Triangular Wave
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Residual Error Between 02 and E

Position(rad)

B 2-11 A8 iF 43 B=0.2798 ™ 4 1§ & #i%- AL @

PR - tha-BY 5 8BIE € NRA <L > »u A Amr+0.465rad &

\\\Xr
[N
T
)

(m+%]7zi0.465rad i (M G EFH) LV (0) ~ Vo (0) ~ C,(0)% %4 B

:ﬁﬁ%@ﬁﬁﬂﬁﬂﬁ
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0.2798x|sin 6| x|cos 6
[sin 6] +[cos 6

V,,(0)= (1—

]([sin 6|—|cos 9|) (2.10)

A At @) A A F S8 C(0) 0 P A o 308 CL(0) C(0) T BT L Sk
E(0) &% L& it A o e @ihAV,,(0) &V, (0) 57 i & B 4217 5 5% L YdB B
fRA R o B RS A R RS S R F RV, (0) 8 V,,(0) ik B 4 gt

SRR R T AT S TR g fJ‘f'ZEiﬂ%*»%~n£37”~2néﬁfﬁs

B e 0GR e g @V, (0) 2V,,(0) % F s me BE o 80U BE e

Linearizae output Before Modify Linearizae output After Modify

1 T T T T T T 1 T T T
0.8+ B 0.8+
0.6 B 0.6
0.4+ ~ 0.4+
0.2+ B 0.2

(I3 B 0
0.2f 1 0.2r
0.4} R 0.4t
0.6} R 06}
0.8} g 0.8

1 I . . 1 1 I 1 . . I . . .

0 1 2 - 4 5 6 0 1 2 3 4 5 6
Position(rad) Position(rad)

Wl 2-12 s it g )i s 1 B

7o 2-1 S R EA g

AT veli 5 I A S8k C,
RAEALERS 1.8457x10°° 1.1927x107* 1.0608x10°
f247 B 17hit 21bit 24bit

2.3.2CORDIC % & ;2 j245 [6]

FTRNHBY - A WA - §fE# 7 > CORDIC 2 ¢ & coordinate rotation
digital computer > # © f 5 B R BT B2 0 B LR A BB Nk

Mot g e g R B2 o Volder & 1959 £ 4% It CORDIC i & i Pt & > 2R B
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JCRE {fﬂiﬁ

N R TR

i o X TF SRRk Ry
¥ A RIEEIT Gk = & Sl s B msgtgg;' WiEd T EIRE G ED R
FoptZenh A BEAM N FRY D42 B2 BT B4 VRGN e
PER2AEIRTDIEZE Hugr N HMTRSOFT IR o
T A o N A e e A R o Y o R AR R S (X y) AR S G
_x&.l- lﬁ_E'_{(X y)
X' coséd —sind || x 1 —tand| x
=| . =c0sd (2.11)
y' sing coséd |y tan@ 1 y
ETARAPE2A BiE R OERK
1. A PerRsgdgad B d T
0=16,+6,£0, +

. o

2. FRIERERO AL 20) T2k 7 Sl T*{e_tan‘12',lfj£_
3 2 ROM # r1igi #* o
H-F

BEZRE AP s Ty

: 1R PR i 5
—tand g il ] —tanéd, | x
[} cos@[ }{} HCOSH’H[tanQi ) }{}
1 —tang, nil ]
s, MKE[

-d; -2

y

. (2.12)
i T x

o d; -2 1 }{y}

>

o



oK = Hcosé? CPABFERE  TRERPEARR o d =184 0

i=0

S 0 G 4 E BB 0 T s T Ak S A

(2.13)
Yia =Y +0;-27 -
IR N PR
n-1
0->6,=20=>1z,=2-6=2-d -tan™" 2" (2.14)

i=0

FAN LAk E BN CORDIC difiw 8 238> FE h vk @Y N0 fien
e SdEemits o HEHEEY { L A 5 F & (circular) S ~ A4 (linear) S0 22 B A
(hyperbolic) & #ic = &

X=X -m-d =27y, (m=1 [ circular tan*2", m=1
Yo=Y +dE27 X, m=0"|=linear ' @.=% 21 m=0 (215)[8]
z.,=2-d"0 m =—1- hyperbolic tanh 2" m=-1

“éf plzo ek o R R B e en 3N 5 S 5N (rotation mode) 2 v & 5t

(vectoring mode)s & o g 5N A Ao e £ e - BN P A dg ok R J18 0 2 R

Barene £ igmd R R e e 820 D] X h b o8 0t B DA A £ 8 X
B A b oo RRAYM BRG] o AP R ARE S BT e £ 0 e
Ration
Input
0
a = \ectoring

¥l 2-14 CORDIC *z#& #i-5% 7+ & Bl

AR T 0 2 AP RE R PER 0 F il B8 S ziiﬁ{
FIR XS e R BB TR v d A IR & R 7 T d =sign(z)
&fwﬂz %ﬁ%ﬁﬁvmifﬁ&_ﬁ;a,k%ﬁp AR /BRI LR
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+6,+0, £ 20, 2 Feangd | v EHV P APRB A dee 2D X o0 o0 ¥
Ly =0 ¥z, 5 00 d BIEd x &y sk d=-sign(x -y,) > # = &g
ERFAF Y o R e BEI X0 2 QAT CREE e R R o i&g\
A B X phiniT 2 % & @ o T W] 2-15 2 CORDIC &7 I ifie = i fy o)

] 5 CORDIC % £ #58 © #7 .18 chf_& » S fctan ™ ehig » #712 g%~37”u§mglm ¢

%5

-

T 7
LR Tl
7”3 1p

Original CORDIC Output Original CORDIC Output
T T T T T T T T T T T T
Sl R e | i IR R Y
| | | | | | | | | | | |
| | | | | | | | | | | |
e e 1 . L T T e N e
| | | | | | | | | |
| | | | | | | | | | | |
| | | | | | | | | | | |
R i e e i i e e U i e e i St il s Bt
—~ | | | | | | = | | | | | |
g | | | | | | B | | | | | |
E O ofF - - —d_- L af i =7t | A ) O O
=3 | | | | | =3 | | | | |
5 5
[¢] | | | | | ¢} | | | | |
| | | | | | | | | | | |
] e Bl i e e S il nlie St Ll il OS5 ———q9--F-r -/ 11~/
| | | | | | | | | | | |
| | | | | | | | | | | |
) Ay P b - - - A S ]
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | | | |
ASp - q- - q - — 1S - -9 - q -y — = — 7
0 1 2 3 4 2 6 0 1 2 3 4 5 6
Position(rad) Position(rad)
() 5= (b)81=:
Original CORDIC Output Original CORDIC Output
e i Tl el e e e B S i e ] i ik
| | | | | | | | | | | |
| | | | | | | | | | | |
L e - A -, d - - - L4 -~ — 1
| | | | | | | | | |
| | | | | | | | | | | |
| | | | | | | | | | | |
05— =G~~~ 3- /i "] U i Bl e i B S i M Bt
—~ | | | | | | B | | | | | |
K | | | | | | K | | | | | |
T oof- -4 b G110 NS R S 4 T
g | | | | | = | | | | |
5 S
] | | | | | ] | | | | |
| | | | | | | | | | | |
OS5 ——— -~/ 7T ] OS-———q--F -~/ -~~~/
| | | | | | | | | | | |
| | | | | | | | | | | |
) A DA T M Ay |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | | | |
ASp---q--W-p---q--—-- V1=~~~ 1—1 ] i Bl el sttt Sttt il s St s
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Position(rad) Position(rad)
(c) 11 = (d) 14 =

B 2-15 7 ¥ K #c™ 4~ CORDIC jﬂ!%l

J1# CORDIC /% ¥ i# jas§ chd % f347 B ¢ 2 yp i F 8 ch=idet #77 boa ifw i@

PR R SR B AR ARG U] B SR R SR g X T2
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r'f é%%g.—»o @aj 'lg“ ’1/(3!:(“

Residual Error Compared with Recursive times Maximum Error Compared with Recursive times
300 T T T T T T 0.35 T T T T T
2501 0.3+
0.25-
200+
0.2+
E 150+ E
] w
0.15-
100+
0.1
soy 0.05}
0 . . 0 . N .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Recursive Times Recursive Times
g a2 B sp ¥ 22 Of cn 2. | E ) osp oy 22
B 2-16 ifaw =x #ic? R B TR R B 2-17 vhiw =t #c B X A B TR W)

+ 5 B2 CORDIC A7 I W38 B S gicw iz ki B 1245 15— % 9 (360° -
£ 2000 (> > 20.18°) % R L 2 B ps sk ) BIY B AL F i B 4B B A E
i gARKAR D L B F]R AR * AR S o E e ok R T ek RiFhd BB R o
Ie 42 2048 PPR &5% L %G B 1 fp 0 gl 7 8 il @ B Sk < R4 9 ALt
0.24853% » # 5 & A ] £.860/2048/4x+0.0024853 = (1.0921x10* f » p* p& ez & 4
£ 21-bit = % ; AR feH o312 o SRR X £ F£0.01552% 0 4 B 2 & R E
360/2048/4x+0.0001552=(6.8203x10° f » #§ % 25biteriz 7 & 5 % L # 4cifiv =
#eF| 14 A e 1T £3.8674x10°% » 5 A
360/2048/ 4% +3.8674x10° = (1.7000x10° P » s+ p&§ 27-bit ehjz 7 & -

% 2-2 7 ¥E X #c™ CORDIC eg 4 v f £

8 = 12 = 14 =%
LA ERS 1.0921x107* 6.8203x10°° 1.7000x10°°
f245 B 21bit 25hit 27hit

B AP g - BARE S 6P iR 12048 PPR 2L s B A B d feek

B F ki 13-bitchfEir B bl R 84 (¥

|

7| 21-bit f#47 & - 3¢ *F 3 4r 21-13 =8 hit
ePfEdT B 0 12 = P33 4e 25-13 =12 bit ef2 47 & > 14 = PR ¢ £ 17 27 -13 =14 bit ehj2 47
o 4 T} Wt g B OTER P AT S efRT R 0 R T A NP ehifie =t ok ) %J »
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rév:%_ﬁ?iif'b%}i‘ﬂ%}:l]’8?;‘:%%)’;?5@%]%@?@_&?EEE&@FS,&@& Eoom J W B
iz R BIE R | ADC enfdir B ik 2> #70— B 8-biteh ADC 5 % R it #& 5 8 1=
iﬁv@?]% rév:%_ii;u%}i’&’}’)’j&? it #& = CORDIC 8 =& envhiw 38 § » g v 143 4o e

17 R = ,ETJEI‘&{S-bit » I8 2F g AL g 8-bit e

2.3.3 QEP-CORDIC ;% & i

@ 2-15 ¢ 7 4 4> CORDIC _'rﬁ%] ViEHp R AR lbﬂi%] - Rz 2R

NN

~%1@’Zﬁbﬁﬁgtﬁ?ﬂ&%€’ﬂ&¢wﬁ B w25 sl B2
A erig ¢ E R ;Uﬁ,,, Pamend BRIEZ BELE0MmpiE, - f L8k hAFHI_ra
T 7T
IR S TR T - g Y L ~ D& 0~12 o
%Hﬁ,iﬁ,zl L ANR L B =5 - S 0-12 1
Fo ¥ - i WAL e 2 bl B S U R S - Tl
ST R At WL EUE S S F%p—’m% F SRR

. T
2 0~—=2 FF -
2

% 2-3 %U¥ RV L \

[l 1 W0t s A e B W2 gF {8 AShE dh

(X0 Yo ) +X z

? ( )

% lrgi(xo’ yo) (yo’_xo) ty
3 "X, ¥o)
312 (X5, Yo)

(_ Xo’_YO) -X
(= Yo%) y M 218 4 “UH B

F1% & 2-3 {7 Ao REH > ogHEM G0 40T B 2-19 B S BAER 5
%  Jede ke 0~%§&$§H:7&§?@Jﬂ BT fRmik o X 7 B F] 220 4Pt § 1 ITE
45 15 S SR L) AR %) A 4

F - BRAESREEOZER A D ROM P 416, 3 e % > 40232 ¢ “riaans
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SBEBEERCATPAROMY $& 5%0 =tan 27 e @ 4 R b BN AR ¥
” 2, 72- 74 = K= 2, AL oy Y -
LA SR R O iR (R T ROM P gl BB 6 0-12 5 e T

@B 2-19 #_CORDIC ﬁg?l 41 &2 QEP-CORDIC ﬁg?l et i > ¥R E 2-20 P ¥ FF

—

QEP-CORDIC & 41 4 23§ & & QEP fevt i~ %

Original CORDIC Output
BF———F-f-F--—-F-——-7FT-AT---71 15

SELITL SR * o

Modify CORDIC Output

[ A —

05~ — /& —

|
|
|
|
|
|
-
|
|
T

Output(rad)
)
Output(rad)

o
o

“

N
@
T
|
|
|
B
|
o - — —

output After Modify

0.5+

ol

0 1 3 a
osition(rad)
jon Output (B phas

1 A A

i
I
|
I

0.5 !
!
|
I
i
I

I I I I I
2 3 4 5 6

Position(rad) Position(rad)

B 2-20 mEH wiz ¥ &t =¥ HRAA
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3.1 DSP-Based #t {4 1 ;2 f245 F %

A& & 4 DSP-Based ML fRag iz chE RA M ¢ 70 R KN DR G E A
BT RS R ER 2 DSP R &K 0 2312 ¢ 41 ADC feiE ki
FEer ADC B~ 45 2 8L > 3 e f248 {5 ek & > B 15 F % RI3: DSP-Based U141+ 248 {4 i

Bwidsk o

¥ e ik 2048 PPR

, Eﬁ‘}']]’aﬁ- I} K/% tLL?P
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!II.::I'I
Tl

)

F2 | A | 25-sin(2048x0)

% B* | 25+c0s(2048x0)
%2 | B~ | 25-cos(2048x0)

* zZ* Z index
- N e Z index

i A" 2.5+sin(9)
w2 | A- 2.5-sin(9)

g B 2.5+ cos(6)
52| B 2.5-cos(9)

A Med 2.5
2 | Gnd 0

ki V. 5
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DSP 345 % <
A R AR A AR T B (VLSI) ek il iE 5 B > i@ (7 DSP #c i BLAE B eid

FERE Y FRITS NG R o Bk B SR JZ E (microprocessor) ¢ fiF §

ot
e
o
o
=
~
3
ks
(=
-k
=
/4

TR S L R AR L o T RS LR d g
% % (Texas Instrument » TI) 2> @ #73 5 TMS320F2812 i&4f DSP i 5 4147w o

J1* DSP 3 crlfc BB H it 4 » T B U R A BT RF RS EE AT &

|

Py oo AN KRB AP 74 A DSPY 0 2C2000 kA e k8 E + % L B e
Gt B ke R R L s i F2812 @ Hr ] B o H #d 150 MHz (6.67
ns cycle time) eh g :@ad B AUT i 4 > pbeTilededlp Lok o DSPAG240 - 7 £ » v+ i 5% 8051

H S8 p-% 1508 L

)

B A e e B < (ALU) 7 f# B (ACC)
gt R ARBER T UNARS AFREEE C EHFTE o TF - B LS
g (instruction cycle) v = & K 4eFH o B BRI E S 5 0 LR O HE Y A A e
4o = (overflow) & - 32 b A AN e Bk R B FenlE A -

F2812 31 & 5 ;e il 3 28K X 16 Flash EEPROM ' & 4K x 16 Single-Access
RAM (SARAM) £ - g 8K x 16 SARAM > & 5 * v& i 5 ik $(Harvard bus)% 1§ - #73] 0
DSP =« R4 E & * Ao HrsVafe st se fadl i e fadier 1/0 =% 48 > @ 73] 7 DSP 4
F2812 pIE % ¢ 3 itz fheatend e M v Aok { 57 38 2 71
FU A Rre R B TR g 4 oo

Spectrum Digital = # §* F2812 & % % & p 7B % 0% FHe > & B ) eZdspTM
F2812 4~ & 4= (DSP Started Kit » DSK) » # ¥ ¢ 7 16 B i 3 012 =47 i g 3% %
(ADC) - & 7 f?;ﬁig?li Fe fa R+ 03] 5% 1 SPI (serial peripheral interface) ~ SCI (serial
communications interface) ~ eCAN (enhanced controller area network)¥? McBSP
(multi-channel buffered serial port) > ¥ *+ & 5 ¥ £ 4% 56 i# GPIO (general-purpose 1/0) - &

TMS320F2812 # ic = B[] o
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Memory Bus
TINTO
CPU-Timer 0§
CPU-Timer 1 {501
Real-Time JTAG
CPUTimer2 o= = =
LUNTE > INT14
External
_PIE Al [  Interface
TINT4 (86 interrupts) »— Tz XINTF)(B)
\— Data(te
|
/ -
» INT13 |~ M0 SARAM
| XINT13 External Interrupt [ 1K x 16
Control > i Ll W1 sARAM
o (ANT42013, XM [ i N |, & & [-T—
G Ll S
P L0 SARAM
P | > SCIASCIB | FIFO [ _— AR x 16
I |-
Lo [ - SPI FIFO [ - L14§AR1.%M
~GPIoPins »> McBSP | FIFO =) -
h v ] C28x CPU
M
v > eCAN - Flash
X . .| 128K x 16 (F2812)
< » t— 128K x 16 (F2811)
64K x 16 (F2810,
EVA/EVE - (F2310)
- -
N ROM
.| 128K x 16 (C2812)
16 Channels 12-Bit ADC r— 128K x 16 (C2811)
B4K x 16 (C2810)
*RS o System Control o Fs
" ; " oTpIC)
KAKCLKIN > 1OSc|II.‘nSr and PLL »| cLim 1K x 16
P X2 Peripheral Clocking
+
XF_XPLLDIS N Low-Power 8K =16
Modes Memory Bus
+ il Baot ROM
WatchDog) l 4K < 16

Peripheral Bus

Rl 3-2 TMS320F2812 # s = . [

d 3052 L okl B efE A P lieidb gk B gied £ OR B AT R A P
MoaEzo 12 @ Rt i IR BN LI A Ao

® [ iza wP-{tZ fa4F(Sample-and-hold) i e 1204 = ADC

° ﬁﬁ%ﬁ£ﬁ%ﬁ£#$16ﬁﬁ»ﬁg

® I iZ APFHeV A LR HBREGY S AR AE B

® i R 0~3V

® PiEenigikir 4 o Box Bk 5 12.5 Msps

® FBHENSN T A- TP Y HiT 16 ADC 3 0 & g v iz

LT 16 B E ¢ chiz- B
® 16 BHMLELEEFLTE S B F 7 iEs 16 gt s
® kG ow a7 et 2 frds ADC 4

® Tk i
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d 1 af R AA AP 7 75w DSP ) 2 ADC A i~ AL 03V 2 /0 @ 5
kSR FAE R B 2~3V L B A B L BBl g Rl IV R A R
Yo BT RS TEETREFRS D 0525V 2 o 105 H ARG &4 5] 0~3V

ADC 2 %45 e Fl BT &g 0P o

Rk ik

+3.3

D1
2K
D2

signal+
—

R —

signal-

BT RS R AP0V

_ﬂf‘Jl.SV%E’ F"‘ = . e 1B £ . e 2 -7 f;ﬁ”ﬁ—f{%?&;ﬁfﬁfgﬁiz
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Bl 3-4 5: . SRR - er1DSP-Based 5% it %5 E (%
7 T asrig * 319 ADC

L@ TR R E_eZdsp F %

FR o G0 R R EE T B

CEERETAREN T 5 T IR X Y

SR ECI S phds Nl

=

312 ¥Fmsmt ADC ¥

5% Sk BenfRihiEAey - ADC B3l 5Lt kR mi g T > #72 ADC
P HE D ELT 12 R LB RS (54 B chd X )& 2. — o DSP-Based 5z ik $a 6 F 2
BRI R E 5 A0 % ch ADC ATl 2 @ TMS320F2812 i+ 12 %5 /532 % (DSP)
S 3£ 60 12-bit ADC > o 2t 0 ié % e Sk3 B K eZdsp F ¥ F K B R ADC 0% i

AR 72 AP RIERIFRT GBS s > sruaipi * - B ADC -
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S
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pat]
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=h
e
/F«}

© Freng R

F.

Qutput(y)

-ﬂ'l951

Do i

s g5pet DSP A £ 91 E 5

T4

yHI

yL

Actual offset b L.

0 xL

ma £ F FH E b f

N HATE Y

e Az £ h % =0 ADC Bk » A 4R g 19 3]0 ey~ 21 =

td

H 4095030v)

EE A T E T

FF R TS BREESE

F PR PR R T TR R AT o

Actual Gain =ma

Ideal Gain = mi

Ideal Input (x)

3.1)

He i‘rjig?lx 3 T;{;@ﬁgl:l: YH~ © :n.—»gi;-lx ﬁﬂiﬁ%‘j@ﬁi&]:ﬂ yL % %i‘r’ﬁ%])\ ﬁﬂ?ﬂ@sﬁ%]ﬂ'. yo fde

RSN Y-S L R CE R

Fakag s £ ma

yH _yL
Xy — X

ma =

3%
2N
X
I
O

P
=k
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b=y —x xma (34)
fo ]I A Gy 2y T T] i - X

izlﬁ (3.5)
ma

B 18 K15 R mﬁg?l » X BT 8 e ADC @?J &3 fg st %gi'liﬂ—’_iﬂﬁa?] 2B

y=Xxmi (3.6)
TR ADC f e
1. 22 £8@3)E N7 %HE £ ma
2. B RrGARNFEEBED

3. f* ADC B~ 5 % vy 4258(3.5) % pd AT R X

j;

4. Bfs 01 q230 (36)Hel Rl O TR R TIL {8 g Y

B e BHIT T ERAATRER e y AR Ry oA b
=t ADC B~ gl (7 ig e f i B Foi 0 ADC B fioonk o 5@ 1 * R
TR IC A uph LDI117 &2 LM317 & #8.0 LDI17 & #-2.5V = 4 crfg 2.8 & » F )
B 159 s%or* 92l D1117 Ji & 2485V »@ LMS3L7 B 8 - %77 s 0 chfE R 1IC - H &
g R SR28V 0 B RRAIE R AT <1 LM317 i 3 501,260V -

TR &R R R T R R ADC B S R % E R M 2 ADC &
PR T RRT A E PR RAL ot E BRI R (7T AR ROE > R i £
PR AL GFE LA o

ADC Before Calibration in 1.352V ADC Before Calibration in 1.352V
1955 T T T T T 1955

1950 1950

1945 1945 ”
1940 ‘ 1940 I

1935 1935+

1930 1930

1925

1925 I I I I
1200 0 200 400 600 800 1000 1200

@) %- ZBf (b) % - =it
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ADC Before Calibration in 1.352V ADC Before Calibration in 1.352V

1955

1955

1950 -

1945

1940

1935

1930

1925

1 I I I I I I
600 800 1000 1200 0 200 600 800 1000 1200

) %= %3 d) 5w o

B 3-67% I pERE T ADC Beti 1.352V i !

¥ Rip R i R ik ADC m@?] g Zasg=  ADC mgi;J RIS
TR T 0 B A R GRS GRITLL ¢ i Hg P CBTa 0 A kgt 4 Rk ADC G s
#i%] Mo XEAFRY Y REAGEENERAEARERRRN -

't 7 ADC 4@ = A4 R 2 *ha F]5 TMS320F2812 HADC 3§ 5 3 3f s~ 4%

% g (sample-and-hold) = i > 4% J* 7 i o P 3 P 3% 5% 00 S A8 <10 Ap iy ) & 7

o

P A Seq R

TAERIA_ T TR AR R 02 (8 mﬁg?l AN 23

ADC after Calibration and Average output (0.136V)

ADC Original output (0.136V)

240 240
230 B 230
220 B 220
E E
=R g
< 210 < 210¢
g 2
=] =]
o [¢]
200 200 1
190 H 190+
180 . . . . . 180 . . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
Time(s) Time(s)
(a) 0.136V fx 2 % (b) 0.136V & 3 74
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720

ADC Original output (0.471V)

700+

@ =3

@ @

=} S
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Output value

2
=
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. . .
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o
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2320
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Time(s)

(€) 417V
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g
nN
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o
:
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2200
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BRI 423" i By& [ (Field programmable gate array, FPGA) [10]
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X, = AX,, +BuU,_; +w, (4.10)
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Variance of no Load and CNC
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