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ABSTRACT

This thesis proposes a new application of Kalman filter to estimate speed of DC motor.
Kalman filter can estimate the system state variables accurately, even the system input is disturbed
with noise. In the design, the mathematical model of DC motor in discrete state-space form will
be created; the speed of DC motor which is considered as state variable and can be estimated by
using Kalman filter. In the experiment, TMS320C31 floating point digital signal processor is used
for hardware implementation, the input is disturbed with White noise and without White noise in
the experiment. The experimental results show the speed of DC motor which is estimated by

Kalman filter has good accuracy when compared with the results from tachometer.
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2.22

h e—(x-;lz)IZa'z

r= oN2rx ’

- <X >0 2.22)

aad aly ¥

& o PN 1 =y o o
as@ouduieidumsusaussnd AnwuRladuidaudy 1 vuoe uasSonilaneu

v [

b 4 .
U3 uesuualad (Normalized) ISoudIgun1sf 2.23

Px) = — gt 25° (2.23)
o2z
fmuald

p(x) = anunuuiuanuheziy

y = duldwenuesnnuiing

C = s

X = anwememdeuninaunao

G = aﬂuﬁuﬁmmummgm
y(X) = anumuusiuanuinesiufifanisaainnaeu

y(x) y(X)

y(X)=y(x)
0

/

0 X=0

;.— X=error —»

d' o ['4
MNN 2.1 AanTuvsunsy



2.5 NARBSMITAIMAIBoY ( Gaussian Random Vector)[1-4]

o 1 o a [ .Y 1
dudsgu X e R* dhwundidou Taoianumuuiudsgumsii 2.23 annsadou

°1u§'1JtmmsLi"}aﬁmﬁﬂsznaunmuﬁ'suﬂsﬁuvgﬁ"lﬁ'ﬁ'mumsﬁ 2.24
PO) = (27 (det ) exp( (V=X (5 )V -X) @2

lagld 2 =27 >0,X e R" uage X imsuanussnmiu X ~ N(X, %) dielinunio

14 ]
wiommanwesiunlsdu X moldidulfnd annsomsaniul@asaunish 2.25
X =E[X]= [vp(v)av (2.25)

e = r'd v g
W 2=2">0 Juwasndaiumalsilsausu (Covarance Matrix) 499815 X aw

¥ »
wdsysuiuni ldonaunisn 2.26

b2 E[(X —?)(X —?)r] (2.26)
= E[XX "] ~E [Y?’J (2.27)
= [V -X)(V -X) py(dV (2.28)

ANUMUIiuYes X flimsuenuesdnd leefisundodluguiuazianuuydsdsmuiiu

AoudugnsmIfnlndlddanmii 2.2

3‘_ 0|
N§ assl

v, /N

s \

o, ) \

o / \

g, / \

i 3 ~; -\I [ 1 2 a 4
v

MNN 2.2 wansnsusaueatlnd X ~ N(0,1)
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AundouazaMstsmvssimlimsguainaa wlddsaunsf 2.29 uazaumsi 2.30

wazmmadoauunasg e alsqu x, mildvnaunisi 2.31

E[x]=X (2.29)
E[x,-%] =%,=P (2.30)
x, =4[, (2.31)

b 4 »
Aniuidiedidulsgu 2 A wmimanulsdsus sz iy x, wasdusqu x,
ar P 1 e a d @ o 4 . s
Tadsaunish 2.32 wazsrdulsz@nivesandunius p, (Correlation coefficient) lAdacrun1s

auUMsh 2.33 uazaweenisissuuiidsasands lansaumsni 2.34

E[(x~%)x, %) |=%, =&, (232)
Py = >y (2.33)
A AR
E|x-X|= ETrI:(X - X)X —E)”'] =Trs= Z %, (2.34)
i=]

QU r '3 1 QF @ Qr 4 A
NNANUFUNUTUBIAUNITAINGT MIANUFURUS HaTFuvoIaunsh 2.35 Fuily
a o a 1 3 -~ o
aumniudu dmuald x dudune b dudinei oz y Huerina Wasnd

X 4 ' : Y Hd Y i
Ae R™ waz be R™ Tav z Jundidou Tavsundovesilenduil ldasaunisi 2.36

y=Ax+b (2.35)
Ey=E(Ax+b) (2.36)
=AEx+b

=AX+b



11

manulsysausmssaunn 2.35 wildvninaunish 2.37

Z.=E[(z-2 -2 (2.37)
= AE[(c-D)(x-3)" |47
X, =AFX A" (2.38)

2.6 MIIMBUFH (Linear Measurement){2,4]

szuumsindygrandudadu dszaeudrsdundudyaaunsiadudunas

I3 o A «a L) e d'
daudygrasuniu Fudowduaums@ududaunsi 2.39

y=Ax+v (2.39)

v ¥ » [ ]
il x dudggraivhinisianiedssinua Taoh x e R uoz y Wudild
o = m a J o .Y Y P X
1nM3sia 1agh y € R” naz wasnd 4 uaaednuaizvedIng19iy 1aoh A e R™ uazv
ﬂ o ag 9 s P — et 1 =
umssuniuvesdygnn auydld x Gausdoily ¥ anudsdsusaunily 2, @ou
msuenuendnd 18l x~N(x 2) Taoh N(EZ)dlunmsusnussdn@nou uag v fsdunde
4 4 e d‘v ar
v lumsusnusesuaauiiianundsdsiusaniy 2, vedaanaiitauasdyanasunay

¥ ]
L‘ﬂuﬂﬂizﬂﬂﬂ‘u mmsnwauﬁ‘lumsmmmﬂﬂﬂ ﬁﬁumtm;ﬂuﬁnmsw 2.40

N[

MNTUM3N 2.40 3a31) TAAsaunsh 2.41

HERNN

¥ v
aaiuee ldaumsn 2.42



b4 X
0]
y X

HAZVINTUMITN 2.41 wazaums 2.42 [Wou'ldasaunish 2.43 uos 2.44

x-%[x-x]" [1 o]z, o7 o)
E . | = (2.43)
y=yly-y 0 70 X 0 /

|z Z A" (2.49)
|AX, AT AT +Z, '

wldmanuuysdsausmeesnsia y e 42, 47 + 2, uaz AZ AT Hua

wilstsswvesdyann uaz 2, dunsmulsdsausnmesdaanusuniy

2.7 NEMIguie (1, 2, 3]

L4
LY °

lumsnlasudyapuiaeisemena hifludaaalidersamaraniu suily

o a

s L Iy

I3 é { L r l < 't o o
WADAINIGUAI00 1 (Sampling) Fanwdlumsgueiandlaodilivilddyanagade
1
o ar 1 s L) A J )
y lhiudeuiiulaumouiimsgueantie (Sampling Theory) ¥3na12'1341 &1

=Y

o 2 da ' w o 1w 1 a2
ganauFaginu x() FwusuaIaniny £ uds ssannsasiinisguineislaodaanai

L

.

9 ] a g Ao a g1 A o v 1 =8 v A v oar 3
18 higapdodoyandney idaliiennud lumsgudindis £ IamnaiwmSeiifuasam

=%

YOIRIUD f, AIaTuN1IN 2.54

R a3 2 (2.45)

v ¥
A ¥

Q‘I -3 1 Q L $ A 1 d'

Tasnaldowhmsqudediesdioniud £, =27, wed demmnuaiiBond anud

a J ‘:? ' ] v 1 a o

"lumaﬂ(Nyquist Frequency) uazmurian 7, =1/2f, 4 SN mmmqumamﬂumaﬂ

(Nyquist Interval) e lunnfiaivendndeswavealsingmsal Wiidhudady (Nonlinearity)
a a 1 v K o 9 P [ v v = a -4

nerunannmsguiein winlennudlumsqualedn f, vinahmenud luniad £,

.&' L] 0 \d 13 Q’l’ é’ o o ¥ = o 1 d‘ 1]
'l drusziinnnaniumisdudusudavasauly 1dimssmuamfiuyuesy
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x(t) x(nT) = Xss (t)l t=nT

Js(t)

A 2.3 Msguatesndganandegilun

P (Y [ & o ar P 5
MR 2.3 urasnsgualedna lulamunmidinfenisgudygiunaoifiomis

@ o o a o o & ] Aa o & or Y v '
IV X(2) NUIAVVDDUNITNUINUW [ (1) TaonBuwadunazarauyd IR LaNuHINnINY

9

P’ 2
T 3w Faaunsounu'lddeaunis

£0=3 & (-nT) (2.46)

n=-c0

-2T -T 0 T 2T

AN 2.4 FgIaguaIsi

uazdiodimsudaSes ierhmsmsanasuanudues £@) wld

F;(w)=3{fs(t)}=2?ﬂié(a)—nws) (2.47)

n=—c0

A 1 g ) H Q C" ol
Faaaaliiiui dieRosanlulamunrud mnasuanudvesdyaia £.0)

a o Jdd @ 1 v o & v o ar a
Huduwadnnedvianig fulduuunuaudisudu danmit 2.50)

X(w)

~fo Jo
(a) anlnaTuvesdaygnandegiluu x()
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F. (o)
1
T T ' T T
AN
LA i 0 2 an  / @
T T T T

(b) anlnniuvesdyaruguaiedie £ (1)

X (@)

_4x 2n o 0 2% an

z
T T T T T T

() alaasuvesdyanuildnansguiiete x,, ()

A 2.5 alnasuvesdananinmisqudaedis
k4 ¥ o sy v ' a ' o o’z‘
Al x_ (1) dudganaildninnsquiteds saf

x, ()= f.()x(1) (2.48)

oz ¥ X (o) Wumlnasunimbive x(r) riosvntulannadyanai ldvnmsgudetie
£ »
Wunsguiuvesassdamin auiululanmuanuddauilunisiineulagu (Convolution)

vourlnasuves £ (1) uaz x(r)
X (o) =F (0)* X(v) (2.49)

s dy i.’:l o a P » e 9 [~ ] Y
nsnou lgFuiluaaaiiuumugidnnd 2.5 Fawadnin ldssiiuhanlnaduves
dyanaunldnnmsdudiein X_ (o) dlumsihenlnaduues X (@) 1T fu
4 4 4 d .y 4 g ,
Tinavavuunuaud o Faomamit 2.5  eiiun 01NV dveI Ty MY
a 1 o 1 c: a J o ] ] v v (3
wvt1 £, (1) Fidniesndianud lundadesi Iddrevisususasnquuesanlnafndn
Qo e yo ~ ~ dy o or L) ‘& dyd Y G '
Founufiu sailiIfifannuRadiowhlvesmilnasuvesdyyaududwaiinsedond na
td ’ v
MDY (Aliasing Effect) Hon9Inl M 2.5 dauaasldiifiudmansuausnnuives
LY . 14 ' s
NuInTesdyauFuay sriinaneuaussanudildnvuziiuay Ao GudrAuAuiigaiia

) i & a4 ' do & < da
sty 27/7 wse £,/2 Fanudiiendn awdw Gemsiinaneuauen e

»
o Y

@ g A v W 0
any ﬂlgl‘ﬁuﬂ'lllﬂlﬁﬂ\?ﬂ’l%’lﬂﬂ'ﬁquﬂ?@ﬂ%ﬂ AYUIUUULDY
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4 Pl

a
2.8 mmﬂmmﬂaau‘ummsﬂszu‘mna[6,7]
4 1 = 3 4 o o = o \ o
anuamandsuiifaiuiiesudgauuinnduya seiinaduierdyasdiauindu
iioa9nAaNuulsUs s (Covariance) YooY Fyanaiineinaiouenszgnd e
= Q oF —aa A
1 lBunevesdanlasdygaeuasniiu@saea (Analog to Digital Converter) HFIHAYDS
4 { a J 4 ° = g Y a9 >
msamandsuiiiadu tissninduiavesdunlasdyaauuusuasniluaiaea @2
@ aa . . o {4 o Jd
UszuranadynIuATnea (Digital signal Processing : DSP) Lagdayanafidsonn ldoays
¥93 autlasinuiinvesdunlasdyauuvvatasaiuouiasn (Digital to  Analog
Converter)  Iudauvesdlszuranadyaiuatasalelinisyseulanadygrunia
a ¢ o a & a o & A a Y
adiamans WhudnvaslugdweSaduseidlunisnseigng vssmsguniensms dinald
[-] < Q' 3 M d 4 oo Q”’ -3 ) d' [-3 Qs <
uianuvund ludllssuranadyyruatasanuliswiuiianiiia Sufannw
A J 9 ) a d' = o v 4’! L] A o
amamdoudula  vurumstuldsunentdsavosdaanadaiioauy bideissiurm
o an v o @ 4 a a
Wudyapudieeaiondn  aoulndiedu (Quantization) anuammadouliAinanms
o : ' q o o
wlasdyauiGonianuamandounou Indiwdu (Quantization Error ) H3® A1551AIUA
aou"lm?w%'u (Quantization Noise) AT IAADDY
ane lasdudluaduiandeszninmmeu Indissususmmsguanuaaianiou
o w eAa 9 A
aeu Indasunnnsan 1diiy 2 uuude
: % o <
1. ANUARIAAADUTIINAID IaTiydu (Rounded Quantization error, q) wWuanu
J ' 1 a o @ e o a
BANAII TINS5 9v89neU Inasdunua 1ndseauesa
4 [ o Qs J
2. ANuARIARABUNSAANA BN INFia9 U (Truncate Quantization error, £ ) ABAINNY

J ' 1t a o @ w3 @ o o 4
!mle'N5z‘ﬂ'J'Nﬂ'l%5Qﬂ')ﬂuvl‘n“]ﬂ“ﬁ%uﬂﬂﬂ']i&'ﬂﬂﬂ'lqﬂﬂ@ﬂ'lﬂﬁ 2.6

7N
T N

\
8
S
3 4+

q
. +
P
T

...k k+t k+2 k+3 k+4 k+5 ki6 k+7 k+8 k+9 k+10..
Sample Times

% X o o Y o
NN 2.6 ANVADIAUNABUVBITIIARID IATEFFULATNS UAN-AD TaSIyFU
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X ' @ o o : !
lﬁﬁNﬂ'lﬂﬂ']'lﬂllﬂﬂﬂ'N'Uﬂ\'ﬁzﬂUﬂ'Jﬂu'lﬂclﬂm‘]fulﬂu q mwﬂmﬂmﬁau € JENIN

a4 w o

s a v L4 a - ﬁ q - o
iyiymnmmuamm:ﬂumau"l'nmm‘vu nangalu i-i n1sn.lauuuﬂawmﬁq;mu1m
' o o o & o o o & 4 1 [ ij
11011 q nndrruilegiudiddudalil Tasanuermaniou s vasmsguurasassiiu
a Y aa g 3 + t q @ o o o ar
E)’di:‘,ﬂuﬂ'lﬂﬁ'luﬂﬂﬁ uazummuwzﬁ‘luagsznma i—z- mmﬁnwuwmﬂan‘vums

AN TDULAAIAININA 2.7

f:(&)

Q

q a4 ¢

2 2
d' o o o Jd o A
MNN 2.7 anuFunusvesianuanuaaanaou

it v 4 A AW > o
VINNUN 2.7 MAURIIANUAMAIAGDY (4,) mﬂmu‘lﬁmﬂnmiﬂ 2.50

p=E{e}
= [¢r.©d¢
q/2 1
= {¢—d
He q/ff X 4
1,2
no==¢"" =0 (2.50)
q -q/2

sazAanualsisiu (o2) veanmsdnnm ldnnaumsi 2.51

q/2

o2 =E{(e-p )= [€-00 £t = | (c)zgdq

-ql2

RENR | R PR B
= [3(q/2) 3(q/iZ)]

1€y

3 3 2
o =L[%+%]=q_ 251)
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2.9 msulasusa [6]

~ Miudasuyn (z-transform)  veadgyg v ludeiissanisatoivegluglves
v ] t 4
BYNINONUA (Power Series) Asaumshi 2.52 Suneunish 2.52 1131 mstlasussainunss (Direct

z-transform)

X(2)= i x(n)z™" (2.52)

n=—c0

= o

dle z  fe AulsiFedieu (Complex Variable)

x(n) fio MAUTYYIN (Sequence Signal)

't o as o e L 4 <3 Yo
HATIMNIVICVUUUY Causal m‘mﬂaaummmfrmium'n'luﬂmﬁmmmsmwu"lﬂm

v o

. ) 1 4 -
AUNIIN 2.53 Fonaunsh 2.53 191 MsuaurafIuify (One-Side z-transform)
X(z)=) x(n)z" (2.53)
n=0

o (3 4’! =S g é ar d'
nmsulasuaavesdynanuy hisemsadouunu lddnstiuumils Asaunish 2.54
X(z) = Z{x(n)} (2.54)

= < ] -3 o o o 3 = P

uazRINAUNISN 2.52 uag 2.53 sxiu Iddwamsutlonye ARvsynsuoiug AaTuszling z #
b d »

w1H Xz mamevuldiSens1z 1191 Region of Convergence (ROC) lawsit z fiseiinuilu

SuTIFoU

IWUNSAIN 2.1 99917 z-transform Yedayey 1o liADILBAUY Finite-duration

xX(n)= {;,2, 5,7,0, 1}

M5 vnaumn 252 X(z)= Y x(n)z”

fau X(2)=.4 022 +02' +12° + 227 + 5277 + 727 + 027 +127°
X(2)=142z" 4522 +7z2 +127° (2.55)
&7 ROC Wun 'ldnnaumsh 2.55

X(z)=1+z+iz+—73—+i5 (2.56)
z Z Z zZ

61633
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VINTUMSH 2.56 wudile z = 0 . ld X2 vim i 1édniuteasd1é41 Roc Afe yaqe

é 4 -] L] 1)
VD4 z UAAU z = 0 FUID z = 0 vz I X(2) M a1

' ﬁ:; o L ‘:'1 « o .
IFUNIAUN 2.2 93N Z-transform VoI igiyﬁﬂ!lﬂﬂlllﬂﬂ WUV Finite-duration

x(n) = {1,2,;, 7, 0,1}

M3 VAN 252 X(2)= Y x(n)z”"

wld X(2)=122+22' +52°+7z7"' + 0272 +1z7° (2.57)
X(2)=2 422" +5+7z" 423 (2.58)

ROC M 1dnnaumsn 2.58 Saaunis ez 1

X(z)=zz+22'+5+—7—+i3 (2.59)
zZ V4

os

MInTuNIsh 2.59 9xu 183181 2 = 0 38 z = 00 W Id X2y mA 14 Aaiusaal 1d

-1 ]
ROC ifie NA9a1 z oAU z = 0 uag z = 00

WUNIUN 2.3 991 z-transform VDI S(n)

3Bms fmuald x(n) = 8(m) ={....,0,0,1,0,0,0,0,0,.....} (2.60)
MInauNsh 2.52 X(z)= Zx(n)z‘”

X(2)= .40z +0z' +12+ 027" +0z72 +....

X(z)=1 (2.61)

IWHASAUN 2.4 9911 z-transform 409 S(n—k)

Bms fmuald x(n) = 8(m) ={...,0,0,0,0,...,0, 1,0,0,0,....3 (2.62)

INANNITN 2.52 X(2)= ) x(n)z™"

n=-w

X(2)= et 022 402" +02° 4027 40272+ 127K 40275 027D



X(z)=z*

IWUNTUN 2.5 9917 z-transform VOIT YRy 10U

1 0<n<gw»
x(n) =
0 n<0

x(m) = {LLLLLLLLLLLL.....}

INANNITN 2.52 X(z)= ) x(n)z™"

n=-c0
X)) =1+z"'+z2 4z 4270+ 2%+

X(z)=l+-1—+—1-2—+i3+i+ .........
Z” P )2 zZ V4

L 1
i)'lﬂﬂllﬂ'ﬁa‘léﬂillﬂuuﬂﬂﬂﬁuﬂ]ﬁﬁ 2.67

I+ A4+ A2+ L+ A4+ L +.= 4| <1

N3N 2.66 Ina ldaaaunish 2.68
2 3 4 5
1 1 1 1 |
X@=1+{—|+|=| +|=] +| =] +| =] 4o
V4 A V4 4 Z
MeudulseanSaunsn 2.67 Auunsn 2.68 1218 X(z) ssaunsii 2.6

1

zZ

<1 n3n 1</
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(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

» } 4 »
iileenin z WudulsiFedeudaiua z il Xz marld nie A1 ROC 489 X(2) a5

Wou'ldaanng 2.8
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Py Pole of X(z)
S
1 loRe
Region of
convergence

PN 2.8 ROC 493 X(2) lunsdin 2.5

WUNSAUTN 2.6 99N z-transform VYBITYAY x(1) = a"u(n)

VNAUMIN 252 X(2) = Y x(n)z™" 321 X(2) Aaerunish 2.70

n=-wo
X(2)=a’2’ +a'z' +d*z  +a’z2 + . +a"z" (2.70)
2 B3 n
a a a a
X(z)=1+—+——2 T AOIQINEA
n
¥ & z

X(z):l+(%)+(%) +(-‘Zi) +....+(§)” (2.711)

nInduMsveseynsNeNUAT 2.67 Tunsdin 2.5 MldTamumsn 271 T8 Inufsaumsh 2.72

Tag 4=2
z
1 a
X(z)= — H <1 (2.72)
1-=
z
X(z)= - clzz”' |a| < [z| (2.73)

A1 ROC N9 z AN a
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mumam 2.7 9911 z-transform YBINYYINU x(n) = sm(na)T)u(n)
e —e” e’ +e
BMs  nnaums sin(x) = 5 waz cos(x) = 5

nnaunsh 2.52 1214 X dsaunis 2.74

© JnoT —jonT
X(z)= Z(" —¢ )z (2.74)

n=0

X(z)= —2—1; (i ez — i ez )

n=0 n=0

n=0

X(z)=§1}(:§(ef”"z“) i( ~Ja "‘) ) (2.75)

mﬂﬂnmwmwﬂsuaﬁuﬁﬁ 2.67 Tunsain 2.5 MlAdadunish 2.75 T lmaidaaunsi 2.76

i 1 1
X(z =— - — 2.76
(2) 2j (1 e/ 7 ) (l—e"“ﬂz'l )] (2.76)
1] z z
X(2)=— — |- —
@) 2 L(z—e""r) (z—e""’” )]
(.2 _-joT 2, joT
#(z) ST l )oker 20 .,_) @.77)
A || e (z—-e’")
B jor _ _ _~joT
X() =L (ze A ze r .)T
2j | (z=<e)(z-e™N)
- ™ e/eT —e T
X(2)=— — _ . .
@) 2j| 22 —ze" —ze T +e’”’Te"""T]
z 3 ool _ g-JoT
X(@)=— : -
2 22 —z(e’" +e""’T)+l]
X(z)= zsin{wT) (2.78)

z* =2z cos(wT) +1
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2.10 AenvaveImmlaa [5,6)

2.10.1 asantinn ¥ ad (Linearity Property)

LEAIRITUNIST 2.79
Zlax,(n) + bx,(n)] = aX,(z) + bX,(2) (2.79)

2.10.2 auiinnIsiaeu (Shift Property)
fmuald y(n)=x(n-m) m>0

msuaaves y(n)=Y(z) Wouunuld dsaumsh 2.80 uaz 2.81

Y(z)= i y(n)z™" (2.80)
Y(z)= i x(n—-m)z™" (2.81)

N t 4 )
fMmualdszvunmaanansandussvunuLnesoa faiuaNn1SH (2.81) ansowou'ld

InyAsaun1sh 2.82 - 2.85

Y(z)= Z:;x(n —m)z" (2.82)
Y(2)= 2" [x(0)+ x(1)z" + x(2)z2 +..oo. + x(n)z™"] (2.83)
Y(z)=z" 2 x(n)z™" (2.84)
Y(2)=X(z)z™" (2.85)

2.10.3 ?}Wﬁﬂiﬁﬂ]ﬁﬂﬁxﬁ]ﬂ (Convolution Property)

%1ﬂf{11ﬂ‘liﬂaﬂ‘liﬂi$’d‘m
y(m) =" h(k)x(n—k) (2.86)
k=-
y(n) = h(n)* x(n) (2.87)

Wnmsudlasusa x(n), A(n) T x(2), A(z) v ldmsissau seaunishi 2.88

Y(z2)=H(2)X(2) (2.88)



& fo o Vo & [y o
aanamsuasuyavesfansudygn ludoiies Awmisni 2.1

M99 2.1 waveamsutlasuwa

23

Entry | Discrete-time Sequence z- transform Region of convergence
number X(2) of X(2)
1 6[n] 1 All z
1
2 u[n] — o)>1
1 L 1
3 —u[-n-1] — |2 <
P | All z except O(if m > 0)
4 n—m ~m
7 or o (if m<0)
4 1
5 a’uln] A |z| > |a|
R 1
6 —a"u[-n-1] s 2| <]a
-1
[ az
7 na"uln) oy |2} >a]
-1
. az
8 —na"u[-n-1] m |z| < |a|
[ -1
9 [cos w,nu[n] 131e0s wO!;z - |2|>1
1-[2cos@y)z™ +z
. [sin 0]z
10 sin oynjuln z|>1
Lsin @gnjuln] 1-[2cosw,}z” + 27 g
) 1-[rcosw0]z™
11 cosa,nluln z{>r
L~ i) 1-[2rcosw, ]z +r’z” g
" [rsin@0]z™
z|>r
12 [ sinoenjuln] 1-[2rcosw, 1z + 1z i
a’, 0sn<N-1 —a¥z v
13 . lraz” 1>0
0, otherwise 1-az™!
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2.11 mantasusalugiiavaiv [4-6]
Fyanawuy hideifies x(n) vieszuunuyhideiies y(n) annsadouliegiugl
X(2) w30 ¥(z) IR Taomsutlasusa m1X(z) nie ¥(z) fiidedalfeglugiimdiu (Rational)

annsnvenswaziduaguAnyuzveIFya e szuu 1A

2.11.1 Tnauasdls (Pole and Zero)[6,10-11]
dlunstim Xz) vie Yi) Mudaumsma z wastihdmeuves z 14 Plot aslu
STUTLUBAITIFOU (Complex z plane) 1 z TiudimsuveusuiFonii F1s unudae

Y J P ° v 1 o W < ] o '
ﬁi‘gaﬂ’ﬂﬁf O Mz mi‘lummmmﬂ’mﬁm’n T“Wﬂ ll‘flu%’)ﬂﬁiyﬁﬂym X IBUMINIATRUL

Twauazd lsvesdygyiu

12—z

WUNIAN 2.8 331301 Pole-Zero ¥03352UY H(2) = S

. Z—
a { oo o [] o :
58ms naums Hiz) flmesmuauidansodaauns Inilaasaunish 2.89

6—-z"

2z(z— i)
H(z)= 12 (2.89)

1
ZR 5)(2 % —3‘)

a ' . A ; > . 1
INTUANTIIN 2.89 WU Zero ilzag_‘nmnmm 0 i ™34 Pole umzagwmtmua E Has

N | —

1. a o A
—5 1 IRouassziny z fannn 2.9

$m  z-plane

2N 2.9 Pole-zero Plot Y993z 1UnsaiN 2.8



1WUN3GIT 2.9 9311 Plot-zero Plot ¥8adgy x(n) =a"u(n) ; a>0

5515 910A1517 2.1 z-transform Y93 x(n) Wou ldA 315N 2.90

X(z)=1 1 __Z

~az” z-a

1i1lu@ouns z-plane lAdanwi 2.10

‘Re(2)

N o\§

79N 2.10 Pole-zero Plot 4835211 lunsaiin 2.9

IWUASAN 2.10 9991 Plot-zero Plot 4098 Qg

a 0<sn<M-1
x(n)=
0 elsewhere
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(2.90)

acd P oo v a 9 = 9 a Py
35m5 1109 LININIMUANVI 72 ISUANIIN 0 DY M-1 %31ﬂﬁnn15 z-transform AYTUNITN 2.91

X(2)= Mz—ia"z"'

n=0

X(z)= Y (az”)"

X(z)=1+£+(£) +(—a—) +oeene +(£) )
V4 z Z ¥4

Saaumsn 2.93 181ny [12] Asaunish 2.94

_1=(azHY
==

X l—-az

(2.91)

(2.92)

(2.93)

(2.94)
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¥
1 2 quanoaiumuazd

_ M —gM _ M —a
X(Z)— M M- = M-l
z" —az z" " (z-a)

(2.95)

Waumsh 2.95 e doudiy Zero uazmwizdunndowsly Pole san i 2.11

Im(z)

» Re(z)

AN 2.11 AWHNUINITIN Zero Uas Pole VBINIHN 2.10

WUNTAN 2.11 2T X(1) 1INTZUI Z AT 2.12

HINA 2.12 AUMUINITIN Zero UAT Pole YBINTAIN 2.11

M3 AN 2.12 Wl Zero 94 2 @2 Taw Z, giiyA Origin w3 eBgfid M 0 dou Z,

BUNAMNU r cos(wy) ivu IddaaunIsn 2.96 uag 2.97
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Z,=0 (2.96)
Z, =rcos(w,) (2.97)

a3 Pole 9100 W 2.12 g 2 da1as P, agidunua re/® dau P, agid i re/™

Wwou ldaaunisi 2.98 Lazaunisn 2.99
R =re’® (2.98)

P, =re ™ (2.99)

NAUNIIN 2.96-2.99 1 Moy X2) 1ddsaunish 2.100 Lag 2.101

X(Z) =G(Z_Zl)(z—22)

(2.100)
(z=-F)z-P)
(z=0)(z~-rcos(@,))
X =G - - 2.101
(2) (z—re’®*)z—re /") (210D
@i G ilumned Saqums 2.101 18 Insdeaumst 2.102
z(z —rcos(w,))
X2)=G . g
(2) [(z —re/™®)z—re”’™) }
1-rz" cos(w,)
X(2)=G 0 2.102
@ [1 ~2rz” cos(w,) +rz™? ] (2102

HALIINAITIN 2.1 (8% 11) z-transform VYOIANAIST 2.102 aunsoudasdu x(n) 14as
AUNTSN 2.103

x(n) =G[r" cos(w,n)u(n)] (2.103)



2.11.2 dnvaduanunumIniumiiesina
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dumisvealwa Tussuivuaa Tsolsuendnyuzvosdnudyyiniy

. . A o o o Q7 ﬂ' g 3 o
Time-domain 1@ Fdnyazvssdwudyanaiinatuansadmaldninmsudasia

WNAY (Inverse z-transform) uazuﬁm"lﬁ'ﬁ'qmwﬁ 2.13

0 1

2-plane x(n)
#\IITTY?Q

z-plabe

0 n

\J

—

i A4S
;\x:nﬂﬂ

x(n)

x(n)

.
AN

) n

(=

QL

=l

1 o o J 1 o ’ o o W
ﬂ'\‘“'ﬁ 2.13(a) ﬂ'nilﬁllwu553ﬁ313ﬁ111ﬂu3ﬂ]8§1WﬁﬂUﬁ’1ﬂU I

ar

1 ar wA o ' ° ] LY ) LY
ﬂTW‘?I 2.13(b) mmﬁnwuﬁixﬁ'mmlmuwaﬂwanumﬂn WYt



z-plane x(n)

~.a

K \
~
°€
4
o? _
“ _......',’
‘\‘ —e S
Y J
] \
>
—o 3
’
- '
(]
1]
[}
T
—
o
—
o~ |
3

z-plane

aE
[ ]
>
[ o §
. J A~
-
[{]
Lo
e
| ——e

7/
z-plane (1) [« N :
; Ao
> read.. €
Q 1 (1] F . o n

o

A 2.13(c) AnuFuRuTsz s mMues Inanuddudan

z-plane x(n) ot
m=2 7
@, wolre TU
1 N
0 > 1 l n
m=2 S
‘\

4 v o o J o v @ o w a
ﬂTﬂﬁ 2.13(d) ﬂ'J'llJfﬁJWHﬁiZ‘H']'l\?ﬂ'luﬂ‘lN‘UﬂQTWﬂﬂUﬁ']ﬂU WM
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LY a Y o
2.12 ﬁan‘m‘swwmsznmmxaumsﬂsmunm
TumsminansuausINe Output vesszuVRWABULYaIm AN NIyt 1A
L & U \d e
Tauldmann1s Convolution Famsmiezdeamsuaves x(n) uag h(n) UAIINAUTNUAVDY

msudasuramldnisnwaneuausanis Output v ldvinaums 2.104
Y(2)= H(2)X(z) (2.104)

e Y(2) fis msuasusavos Output sequence y(n)
X (z) s msuasnues Input sequence x(n)

H(z) fs msuilasusaves Unit sample response h(n)

¥
aniudinm x(n) uaz h(n) Amwnsomn X(z) uaz H(z) 18 laomsudauaa
uazdiprnngiuasaunsh 2.104 Mzl Y(z) wasmmsamia y(n) 18laomsuas
uBANAAY Y (z) uazlunenauiudiia x(n) uaz y(n) Aeansamm H(z) 18dsaums

#12.105

nAC
H(z)= g7 (2.105)

Lﬁamm‘i‘fﬂmuﬂztﬁu"lﬁ'immﬁnﬁ?wmszumfuf)ﬁmu'k’{ 2 anvuzfe A(n) uas
H(z) v h(n) siuszefiefequansivesszunlulanmn dau H(z) wosueda
auauiialulawunse koS wds H(z) waz () gumﬁauﬁwﬁwwiagﬁ'uﬂuaz
Ty wazTaoa lezBon H(z) luaumsi 2105 11 HadFuszuy (System function) 1158
‘Wﬁ%’udmiau (Transfer Function)

ﬁm?uszuuﬁtflmmm%uﬁ'uuazﬁmﬁuﬂssﬁﬂﬁmﬁ(unear Constant-coefficient
Difference Equation) #aarumsii 2.106 aunsaldauauiavesmsutasusaidouiiufadsu

awleon H(z) 1asaumsi 2.107
N M
y(n)= —Zaky(n—k)+2bkx(n—-k) (2.106)
k=1 k=0

Y(z)= —i aY(z)z™* + ika(z)z"k
k=1 k=0



31

H(z)=—%—— (2.107)

~ LY P dar 1
uazizuumi‘lmmu Non-recursive A37UNIIN 2.108 mmsm%uulfluﬂmmumuiau

TAFaauNIIN 2.109

y(n)= ih(k)x(n -k) (2.108)
Y(2)= f: h(k)X(2)z™
k=0
Y(2)= X(z)(i h(k)z™* J
k=0

Y@) 2 i h(k)z™* (2.109)

HE@=5 =2

v o a ° v 4 =8
FUMIMTINFUISVUVUALHAND T UBIUDY Unit sample fvua lnszuuuuy lidetiied)

AUATHARNAITUNIT 2.110
1
y(n)= 5 y(n—-1)+2x(n) (2.110)

4 ('Y o o s a
1% z-transform 1aeauNIsN 2.110 uazdaauns IANIAFUIZUDRIEUNISA 2.111
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Y(z)= —;—z"' Y(z)+2X(z)

H(z)= ') = f 2.11)
X@@) |_1 -
2
A IUHAADUTBIB Unit sample 15 18910 eunsH 2.112
2
Y(2)=—1—X(@) (2.112)
1——z"
2
iii0 Input ¥89521Y x(n) = 6(n) fuiu X (2)=1 9214 Y(z) feaunisdi 2.113
o = A 2.113)
/g
l——z
2
nens1eh 2.1 mansonlas Y@ Whilu yo) Adgesdi 5) dsaunsii 2,114
l n
y(n)= 2(—2—) u(n) (2.114)
2.13 wansuaUaInNNaveIszu ideieImam [5,6]
fvsanilendusioTou H(z) seaumsi 2.115
-1 -2
H(z)=b°+b’z +b,27" +..... 2.115)

1+az" +a,27 +.....

[ » b4 R
lunsInaaBLEUBIN AR YRIs DU Tudoilpaiuozuny z = aslu
H(z) faaunisn 2.115

by +be’” +be” +.....

]

H(w)= . .
1+ae™ +a,e™™” +.....

H(w) = H (o) + H,(®) (2.116)
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sziiu 1@ aunish 2.116 szUsenoudlosifiiusuauss wazamiusuiau

=) é 4 1] o o7
FedoudlumsninansyauBINIIAINDIZUYIMsAuIn BNt 2 AnuNTAB

2.13.1 Han UAUNNNYUIA (Magnitude Response)

fnanid Tasmamaduyselvesaumsh 2.116 Wou'lddsaumsi. 17

|H(@)|=H2(0)+ H:(0) @2.117)

2.13.2 Hansuauean1uwa (Phase Response)

o 4 4
muaa'ldnnaunisn 2.118 mwam‘uaummmﬂmsgmmuﬁ’w O(w) use ZH(w)

4 H, (o
O(w) = LH(w) = tan™ L) (2.118)
H, (o)
WUMSTIRaRBLaUBIaNNdveIszuy ideoiisedsaunish 2.119
1+2z
(RS (2.119)
Z
Amuald z=¢’?
1+e’” 1
Roia 2 I
e’? e’
H@)=1+e™ (2.120)

i, - r 3 4 o] v Qs
uagInaun1s re’® =rcos(@)+ jrsin(w) aauaunsi 2.120 ansaiiouIntldas
AUMIN 2.121

H(w) =1+[cos(-@) + jsin(-0)]
H(w)=1+cos(w)— jsin(w) (2.121)

1NaUNIsH 2.121 szwuhdufdusuineiefe H,(w)=1+cos(w) nazdrumiu

14 v
ST IFOUAD —sin(@) ANUNBABUTUBINIVUIAITUMAITUNITN 2.122
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IH ((0)] = \/ [l + cos(a))]2 + [— sin(a))]2

|H(w)|= Jl +2cos(w) +cos’ (@) +sin* (@)

|H(@)| =2 +2cos(o) (2.122)

waznaneuausamamdsy lannaumsi 2.118 Tanihmdmausswasswumddsunn

aunsn 2.121 uaadldasaunisn 2.123

—sin(@)

O(w)=~£LH(w)=tan~ 1+ oY)

(2.123)

HAZIINAUNITN 2.123 wag 2.124 sitanlasundatal o usie 0—7 M imdsunsiv

HAABUAUDININD AR TN 2.14

Magnitude Response

0 0.1 02 03 04 05 08 o7 08 09 1
froquency In 1 units

I3
W

Phase in pi Redians

01 02 03 04 05 06 07 08 08 1
frequency in pi units

i : z+1
MNA 2.14 NaRBUTUBIANNDVBIIZUY H (z)=—ro
V4

BUATTHINAADUAUBIANUDNINATUNITHAAY

y(n)=09y(n-1)+x(n) (2.124)

umsh 2.124 ansoutasiiidu Hez) 18dseunsh 2.125
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Y(2)=0.9Y(z)z"" + X(z)
Y(z)-0.9Y(z)z" = X(z)

Y(2)1-0.9z7" |= X(2)

Yz) 1

H@) =2 " 10097

(2.125)

WU z =e’? asluaunisf 2.125

1

H) =507

AT UURNIZAIU

1-0.9¢7° =(1-0.9cosw) + j0.9sinw

»
A v o o =t

UAMTUYIUAIAUNITN 2.126 HaslyuAITunIsi 2.127

Y

[1-0.9¢ 7| =/(1-09c0s0) +(0.9sinw)*

{1—0.9e-f“'| =.1.81-18cosw (2.126)

£(1-09¢7°) = tan~ - 225D 2.127)
1-0.9cosw

L v »
AMUTUNITN 2.124 92N Magnitude Response AN 2.128 1azdl Phase Response A
ANNIIN 2.129

1

|H(w)| = (2.128)
vJ1.81-1.8cosw
O(0) = —tan™ — 2SI (2.129)

1.81-1.8cosw



i ludoudunsiwansudusinnud 1daaning 2.15

Phase in p1 Radians

-0.05
oafh
-0.15
-02
-025
-03
03 . . i ' ' H H ) i
04 i 1 1 I ! t 1 1 1

Magnitude Response

1] 01 02 03 04 05 06 07 08 09 1
frequency in pi units

Phase Response

1] 0.1 02 0.3 c4 05 06 07 08 08 1
frequency in pi unis

AN 2.15 HARBUAUBIAIINAVBISVY y(n) =0.9y(n—1)+ x(n)

2.14 gﬂ§1amnnﬂ€mmaﬂ§mmmma%"’lﬂw’hnszuﬁma[8,10]

36

Anssnuemes I nszuaasefsiuaaslunind 2.16 Nauydldduwnssud i,

' o Y A o s L a ) e
!ﬂuﬂ’]ﬂ\iﬂ HAZLLINAY v, LﬂUﬂigu'ﬁ'ﬂvlﬂﬂ']ﬂ@'ﬁﬂJ']mﬂi"‘]f\‘lﬁﬂ'ni]ﬂ'lu'ﬂ']u Ra HAZUNIT

P o A < 9 A 9! T ° 9 o I's v o o 1
IHUHIIUUNBIULONUDY Nﬁ‘Ylhlﬂﬂ'lﬂﬂ'ﬁclﬁﬂ'l v, %371111’791“”@651134“ AIMUAUNUIITNIN

o 9 [ dy
v, Hae o mmmaﬁmﬂ"lmmﬁumsmu

M 2.16 3t1a0ams fhvesweines Ifhnszuansa
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NN 2.16 LiD

v : Armature Voltage.

e :  Back EMF.

i: Armature Current.

T Torque Produced by Motor.

o Angular Velocity of Motor Shaft.
R

Armature Resistance.

L,:  Armature Inductance.
J Moment of Inertia of Motor Shaft.
B: Coefficient of Viscous Friction.

b 4 . »
wonvniaulsh uaaslunni 2.16 Ao

K, : Torque Constant.
K, : Back EMF Constant.

0: Angular Position of Motor shaft.

P o o o
VINNINN 2.16 TIUTOUTAIANUAUNUTUDINTSUY llﬁzlliﬁﬂuﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬁ'lﬂiZuﬂﬂ5Q

v
TAaail

di,

=L,
dat

+Ri, +e, (2.130)

a

2 2 v da 3 @ L] YA o =1 4
‘53 e, 9 lliQﬂu‘nlﬂﬂﬂlUﬂ'lﬂiuﬂjllﬂlﬁﬂs%Qlﬂuﬁﬂﬁ')uiﬂﬂﬂs\iﬂﬂﬂ'ﬂllli'ﬁlf]\'ﬁlﬂ!ﬁﬂs
(») fv

e, =K,0 (2.131)
o q’;’ A P 4
ﬂﬂuu’fl"lll‘ﬁﬂ!ﬂﬂﬂu’ﬁllﬂ’li'ﬂ 2.130 "lmicju

di,

’ +Rji, + K, (2.132)

v,=L,
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H @ o LY d
PINAUNISA 2132 SLUAAIAINTURUTUOINTLUA UTIRUVBIDIS BT UATANUS IV
o o P 9/ o a 1 et Iy . [~ A a 3 '
maesuees eduissvesasitiusiianinn ussiavsaiman Mvhdunavuun 13

o s [ ] o o d o d’l
17903 (Rotor) ‘umuamasﬂzxfluﬂﬂmuﬂvﬂs:uﬁmsmmasmu[Al]

T =K,i, (2.133)

) a daa J L4
T fo usabannevuluyemes
P} v :; = o
K, fin mnanvsausdiiaueines

¥
e

’ a ot oy Ky o s
dousadavesameinldnnlnaaiidosgiumavesuemes annsoesue lAdsil

7 190\\3) (2.134)
dl

o YW vy s a dy Y o’ a o’: a a ' w a
fmua i lulimsgadunatuivuenes fariuussiama Idhezliamhnuussdanena

v » v
Fafuszasodaaunsn 2.133 uaz 2.134 Inalddsaumsh 2.135

ki) =722 i (2.135)
d

auns i 2.132 uazaunisi 2.135 hndagl imildedluplvesaumsArimesisuidoulads

aumsh 2.136 uag 2137

di, Ri, Ko e
+

a a

INNL VB 9 e

do _ K IND®
a JJ

(2.136)

(2.137)

b 4 ] []
vinTuiermsh 2.136 uag 2.137 Saliegluglmanasuvvseriios (Continuous  State

Space) lAReauM1S N 2.138 uaz 2.139

d,| {_R _K 1

d || La L |%|.|7 2.138
i || &° B [w]+ L, e, (2.138)
= |2 _Z 0

dt J J I
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Yso)=[1 0][2‘;] (2.139)

uazileviirunsi 2.138 wdaldegluglaunisaniug (State Equation) 329 19 1df w0343

] t 4
wlsaousieglumnsn A uaz wasn B Asil

wor g (2.140)

I
o nl*4|_.



UNN 3

AINIDININDA

3.1 AINTBIRINITBINIANIY ( Kaman filter)[9,10]

ar P 9 o 1) -
mﬂsmmamuwhﬂummsmmqaam‘i‘lu 3111 A9

1.AINT BN IUABIIBI (Continuous Kalman Filter, CKD)
2.$§|"Jﬂ§'ElQﬂ‘lmn'uﬁiﬂlﬁﬂx‘llﬂuﬁh\l(Continuous Discrete Kalman filter, CDKF)

3. Aanseamaniuny luasiisa(DiscreteKalman, DKF)

[k 4 * ] *
TuiiwiSuduszinsanmsisznumvesSuamnanti lindouulasay
’ 9 < 4 :; v =; & 8 o c;d
naeu Taold x WhidSinamnaaii lin/Gousunaiyaddyg s uniuninsunieg

o o a4 [ ° v Y '3 q’: ar
mwmami‘lug{uuuazuﬂmuuﬂsﬂsmmmunszmag 111 n ﬁ‘lummuﬂswmmmﬂ
bd

v dad Y. pond o o A &
muumﬂJﬁzmmﬂmﬂﬂQﬂmmsnmmnmmawm X uaz'lumﬂmma:ﬂmﬁu Y M

1) v ¥ v
mtlsznamnangandnndasay » afuilu £, Aouldasaumsi 3.1
. Y}
X, =— 7 (3.1
n
$agtaunish 3.1 Wuaumn 3.2
n
nxn = zyl (3'2)
i=1

NAUNITN 3.2 UNUA 1 420 7+1 JAAIaUMIN 3.3

n+l

(n+D%,., =D (3.3)
i=1
=P+ Pttt Yo
= Zj}+j}n+l
i=1

=nx, + P, (3.4)
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nnaumsh 3.4 Sagdlmilddsaumsin 3.5

s n .i_’_y"#l

x = (3.5)
"+l n+l

Q x x o : 1] 1] ¥4 H
i —-——’i'f uay +_1tlf vanfuaumsh 3.5 Woumsdszunamlndldaaumsi 3.6
n+ n+

. n . y x X
— x n+l + n+l o+l

"l nal n+l n+l

.f:n.ﬂ = (n+1)x"+| + j)n-i-l P xn+l
n+l n+l n+l
. 4 W = 4
er-l T n +—[yn+l _xn] (36)
n+l

vinaunsh 3.6 Ml lddszuaailng 2, nmisdszuianudy £, vandunads

U " Ao b T A ar v A A v 4 1 &
sswanaiialdlvg 3, dumisidssunuauay X, uazguiumanes oy Feluns
n+

wasuudasmsydsznas lndrnmsasisasunsdszanuaniuuuinnufasesnianu
glonnsananyuzyssmsidsundasaiunal wumlSuamnan x liasissnuan
TavmuyainisudsuulastSuia x 1inarsiadidui » dludrdun n+1 Fouldds

aun1sn 3.7
X, =D,x, +w, (3.7

Ay a 4 a a ] [ or
W w, faimsusauvandoilugud uaziinalfifanisiddsunas liniveuduns
nasuwlasnaivesdSna x Wouunudie O, uaz w, A8 FYYIVIVNIUISVY

(Process Noise) iodsansnmlszinasivesdidui » unudis x, inmsdssnue 2

n

Y

o v daa o w A 1Y a [V L ° o
HY ﬂ15ﬂ§$u1mﬂ1ﬂﬂﬂqﬂ“lﬂ\1ﬂ1ﬂﬂw n UNURW x "lﬂﬂ"ﬂﬂ'ﬁﬂszﬂ'\mﬂ']ﬂﬂua']ﬂﬂﬂ

4 A LY o
n+1 UNUAIL X, ANAUNITN 3.8

n+l

<>

Il
o
>

n+l1 n*n (38)
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Tinsdszinam £, Sanuudsdsiudsaunisid. slashisnnuulsisouves £, W

n+l

. . t 4
O2P, IngAuANYes £, nazanuulsisiuvesmssuniuasaumsi 3.9 auiuvoy

anuulsdsaudssanmn 1, asaunisi 3.11

n+t

P, = E{(%,-x,)"} (3.9)
0, =E{w}} (3.10)
Pn+l = (D:Rr + Qn (31 1)

o ' o ~ v o Jdo $ 9
aupsmsiamnaar y,,, AuFaduan £, Tdanuduiusasaunis 3.12 uazldms

n+t

IATIRITUNISN 3.13

yn+l 0 Hn+lxn+l (312)
yn+l = Hn+lxn+l + vn+1 (313)

o [ o oo c; s
INTUNITN 3.13 Glﬁ L Lﬂﬂﬂﬁiﬂﬂ’lﬂ%ﬂﬂﬁ’sm’l Nﬂ’lﬂ’lﬁuilﬂm)\imﬁﬂlﬂuﬁmﬂ AT

wilsilsauvesmsdam ldnnaumsh 3.14
Rn+l = E {vril} (314)

T o o é P=1 d' = 42' (] o 9 o d'
msdsznauadiauin »+1 Imsnlasuudasufady sme lindsarudunarldaaunish
3.15

£n+1 = 'i'n + Kn+1 [j}nﬂ - Hn+l‘5en] (315)

] ] ¥
madaswensamamu lasmimanuulsilsiu P, drgaves £,,, adeaduliuiueusin

aun1sn 3.15 ald A unumsuasunilasdals@sumsnasumlas £, dsaunish

n+l

3.14 wazanuudsisiu P, Aldnnaunsn 3.16 laasaunisn 3.17

n+l

A£n+] = (l o Kn Hn+l)A'£n+l + Kn+1Ayn+l (3'16)

+1



1)n+l=(]_Kn+lHn+l)2P' +K2 R

n+l n+itn+l

o o P) o4 =5 [ [ P
ariesisuoaaums 3.17 Woudu K, Aedun1sh 3.18

oP., 8 2 2
L 1 - K H P —)+ K R
aKrH-l aKn+l (( nl n+l) n+l( ) n+l 0+l

0 (1-2K,,H,,+ K, H )P, + K R.)

n+ n+l n+ltn
aKnH I
= (_2Hn+l s 2Kn+IH3+I)‘Pn+l + 2Kn+an+l

= - [ L4 Y 1 o [ P
Movaumsi 3.19 mfugud vemmsasvnomau K, laasaun1snz.2o

i

n+l" " n+l

il DETE D)

et 01

. ¥ » v
uazmvssnnuulsdsrunnasuludrdun z+1 mldnnaunisy 3.21

1)n+1 a (1 = Kn Hn+l)1)n

+1]
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(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

diessvumsda liiduFaduudraunisy 3.21 veldaunsi 3.22 msasinssountlas

4 P d”d ’ <3
ﬁlﬂ\?ﬂ'li‘ljﬁ%’,lnﬂlﬂ’l FITUNTTULTINI DAINUARA AN (Extended Kalman)

n 0 -
Axm»] = (1 - Kn+l Ex——— H(xn+l)Axn+l ) + Kn+1Ayn+l

n+l

(3.22)
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3.2 mnsesmailaideliiea(Discrete Kalman,DKF)[9,10]

(3R 4 + ¥
Tudifiszfosmuamzdnsesmaun hiseidiowriniu mszdnsosmanmnuuy
sitealinnuamamndounuulsisusudeenidnsesmanudeiies oz funde
?mimuuﬁaﬂsmﬂ1amuﬂ'mﬁamfluﬂhaﬁansmmamuLﬂumsmmﬂs:mmﬁﬁﬁqﬂ‘lﬁ

ssvugadus Tamain hidedissgnaiugudasszuy launiingeaunsd 3.23

xn+| = Axn +Bun +wn (323)
TWszvumsia dsaumsi 3.24

Yy, =Cx, +v, (3.24)

AunAouazanualsdsiudon VYOITTUVUAZ YR ZUUNS IR Iadeaun1sh 3.25
E[w]=0,E[v]= O,E[wa] = Q,E[va] =R,E [va] =0 (3.25)

] ¥ b 4
dmsunmsmassnumnangavesaniiz x Togiiuiudesorfomsinedaiinisgu
LY a & & 9 1 2 P o
nudulssaninieldvinmnanuulsdsiusnvesszuy FITWITOUINANIL D 1WA

9 ] P P a & Y A - wa o
14 ammsﬂszmmmﬂaufmnznmilzmmu"lﬂmaumsmmqmauummq"lﬂmnﬂuaz
L] Q L =1 % é 1
anuulsUsiusuvesszuutazns Saney auyAldduna x Wuaniaz n Fansrue
s
YoM laufinvesszuy uaslianiziounthunudle n-1 satuawisodouns

J o o a 3 ar 4
Ussinadueranailegiunnannedunaninedn 1 4u saeumsi 326

=A%, +Bu_, (3.26)
e’: a @ o { Y o 0 LY
mnuumumsmﬁ'mtamvgﬂﬁﬁm'aﬁ]ﬂig*uu mﬁuﬂiﬁxﬁu e N IﬂUMHuﬂiﬁll‘ﬂuWJ

~t ' o 1 [ o Vet o Y 1
s Yy, Lenn lfJ']ﬂ‘V!ﬂ“?lﬁﬂTJ%‘, n 'i’JEi'N]liﬂWlllﬂTﬂLﬂ1!’I$ﬁllﬂ'l‘"S‘U‘i’nllﬂ'lﬂ'li‘lj5$1niuﬂ'l

uazmisialdldlaseadlminidngavessnie x Ao 1dsauns 3.27

X, =X, +K(y, -Cx) (3:27)
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. ¥ ]
‘lu‘vmﬂzmmama'ls'mﬂumﬁmmxﬁwmé‘f'snsmmamu 'ﬁni'fluéfammm”mwuwma
- ’ s [] & =Y * = o 9 =Y 4
UUnIeal K mmznmmﬂs PIINNTTINVITUIMUDUUATING K mmi‘lumsmmasxﬂﬂ
o o :: o Y ~ U Sa 4'1 U [
1“@’)1‘130\1&1‘1]‘1]?11?111111 muumni‘lu%zﬂmmﬂnm K ‘1nuﬂmﬂmmﬂaauﬂsxmmﬂmm
; [ d’ ar A 2 Y ar d’
dga (lusnmanda) Famearlddaaunish 3.28

e, =X, -X_ (3.28)

" . ¥ ¥
“lumsmmmﬂﬁaﬂmeJsﬂsauﬂmﬂmﬁaumqﬂﬁanmi‘]wﬁuﬁummmmmﬂnms
13.29

Efe.el} =E{(x,-%,)(x,-%, )'} (3.29)
wnus &, dwaunsii 3.28 luaumsi 329 T8&aaunsd 3.30
Efe,el} = E{(xn -%,-K(y, -C%,))(x, - %, -K (v, -C¥, ))T} (3.30)
=E{(x,-%,)(x,-1, )+ E{(K(yn -Cx,))(K(y, - C%, ))T.}
E{(x, ) (K (v, -5, ) T+ B{(K (v, -C%,)) (x, -, ] (3.31)
VNS 3.29 LU P =Efee)}
P, =B, +KE{(y, -C%,)(y,-C%,) } K" -E{(x, %, )(y, -C%,) | K"
-KE{(yn -C%,)(x, -%, )T} (3.32)
unusirluaunsi 3.32 Kaoaumsi 3.24 a2 18 serumsd 3.33 - qumsh 3.35

P, =P +KE {(an +v, -C%, )(Cx, +v,-CX, )T} K"

-B{(x,-%,)(Cx, +v,-C%, yxr- KE{(Cx, +v,-C%,)(x, -%, )} (3.33)



P, =B, +KCE{(x,-%,)(x, -%,) }CTK” +KRK
B{(x,-%,)(x,-%,)} C'KT -KCE(x, -%,)(x, -%,)')

=P +KCP C'K" +KRK" - P,C"K" -KCP,
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(3.34)

(3.35)

° =3 o P2y - - Ay ¥ o o Py v oo
‘Vnﬂ'\iﬂﬂlﬂﬂiliﬂt‘ﬁﬂﬁiﬂﬁﬂﬂ'ﬁﬂ 3.35 LlﬁZLﬂU‘Uﬂilﬂ'liYlblﬂ‘i)'lﬂﬂ'ﬁﬂ‘ﬂlﬂﬂﬁiuL‘BUﬁL‘Yl'\ﬂ‘U

oS A v
ﬁuUlﬁ@ﬁ’]ﬂ’lﬂﬁﬁ’]ﬂ!U’mﬂ‘mn’lu

A= AxAT,a—A =2xA"
ox

1INaunIs 3.36 aunsamaaunsh 3.35 laaeaun1si 3.37 uae qumsh 3.38

OE {enenT}
oK

=2CP,C'K” +2RK"-CP, -(P,CT) =0
K" =(CP,C" +R) CP,
L, T i T -1
K=PC"(CP,C" +R)
wimmsaasunasanuusisausuluaniize n mildsnnaunisn 3.39

P = E{eneI}

(3.36)

(3.37)

(3.38)

(3.39)

' 4 @ o o J @ ] @ 1w
U1 K lﬁf‘)ﬂ'lﬂ'l'lilﬂuwu'ﬁiz'ﬂ’ﬂ\wnuﬂi5'Jllﬂllﬂ']ﬂﬂﬁ'ﬁlU'lUﬂ'lﬁ?J'luTHﬁﬂTJZ njﬂﬂ

UNUAUMSN 3.35 AWAUMSN 3.36 1AAITUNITN 3.40 LazZaUMIN 3.41



47

P, =P, +KCP,C'K" +KRK" - P,C'K" - KCP,

=P, +K(CP,C’K" +R)K"-P,C’K" - KCP,
=P, +P,C7(CP,C" +R)" (CP,C" +R)(CB,C" +R) " CP,
-B,C"(CP,C" +R)" CB, - KCP

=B, +P,C"(CB,C"+R) CP, -P,C"(CP,CT +R)" CB, -KCP,

(3.40)
=P +KCP,
=(I-KC)P, (3.41)
wimmsiasuntasenulsysusavantae n+1 8asaunish 4.41
D = piy — A A T
Pn+l =E {en+len+l} = {(xnﬂ =X )(xn+l = Xau ) } (3.42)
UNUANIST 4.41 Faoaumsh 4.38 I8eaun1sH 4.42
P, =E {(Axn +Bu, +w, -AX, -Bu_)(Ax, +Bu, +w, -A%_ -Bu, )T} (3.43)

=E{(Ax,-A%,)(Ax, - A%, )" +w, (Ax, - A%, )" +(Ax, -A%, )w +w,,w:} (3.44)

~

= AE{(x, -%,)(x, - &, )} AT +E{wan} (3.45)
umuanmsTi 3.44 Faoaunsd 339 Manulslsusuannz ntl Svaumst 3.46

P, =APA"+Q | (3.46)

MINAUNSA3.27 B9 aunsh 3.47 Huaumsauanuiame s hidesiies (The Discrete

Kalman Filter Equations) /5znauaie 2 dau dausadluaunisi)dsuutasmiua (The

time update equations) IAAIAUNIIN 3.47 uazaumsn 348 drunasuduaunis
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= o o P &
nasuulasnmnisn (measurement of updated equations) 1A@aeruMsh 3.49 - 3.51 @9

. ¥
Aot laezunsuuaasnsdszinan IARean g 3.1 1azd I8 uTUNMS A IUIYBINIS NS B

MAVIUNAAIAININN 3.2

Ya

M 31 msdlszna x, 1nmsda y, veaane n

e

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

msfasuulasnalng nsulasumlasnmsialuy

2.aunanasua sy

L.asunlasaniae 1.AMUIUOAT VTR
X, = AX,, +Bu,, K =P,C"(CP,C" +R)"
2.mstszuualvudlenisia

P, =AP,AT+Q %, =%, +K(y,-Cx,)

, 3.auulsdsausulasunlas v

P, =(I-KC)P,

MANA 32 SFUMITAIUINNITNTDIATANIY
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CHIP C3X GAL20VS8 ;700000 - 70ffff

NC RW STRB A15 Al6 A17 A18 A19 A20 A21 A22 GND

OE A23 T1 T2 TI1 T22 CES2 CES1 OEF CEF NC VCC
EQUATIONS

/CES1 = /STRB*/A23%/A22%/A21%A20%/A19%/A18%/A17*/A16%/A15
;0x100000-107fff

/CES2 = /STRB*/A23%A22%A21%A20%/A19%/A18%/A17%/A16%/A15
;0x700000-707fff

/CEF = /STRB*/A23%A22%/A21%/A20%/A19%/A18%/A17

OEF = /RW

/T1 /A23%/A22%A21%A20%/A19%/A18%/A1T*/A16%/A15 ;300000
/T2 A23%/A22%/A21xA20%/A19%/A18%/A17%/A16%/A15 ;900000
/T11 = /STRB%/A23*/A22%A21%A20%/A19%/A18%/A17%/A16%/A15
: 300000

/T22 = /STRB*A23%/A22:%/A21%A20%/A19%/A18%/A17*/A16%/A15
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EQN2JED - Boolean Equations to JEDEC file assembler
(Version V003)

Copyright (R) National Semiconductor Corporation
1990, 1991

Document file for 3x 2.eqgn
Device: 20V8

$LABELS 24 NC RW STRB A15 A16 A17 A18 A19 A20 A21 A22
GND OE A23 T1 T2 T11

T22 CES2 CES1 OEF CEF NC VCC

Pin Label Type

1 NC unused

2 RW com input

3 STRB com input

4 Alb5 com input

5 Al16 com input

6 A17 com input

7 Al18 com input

8 Al9 com input

9 A20 com input

10 A21 com input

11 A22 com input

12 GND ground pin

13 OE unused

14 A23 com input

15 T1 neg, com output
16 T2 neg, com output
17 T11 neg, com output
18 T22 neg, com output
19 CES2 neg, com output
20 CES1 neg, com output
21 OEF pos, com output
22 CEF neg, com output
23 NC unused

24 VCC power pin
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EQN2JED - Boolean Equations to JEDEC file assembler
(Version V003)

Copyright (R) National Semiconductor Corporation
1990,1991

Chip diagram (DIP)

W/

NC | 1 24 | VCC
RW | 2 23 | NC
STRB | 3 22| CEF
Al5 | 4 21 | OEF
Al6 | 5 _ 20| CES1
Al7 | 6 19 | CES2
Al18 17 18 | T22
A19 | 8 fa 2y
A20 | 9 16 | T2
A21 |10 15 | T1
A22 | 11 14 | A23
GND | 12 13 | OE
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#include <d:\lingdsp\dsp3x\c3x_lab\ch3\aiccomc. c>
Rinclude <d:\lingdsp\dsp3x\include\math. h>
int AICSEC[4]= {ox162c, 0x01,0x3872,0x63} : // fs = 20K

float ys:

int result, Vin:

void c_intosQ

{
Vin = UPDATE_SAMPLE (result) :
ys = Vin * 10;

}

void main(void)

{
int vin=0x000001, iin= 0x000002;
int Ain, Iin, Iin_;
float xn = 0.5, xn1=0.5, yn = 0.5 , yni=05;

!

float A = 1.567/10000;
float B

Il

0.9995;
volatile int *my_port = (volatile int*) 0X100000:

float Qo=2.36848e~15;

float Qi=o;

float Q2=o;

float Q3=236848e-15;

float A0=0.9999999;

float A1=-0.0000;

float A2=0.0000000;

float A3=1.0000;

float Bo=0.3876e~4, B3=0.0000e—4:
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float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float

ys =

r = 1.2418e~11;
Ho=1;

Hi=o0;

Po=5;

Pi=o0;

P2=0;

P3=1;

Xo=1;

X2=0;

P1o=o0;

Pii=0;

Pi2=0;

P13=0;

Xpo=0;

Xp2=0;

Ko=o0;

K2=0;

Uo=o;

U2=0;

¢, t, yd, ydi, yd2, yd_;

10;

*my_port = vin;

Uo=Bo;
U2=B3;

AICSET() ;
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*my_port = vin;

Vin = UPDATE_SAMPLE (result) ;
xn = Vin;
i
while(1)

{

Xpo =Ao*Xo+A1*X2+Uo;
Xp2 = A2*#X0o+A3*X2+U2;

P10 =A0*Po*A0 + A1*P2*A0 + Ao*P1*A1 + A1*P3*A1 + Qo;
P11=A0*P0o*A2 + A1*P2#A2 + A0*P1*A3 + A1*P3*A3 + Qi ;
P12 =A2*Po*A0 + A3*P2*A0 + A2*P1*A1 + A3*P3*A1 + Q2;
P13 = A2*Po*A2 + A3*P2*A2 + A2*P1*A3 + A3*P3*A3 + Q3 ;

Vin = UPDATE_SAMPLE (result);
*my_port = vin;

¢ = 1/Ho*P1o*Ho + H1*P12#*Ho + Ho*P11*H1 + Hi*P13*H1 + 1) ;

Ko=Pio*Ho*c + Pri*Hi*c;
K2=Pi2*Ho*c + Pi13*Hi*c;

yd2=ydi;
ydi =yd;
yd = Ho*Xpo+H1*Xp2;

result = (int) (yd) /16500:
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trasm(” IDLE ) :

[in = UPDATE_SAMPLE (result) :
*my_port = iin:

ys = Vin¥1.0+10;

Xo=Xpo+Ko*(ys*(ys—-Iin) ~ yd ):
X2=Xp2+K2*(ys*(ys-Iin) - yd );

Po=P10-(Ko*Ho*P10+ Ko*Hi*P11);
P1=P11-(Ko*Ho*P11 + Ko*H1*P13);
P2=P12 - (K2#Ho*P10 + K2*H1*P11):
P3 = P13 - (K2*Ho*P11 + K2*H1*P13);

Uo=1Iin * Bo;
U2=1in * B3:

/* Xp = AxX+ U*B:
P1=A*P*A’ + GxQ+G’ :

Yd(i) = H*Xp:

c = (HxPisH + R):
K=Pi*H / ¢:

P = (1-H*K) *P;:

U= [Ya@i) o; oYa(i)]:%/
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Speed Sensorless DC Motor Using Kalman Filter

Naramit Whamook', Surapan Yimman'*, Manoon Puangpool”’, Sorawat Chivapreecha’ and Kobchai Dejhan’

*Faculty of Engineering and Research Center for Communication and Information Technology,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520, Thailand
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**King Mongkut’s Institute of Technology North Bangkok, Bangkok, 10800, Thailand
Tel. +66-2-913-2500; E-mail : sym@kmitnb.ac.th

Abstract: This paper proposes a new application of Kalman filter to estimate speed sensorless DC motor. Kalman filter can
estimate the system state variables accurately; even the system input is disturbed with noise. In the design, the mathematical model
of DC motor in discrete state-space form will be created; the speed of DC motor which is considered as state variable and can be
estimated by using Kalman filter. In the experiment; TMS320C31 floating point digital signal processor is used for hardware
implementation, the input is disturbed with/and without white noise in the experiment. The experimental results show the speed of
DC motor which is estimated by Kalman filter has good accuracy when compared with the results from tacho-meter.

Keywords: Kalman filter, speed sensorless,

1. INTRODUCTION

In the past, the motor speed is measured by using to sense.
Actually, the tacho-meter is used for converting the
speed-to-voltage; because the structure of DC motor consists
of brush, commutator, mechanical components and etc. To use
the tacho-meter for a long time, those components will be
deteriorated and give the error in speed measurement. Also,
the motor speed measurement system without mechanical
components was proposed. The design process uses the
continuous time system of motor in transfer function or
state-space form [1] where the system inputs are armature
voltage and armature current, system output determines the
speed. Hence, the transform of continuous time system to
discrete time system [2] and implement to digital signal
processor chip is considered and proposed. This method of
motor speed estimation should be correct when the system
input separates from noise but whenever noise interferes in the
system input such as voltage or current, the speed estimation
will be error.

To overcome this problem, this paper proposes the design
and implementation of motor speed estimation system using
Kalman filter. Presently, Kalman filter is widely used for
applying in digital signal processing [3] such as signal filtering,
digital control by Kalman filter is a state variable estimation of
dynamic system which can be operated even the dynamic
system will be disturbed with noise. The design stage begins
from determine mathematical model of DC motor in discrete
state-space form and defined system input as voltage and
current, the system output is speed. Since Kalman filter is used
to estimate the speed of DC motor and give the result in
voltage; as same as the voltage that gets from tacho-meter, not
only the noise interferes with the system input, the speed
estimation by using Kalman filter can be endured and give
results correctly. Whatever the algorithm of Kalman filter has

.the complexity computation, also in an implementation must

be necessary computing on floating point processor for
accuracy in processing [4, 5].

2. THEORY

The Kalman filter uses the continuous state-space and can
be classified into 3 type [6], continuous Kalman filter (CKF),
continuous - discrete Kalman filter (CDKF) and discrete

Kalman filter (DKF). DKF has the error covariance less than
CKF when compared with the average value if DKF is better
than CDKF [6]. This paper proposes the design by using the
DKEF type, the Eq. form is divided into two types, consists of
the time update period. It is assigned as shown in Eq.s (1) and

(2).
P(K)=A*P(K -1)* A"+ BQB' nH
X,(K)=A*X(K-1) )

Where K=1, 2, 3,.....

P,(K) and P(X) is the error covariance, Q is covariance
matrix, X,(K) and X(K-1) are state-vectors, A is

matrix variable or system matrix of dynamic system. B is
input of dynamic system. The measurements during the
variation period can be shown in Egs. (3)-(5) [7 - 9].

K(K)=R(K)*C'*[C*P(K)*C +R]" 3)
X(K)=X,(K)+ K(K)*[ 9(K)-C* X, (K) ] )
P(K)=P,(K)-K(K)*C*P,(X) &)
Where K(K) is Kalman gain

¥(K) is measurement of y(1), y(2),..., y(k)
The dynamic state variable system is shown in Eq. (6) [10].
X(K+1D)=A(K)*X(K)+B(K)*W(K) ©6)
The measurement system is rewritten as shown in Eq. (7).
YK+D=CK+DXK+D+v(k+1) @)

W(K) is noise in the dynamic system and v(K +1) is the
measured signal.

3. PROPOSED DESIGN METHOD

To estimate sensorless motor speed by using Kalman filter
is proposed as shown in Fig. 1.



______ Linear Mot
Amplifier ko or
v, la
la
Kalman
Filter

-
@

Fig. | Block diagram of sensorless motor speed estimation
based on Kalman filter

Fig. 1, Kalman filter is able to estimate the speed of DC
motor and it uses armature voltage ( v, ) and armature current
(i,) as input of Kalman filter for speed (@ ) calculation. The

algorithm of Kalman filter cooperates with the others
parameters of DC motor. The design has to know the
characteristics and parameters of DC motor.

R, L
MWW——T
T T ) 1
L e k] lg

Fig. 2 DC motor electrical model

The schematic diagram of an armature controlling by DC
servomotor is shown in Fig.2. The system variables are;
e,: Armature voltage

a

e,: Back emf.

-~

s
..

Armature current
Torque produced by motor

Angular position of motor shaft
Angular velocity of motor shaft

g2

The parameters of the system are;
Armature resistance

Armature inductance

Moment of inertia of motor shaft
Coefficient of viscous friction

> S~

The system parameters (are not shown in Fig.2) are;
K, . Torque constant

K, : Back emf constant

Fig. 2, the armature voltages can be found as in Eq. (8);

v,=1L, dz; +Ri +e,
e, = K,

—Ldi"+Ri+Ka) ®
a adt a'a b

The occurred electrical torque in motor will change depending
on the armature current as shown in Eq. (9);
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T =K,i, ®
The mechanical torque of motor is written as in Eq. (10):
T=J do + Bw (10)
dt

For lossless motor, the clectrical torque is equal to the
mechanical torque. Egs. (9) and (10) can be rewritten as in Eq.

(ny
K,.;,=Jid‘;_’+3a) (1)

Egs. (8), (11) can be rearranged as shown in Egs. (12) and
(13),

i, R, Ko e, (12)
& L, L, L

do _ K, Bo (13)
dt J J

The continuous state-space form of Eqgs. (12) and (13) can be
rewritten as in Eqgs. (14) and (15);

| |_R K 1
LN RN nd TR Y (14)
ial KT B @ 0
dt J J
iﬂ
w0-[t o’ (s)
7]
Compare Eq. (14) with state Eq. it can obtain;
UB X, 1
A= L, L. and B= T,,
sy _B 0
J J

Thus, transform matrix A and matrix B to discrete system by
using bilinear transform and substitute matrix A and
matrix B in discrete system to Eq. (1) — (7) for speed
estimation.

4. DESIGN EXAMPLE

The experiment uses DC motor as experimental test set
from Feedback Instrument Inc.,, motor drive set model
SA150D, power supply model PS150E and DC motor model
MT150F. The block diagram of connection is shown in Fig. 3.

O———¥| SAIS0D [¢ PS150E
Voltage
Command
MTI50F
Motor 7 77
e | 77
‘_Q____ Load
v,
-—

Fig. 3 Block diagram of motor drive test set



The DC motor in the experiment has parameters as shown in
Table 1.

Table 1 Parameters of DC motor

Parameter Value
R, 3.0 Ohm
L, 5.16 mH
J 3x10°K,m’
B 0.0158
K, 0.0282 Nm/A
K, 2.78 V/Krpm

The connection diagram of DC motor speed estimation in this
experiment is shown in Fig. 4.

4
Functh Scope
Genersior v,
L i @
Motor & TMS320C31
Drving Stm | DSP system Scope
i, + Noise
Noiso Scope

Fig.4 Connection of DC motor speed estimation in experiment

In Fig. 4, o is obtained speed of motor from the
tacho-meter, & is obtained speed of motor from estimation
and in the experiment has the random noise signal disturbed
with i, . Substitute the parameters from Table 1 into Eq. (14),

the matrix A and matrix B can be obtained as shown in Eq.
(16);

-581.40 -538.76 193.8
A= , B= (16)
28.20 -15.8 0

Transform Eq. (16) to discrete system as shown in Eq. (17),
where the given sampling frequency is 10 kHz.

an

A -[094344 ~0.05229 _[o.01882
T10.00273 099834 |7 | 0.00002

5. RESULTS
In the experiment, let the voltage command is between
7-10 volt, the obtained voltage from tacho-meter is compared
with obtained voltage from Kalman filter as shown in Table 2.

Table 2 DC Comparison of motor speed

Voltage Output voltage Output voltage
command obtained from obtained from
tacho (@) Kalman Filter (&)

7.0 1.0 1.0
7.5 1.15 1.2
8.0 1.3 14
8.5 1.5 1.5
9.0 1.6 1.65
9.5 1.8 1.85
10.0 2.0 1.95
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Let the voltage command 7 V and 10 V is squarc wave
signal frequencg/ 0.1 Hz and combined random noise with
covariance | V* to armature current as shown in Fig. 4. The
experimental results are measured by oscilloscope as shown in
Figs.5-8

1.00V_2 1.0V =X t.000 " f1 gyop

Foo

Fig. 5 The upper trace is armature current at voltage
command 7.0 V,
The lower trace is random noise with covariance
1 V2 adding to armature current

$.00¥ -2 1.0V . §4.008 _1.008/ £1_sTP

o

Fig. 6 The upper trace is motor speed from tacho-meter
The middle trace is motor speed from Kalman
filter,
The lower trace is motor speed comparison
between tacho-meter and Kalman filter method

1.000 2 1.0V —4.008___1.008/_ 1 ST0P

Fig. 7 The upper trace is armature current at voltage
command 10.0 V,
The lower trace is random noise with covariance
1 V2 adding to armature current



1.00¥ =2 1.0V 8,008 _ _1.008s 1_gme

[ N :

Fig. 8 The upper trace is motor speed from tacho-meter,
The middle trace is motor speed from Kalman filter,
The lower trace is motor speed comparison
between tacho-meter with Kalman filter method.

6. CONCLUSION

The experimental results show that DC motor speed
estimation by using Kalman filter will give the results
correctly in the vicinity when compared with the results from
tacho-meter. Although, the armature current is the input of
Kalman filter and will be disturbed with random noise.
Consequently, Kalman filter can be used to estimate the
parameters in dynamic system with high performance and has
the robustness to disturbance which has the advantages for
applications with instrumentation, control system and etc.
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