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SASIYA UDOMSUK : ENERGY SAVING OF THREE-PHASE
INDUCTION MOTOR VIA PARAMETER ESTIMATION USING
KALMAN FILTER. THESIS ADVISOR : ASSOC. PROF. KONGPOL

AREERK, Ph.D., 247 PP.

ENERGY SAVING/ INDUCTION MOTOR/ PARAMETER ESTIMATION/
KALMAN FILTER/ POWER LOSS IDENTIFICATION/ ADAPTIVE TABU

SEARCH

Energy saving is a considered issue for industrial sectors, especially in the
electric motor drive. The aim of the thesis is to study the energy saving for three-
phase induction motor. Applications of this motor include oil drill, water pump, the
textile and paper industries, etc. The motor is also widely used in electric
transportation systems such as car, bus and train (BTS). In the thesis, the stator
current on d-axis calculation is used to achieve the minimum power losses. The
mathematical model and power loss equation of the motor are used to calculate the
optimal stator current on d-axis for energy saving. The adaptive Tabu search is
applied to identify the parameters of power loss equation. In this work, the indirect
vector control for the motor speed control implement on estpTM F28335 board.
From the experimental results in laboratory, the proposed method can provide that the
maximum percentage of energy saving is equal to 46.70%. The proposed method uses
the constant values of the motor parameters to calculate for energy saving. The
accurate parameters of motor are necessary to calculate the optimal stator current on
d-axis for energy saving. Thus, the estimator called the Kalman filter is applied to

estimate the parameters of motor at any operating conditions. The comparison results



between the energy saving method with fixed parameters and the energy saving
method using Kalman filter for parameters estimation show that the proposed method
with the parameters estimation can provide the best result in term of energy saving for
three-phase induction motor drive and the maximum percentage of the energy saving
is 60.18% at slightly load and the percentage of energy saving is decreased when the

load is increased.
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PI controller machine
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P5 Pin#

10

ADC signal
ADCINBO
ADCINB1
ADCINB2
ADCINB3
ADCINB4
ADCINBS
ADCINB6
ADCINB7
ADCINBS

ADCINBY

P9 Pin#

11
13
15
17
19

ADC signal

GND
GND
GND
GND
GND
GND
GND
GND
GND
GND

P9 Pin#

10
12
14
16
18
20

ADC signal
ADCINAO
ADCINAL1
ADCINA2
ADCINA3
ADCINA4
ADCINAS
ADCINAG6
ADCINA7
ADCLO*

No connect
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Pin# Signal Pin# Signal

1 +3.3V/+5V/NC* 2 +3.3V/+5V/NC*

3 GPI079_XDO 4 GPIO78_XDlI

5 GPI077_XD2 6 GPIO76_XD3

7 GPIO75_XD4 8 GPIO74 XDS5

9 GPIO73_XD6 10 GPIO72_XD7

11 GPIO71_XD8 12 GPIO70_XD9

13 GPIO69 XD10 14 GPIO68 XD11

15 GPIO67_XD12 16 GPI1066_XD13

17 GPIO65_XD14 18 GPI1064_XD15

19 GPIO40_XA0 XWEIn 20 GPIO41_XAl
21 GPI1042_XA2 22 GPIO44_XA3
23 GPIO44 XA4 24 GPIO45 XAS
25 GPIO46_XA6 26 GPIO47 XA7
27 GPIO80 XA8 28 GPIO81 XA9
29 GPIO82 XA10 30 GPIO83 XAll

31 GPIO84 _XA12 32 GPIO85_XA13

33 GPIO86_XAl14 34 GPIO87_XA15

35 GND 36 GND

37 GPI036_SCIRXDA-XZCSOn 38 GPIO37_ECAP2_XZCS7n
39 GPIO34_ECAP1 _XREADY 40 B_GPIO28 SCIRXDA_ XZCS6n
41 GPIO35 SCIRXDA XRNW 42 10K Pull-up
43 GPIO38 WEOn 44 XRDn
45 +3.3V 46 No connect
47 DSP_RSn 48 XCLKOUT
49 GND 50 GND

51 GND 52 GND

53 GPIO39_XAl6 54 GPIO31_CANTXA_XAl17
55 GPIO30)CANRXA XA18 56 | GPIO14_TZ3n XHOLDn SCITXB_MCLKXB
57 | GPIO15 XHOLDAn SCIRXDB MFSXB | 58 GPIO29 SCITXDA XA19
59 No connect 60 No connect

N estpTM F28335 Technical Reference, 2007
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(N-m) | (rpm) . . .
lgs.conv (A) Prcon™) | g fix_es (A) P, fix_es(W) wawu
300 96.58 0.59 51.48 46.70
600 126.18 0.57 72.17 42.81
0.5 900 146.55 0.54 91.97 37.25
1200 157.32 0.50 110.73 29.62
1390 145.09 0.48 122.17 15.80
300 117.06 0.74 88.65 24.27
600 160.73 0.72 124.16 22.75
1.0 900 195.75 0.68 162.99 16.74
1200 228.01 0.65 192.24 15.69
1390 243.89 0.62 210.67 13.62
300 137.90 0.80 119.00 13.71
600 194.09 0.77 176.00 9.32
0.94
1.5 900 251.96 0.73 231.46 8.14
1200 282.20 0.70 272.54 3.42
1390 335.89 0.67 312.25 7.04
300 170.55 0.82 158.12 7.29
600 251.20 0.80 229.56 8.62
2.0 900 303.79 0.76 296.74 232
1200 371.92 0.72 370.92 0.27
1390 392.83 0.70 42285 liitlsenda
300 207.79 0.92 203.18 2.22
600 295.19 0.90 295.59 liitlsenda
2 900 364.88 0.86 382.90 lidsenida
1200 44574 0.82 429.12 373
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o A o dyd Y1 Y [ [ I A
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WMswmesAINaNIMIasuLlaimuan1IZMIMOUNLANANNY muuﬁluwﬂﬂﬂ"lﬂ W
o _Aax [ @ Aa 9y d? dy @ 1 = 1 a 4 4
WM sendanaenunaanuauil ulﬂ‘WﬁlluWﬂf]IﬂEJlJﬂ']ﬁﬂimﬂﬂlﬂWWWinJmﬂiﬂl@\‘lllf)m@ﬁ
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AINITDINIAMIU

6.1  unNM
dy dy < o 9y o ) @
mawﬂuuwu Lﬂuﬂﬁmmu’amﬂwmmmmmamuLLUUSIJEHEJﬁm‘iUﬂizmm
1 a J 4 . ) y @ a @ @ 9 @
ﬂ’lWTi']iJm@ﬁellfJQﬁﬂlﬁﬂilﬂﬁﬂﬁu'lﬁ'lNW\lﬁ Lﬁ'ﬂ\‘ﬁ]’lﬂfJaﬂ@ﬁﬁllﬂWﬁﬂﬁgﬁﬂﬂwaQQTUﬁTTTﬁUﬂWﬁ
G{Tﬂlﬂﬁ@uuﬂm@glﬁﬁfJ']“I:l’]ﬁuJW\Iﬁ i]zﬁmamf’imizLmﬁmmaé{ummuﬁﬁmmzﬁumuﬁmaz
o J o qij 1 a o P Y o =K A o
NIINNIUVYDINDINDT muumwwmmmmmn@mmmgﬂﬁlﬂumimujm WUANNTINY
(] A o 1 o 1 ] 4 4 { o
DYIYIANDNITATUIUAINTELUTAINGAD Iﬂﬂ%’]ﬂﬂ’lﬁﬂﬂﬁ@ﬂﬂTiﬂlULﬂﬁ@uuﬂlﬂ’f]'iﬂ’iﬁfl')lﬂﬁ'lu
A ] o @ ~ 1 a 4 SAq Y o
W\lﬁﬂ@WﬁﬂﬂWﬁﬂi%ﬁUﬂWﬁﬁﬁTuGlu‘U“VW’I 5 ﬂTWTiTJJW]E)TU@Qilﬂlﬁﬂﬁﬂﬁlaﬁaluﬂ'lﬁﬂ'luﬂmgﬂ
o Yy ~ [ o P I~ a 091’ a 4 o
m‘*riuﬂclmmmmnﬂmum’ﬂmmﬂlmm@mm G]fﬂuﬂ’nmﬂuﬂiﬂuu NWITTULADIUDIUBDIADT
v [ 9
i]z!,ﬂaEluLL‘iJameﬁm%miﬁwmﬁmnmﬁﬂu (Atkinson et al., 1996) I(NF1ZRALUU 31UIY

o

a a 4 Y < <3 1 A J o 1
ernusi e uruaudIAgreInIslssiaa I Nnes aIna1l Haz1InNsANY
Aa o 4 = Av Aa a o’dyd = Y o o [
Usimiissanssulueda uddeiInentinusisuaenlyainsssmaniu smsulszu
1 a 4 4 ~ o A @ = 9
A nes veauames v iatheumla 1ea91n drnsesmamiuianuannselumslsy
AsAa o [ @ [ d’g (Y Y A 1T 9
nuluszuunidunanaziodnanaisad awsndamsnuszuunvuediunala insgn
{2 1 o { 3 a
M5 wdnaazasiinuaziimsnlasunlaaly) (Wade et al., 1994) TuuniideazeFineda
Y 1
NOERMIRNUUIRINTOIMAUUVDAUAY FurmzdrmTunuuiaeusudu uazmsld
[ o Y] o J { ) § I
NUAINTBIN AN UL VVVBI8F M S VUV VI 1aIveIudne s ivileia e Fauilu
o 1T a qgj a o U [ yw
ppudraed liFadu 53uMs TmMsATIEHMITYPIIVDIRINTOINANIULLUVEIY UBNIINTE
Y o o A s Y an @ @ A
Taduaue wamsnagsumsvinasuueaesaleIsNslszndandsny nimslszua
1 a 4 [ [ U [
AMINBTA8AINTBIAANIULV UV 5IUDIINTITeuRsuransnagoudanaid i
~ A Y I 1 as o [V A A
NANIINAABVINUNT 4 uag 5 touaaa lriviudl I3msiserdandsnuileinsszuiu
1 Aa 4 Y [ o A 1 an [ o ~ [F=
AMgees lnanislsendandanunaninislsendandanrun idin1sdseua

1 a 4
ATNIITUINDT
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6.2  AINIBINIANYU
% a 9 1 @
AINITIDIAIAVUTIU (Kalmanfilter)uEliJGlGIfsluﬂ1§ﬂi$ﬂ1mﬂ1@lﬁllﬂiﬁ91u5 o
a 4 a o Y [ I o
WTi'liJLﬂﬂﬁmﬂﬂﬁgﬂﬂllﬂﬂl“ﬁﬁlﬁu ﬂTiﬂ']L!'Jﬂ‘!GU@\W]'Jﬂﬁf]\iﬂWﬂiﬂuﬁaﬂ‘Hﬂ!m‘iJuﬂWﬁﬂ’lLl'Jﬂ!L!UU
B 2 2 . o 2 Y
AUFIUDY 2 YUADU ﬁﬁl VYUADUNITAIANTIT U (predlctlon Step) uazmuﬂaumiﬂiuuﬁl
o 1 J d o .
(correction Step) Iﬂﬁlﬁluﬁﬂ'ﬂl!iﬂ ‘1]8ﬂWU'Jﬂ!ﬂ']ﬂ']ﬂﬂ1§ﬂﬁl@\1l3ﬂl@]@‘iﬁﬂllﬂiﬁmug (predlcted

J o a 4 1A
statevariablevector)Llazﬂ1ﬂ1ﬂﬂTimGUﬂimﬁiﬂﬁﬁﬂ’MﬁJLLﬂiﬂ‘i’Juﬂlﬂﬂﬂ1WﬂW’cﬂﬂ

=

[ E4
(predicted error covariance matrix) 11281 k+1 Taslddoyafinar k msduindiuiiazeglu
qaj L4 1 logjl @ % o 2 v
YUADUNTAIANITE LazADNT gTuaouMTUsuu Feegduaumolinaveanaoiai
" a 4 1
1159011 (updated state variable vector) aza19Uianueatuasngauudsdsiuvean
Y
a @ 4
HANA1A (updated error covariance matrix) 1aal¥doyasnduasunisaamsainazdoyasin
[V ) o uaz’ T v Y a 4
Msialunsaivi vaeniu aothanvounnmesalnldsaniuzuaziuasngniuy
1A < v A A D] o &

wlsdsavvesarrdanala sznaretludeyanial ke lslunisauinyesiunounis

L [ .
mansal lusevda (Smidl and Peroutka, 2012)

syuraein ldvesszuunan luaetiios (discrete time system) d115UN 55T
ArodInTeentanIu Usznoudie 2 uuusiassnd 1A Ao LDUTI1AD9TZ Y (system model)
HAZHUUF1299715 A (measurement model) UaAd lAGIaNNITN (6-1) 11ag (6-2) MUSIAD 1D

Y

% J a Jd o
K=0,1,... 910@UNTNNEDY AUHNIY  VUIAUDIUINADTUALINAT DAY 9 Tunyyudrans

waaelddemsiad 6.1
X(k+1) = A(K)x(k) +B(k)u(k) +w(k) (6-1)
z(k+2) =H((K+Dx(k+D+v(k+1) (6-2)

Ay Jd o o o o o Y 1w
AusuAUveINNmesaulsaniue (x(0)) Smsumaiiuia gnitvualiminy

1 ~ d o a o 1A =S 9
AmasveInNeasaulsanuzuazuaIngaNuLlsUsiuvesmranaIn WeuunuaeY

€

adnwal x*(0) uaz P*(0) mudwu Tasfi k*(0) waz P*(0) awsadulalddeauns

=).
—_

6-3)

X"(0)=E[x (0)]

(6-3)
P, = E[X(0X" (0)]
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idle X(0) Ao Aawataveanistszana Taehi X(0) = x(0) - X* (0)

I [ J = 1 A 1 A
E[X] ludgydnyaluaaing A1n1anuie (expected value) Y99 X 130 AURASVDI X

{ J a o o
A1519MN 6.1 ANUKNIY VUIAVDINNADTLAZINAT NG 1LV 104

-2 4
dyanual ANUNNY YUIA
v
X(K) NARBIAMUTADIUE (state variable vector) 1
nx
Jd o
w(k) NAINBTTYANUTVNIUIINTEVY (system noise vector)
J @
Z(k) INKIDINITIA (measurement vector)
7w o ] I x1
v(k) NN TYAYIUTUNIUIINNITIA (measurement noise vector)
A(k) WAINFAeUAUE (state transition matrix)
nxn
Q(k) wa3nganulslsiuves W(K) (system noise covariance matrix)
R(k) wasngaNuulslsives V(K) (measurement noise covariance matrix) I xI
Ia
u(k) INABIBUNA (input vector) mx1
a oA A
B(k) IUATNHFOUADDUNA (input coupling matrix) nxm
a 4 J @
H (k) wasnda1u lAen1599 (measurement sensitivity matrix) I xn

v 2
MauMsn (6-1) uaz (6-2) doyamsuniu wk) uag v(k) ldeduudiiosdu
4
dusulFlumsninsanaumsmssiuiavesdInsesnauu aene Uil (Lewis, 1992)
[ A 1 A (-7 J o o 1
D dagaiusuniu wik) taz v(K) ¥AURQeINUEUY SIMIUNNAIUDN K Laad
[ [V o o w
wanwal1d Ao E[w(k)] =0 wag E[v(k)] =0 amadsu
a 4 o [ 1 . Y]
2) wasnganuulsisiuves wk) vag v(k) dmsunndived j uag kuaaslaag

auns (6-4) uag (6-5) VAN

K), k=j
Efw(kw" (j)] = {Qé ) o J 64)
o (RK, k=] _
VIV (I g s 5

1 v o Jdo @ qul 1

3) X(0), w(k) taz v(k) lilianduiusnu (uncorrelated) viuneds daualsnaau lu

= (% @ 4 aa @ @ 3 ' @ 3 =2 Y o
lanuduiusnadasuiu aaiu anuudsdsiusivvesdandsneain Jauandldag

dl 9 s 1 -
TAUNITN (6-6) FINTUNNATVDN | LA k



112

E[x(Ow' (j)]=0
E[x(O)v" ()] =0 (6-6)
Ew(j)v’(k)]=0

e j uag ke AmA%iag (time index)
v A A W . a A e/dy o =2 A
ANUHUIBVOIATHUUYTOA8N (superscript) TUANGUNWUTH @280 (—) dasda Af
o Y Ay @ o Y o .. =2
A ldneundoyaninmiainazgmiiwnldlunsfiuia (a prior value) uag (+) Haaans

1 Ao Y o o 9 @ Y o .
ﬂmmmm"lmimmﬂmﬂmgamﬂﬂﬁmnﬂﬂumimu’am (a posteriori value)

AsTUIUMIAIILEz aumM TR 1F UM IMuIMUeIRINTBIAIANIY @1NI500T LY
Y
1adase i
Y
JuaeuMIMANTal
qul dyq./ (=) o 9 @ 9 Y o
Tuauaouil §1litimsihdeyannmsdadnlslumsdnm
1 o Y] ~A_ 1
- amamsaiveanmmaidlsaniuy (X (k+1) fe Araanuisvea x(k+1)
1 A [ ) 9 ) £ J [ VoA ] =
nounmnnmyIavzgnihinlslumsdiaa suiudlszunami lueudsives x(k+1)
Fmwsamnual X (K+2) 1dlagmsmiarinianuiovesaunisi (6-1) uagldaudauiia
YBIAMANINY 2 U0 TUmIAIuIN Ao
9 I a EdRl o I a v 1 [ :/l
Do a iWuwaiasainedala o uaz x Humengdulsguana nx p iy
E[a]=a
E[ax] = aE[x] o a Hyum mxn
E[xa] = E[x]a o a Hvua pxq
9 3 a d v 1 1 < o o a Aa 9
2o x, y Wwuaingawlsgula q amavuisiiudiduiunisuuusadu
2
(linear operator) A9
E[xty] = E[x] £ E[y]
e X, y Jvwaminu

Futu aunsougasnsinnum X (K+1) 1&daunisi (6-7)
% (k+1) = E[x(k +1)]

= E[A(K)X(K) + B(K)u(K) + w(k)]
=A(K)E[x(K)] + B(k)u(k) + E[w(K)] (6-7)

A A Ia A 1
Wo u(k) Ao LINKOTOUNANNIIVAI
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2 [ Y v
nnveduuAiotduvesdyarasuniuten 1 (E[w(k)] =0) detiu 31naunisn

67 A K (K+1) Fefmnalddaunsi (6-8)
R (k+1) =AK)R (K) + BK)u(K) 6-8)

A A4 A 1 d o @ o 9 Y Y
e X7 (k) Ae Andszanmaeanmesamlsaniugraniniidoyaninmsiauldlums
. 4
AU NI K
1 4 a 1A — )
- amamsaiveauns ndanuulslsiuvesmdanain (P (k+1) ansamiuim
{ A ~_ d 1A 1 4
lannaunsi (6-9) Tasiiar X (k+1) Ao nnwesamnanalnvesnslszuianoundoya

vinmsiasggmimnldlumsdinn fine k+1 sunsom Idnnaumsi (6-10)
P (k+1) = E[X (k+DX ' (K+1)] (6-9)
X (k+1) =x(k+1)—-%x"(k+1) (6-10)

Waunsn 6-1) vaz 6-8) unuad 1l luaunisn 6-10) az'laa X (K+1) deaums

#i 6-11)

X (k+1) =x(k+1) - % (k+1)
= (A(K)x(k) +B(K)u(k) +w(k)) - (A(K)x" (k) + B(k)u(k))
= AK)(x(k) = X" (k) +w(k)

X" (k)
= AK)X " (K) +w(K) (6-11)

A ~ A J 1 a Y o ¥ [ 9y
Tﬂfﬁ/] X (k) o L?ﬂ!@]@iﬂ"lNﬂ‘Wa”lﬂﬂlﬂﬂﬂTi']Jﬁg3J1i1!1(if1QﬂTﬂuTﬂJﬂHﬂﬁ]”lﬂﬂTi']ﬂll”li%

Tumssiurannal K amnsomuia ldanaumsn (6-12)
% (K) = x(K) - %" (K) (6-12)

) A A 9 A 1 9
HUIFUNIIN (6-11) unuasluaumsn (6-9) uaﬂmmﬁmmmmmm@mmﬂ il%llﬂ
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P~ (k+1) = E[(A(K)X" (k) +w(K))(A(K)X" (k) +w(k))]
= E[A(K)X" (k)i+T (AT (k) + AKX (K)w' (K)
+ W(k)i+T (K)AT (k) +w(K)w' (K)]
= AMKE[X" (X" (K)]AT (k) +AK)E[X" (K)wT (K)]
+ E[w(k)X" (KJAT (k) + E[w(k)w" (K)] o
Mnaumsit 6-13) nad E[X(KwT (K)] waz E[wK)X" (K)] sefimumiiugud
finaninnisaiuauat X (K) %zeﬁyuagjﬁum X(0) naz X" (k) drvmsunnarves kiiio
ﬁmituWnuGﬁammﬁzﬁaaﬁummﬁﬂujﬂgmiumu%’aﬁ 3(E[x(Ow' ())]=0) MRz i
X" (K) 39hiflandusiusiuiy w(k) aao dmsunnamves Kk (Lewis, 1992) Wi ad0 43

dludsannsn (6-14)

E[X* (Kw" (k)] =0

e (6-14)
E[w(K)X* (k)] =0

9
[

A P (k+1) anunsomuialdnnaunsi (6-15)

P (k+D)=AKE[X (KX (KIATK)+AKE[X (KwT (K)]
P+(k) =0
+E[WRX (KIAT (k) + E[w(k)wT (k)]
-0 Q,
P (k+1)=A(K)P* (K)AT (K) + Q(k) (6-15)

I A + = a 4 “]J 1] " A o d‘ﬂ} [
agn P (k) AD LUATNYAITVUUIUITIUVDIATNANIANAIVINNVDUAIINNITIAYN

a1 lunsdiua fAnat k ansadmunaldannaumsn (6-16)

P (k) = E[X* (K)X*" (K)] (6-16)
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ai/ [ Y
TunoumMsUsuun
o o Y] 09: o Y a Yo 0 dy
mMsfadmiuiuseumsdsudannsaessue lanae liii
T v J o ~ 1 { 1
-asimaveanmasainlsaniuy (X (k+1)) ae A ldninaisseuian
4
x(k+2) Taelddr1szuraauuiFaudu (lincar estimator) NI UsgAUoya1NN15 TR

z(k +1) Faih X (K+1) fedlugluuvvesiidszinamdanaiuaaldgaaumsdi (6-17)
X'(k+D) =K(k+Dz(k+2) +b(k+1) (6-17)

msm K (k+1) waz b(k+1) vwdesiiiadensi X (K+1) ifudalszinasil

1UIBB4 (unbiased estimator) (Gibbs, 2011) Fanmauiiadanauaadlddaumsi (6-18)
Elx(k+D]=Hx"(k+1)] = Hxkk+1D)-x"(k+D]=0 (6-18)
1 X (K+2) amaumsdi (6-17) unuluaumsi 6-18) Taaaaunisi 6-19)
E[x(k+1) — % (K+D]= EX(K+D —(K(K+DZ(K+1) +bK+D)=0  (6-19)

v v v
i z(k+1) anaunsi (6-2) unuasluaunish (6-19) niouialdnuaniaves
Y v v
MmanuouazYoduuAlosduresdyaasuniuten 1 (E[v(k)] =0) sz lddeaunsn

(6-20)

E[x(k+1) - (K(k+D(H(k+Dx(k+D+v(k+1)+b(k+1))] =0
Ex(k+1) -K(k+D)H(k+Dx(k+D) -K(k+Dv(k+1)—-b(k+1)]=0
Ex(k+D)]-K(k+DH(k+DE[x(k+D)]-K(k+D)E[v(k+1]-b(k+1) =0
X (k+1) X" (k+1) =0
X (k+)-Kk+DH(k+D)x (k+2)-b(k+1) =0 (6-20)

nnaumMsh (6-20) ansadium b(k+1) ladsaumsi 6-21)

bk +1) =% (K+D) —K(K+DH(k+DX (k+1)

) (6-21)
=( -K(k+DH(k+D)x (k+1



116

{ [ v J { [V
NNANMIN (6-21) Ansamanuduiusues b(k+1) ludgunsn (6-17) uazdain
o [ [ 4 { 1 o 1
RImsmianuduiutves K(k+1) Tuaunisi (6-17) areruiu lasar K(k+1)
v ! Y o Y 1A A9y A £ A
aana1 azasin Inaanunlsilsiuvesmmanaialinmitesnga Fea1nnunlilion wie

3 ansadmoa Idsaumsii (6-22)
J=E[(x(k+)-X"(k+D) (x(k+)-X"(k+D)] (6-22)

~ o Y = o A ] o
NNTUNIIN (6-22) Iudoalimsvagdaunslvumonnudelunisdiuim sou
a 4 . = ) Y @ @ 1 [ 3 = o
LN TN (matrix trace: #7) %QQﬂHHJ11“Ifﬁluﬂ1§ﬂi‘ﬂﬁllﬂ159\‘]ﬂﬁTJ ANUHUINUBDLUUSUITBDY

a d A a J @ [ dy
LN@]iﬂ"]ﬂlagﬂmﬁMU@W@Q‘i’E)fJLﬂJ@]iﬂ“]in]ﬁ\iL"U’]J mm"lﬂu

9
v @ vaA o SlQI

SOUMATNG AD KATIVVDIANITALUINUGIYNVBUNATATINT T Amauliatiingn ]y

Tumsmarnuulsisiutiosiga (Gibbs, 2011) TAoHATINVOITUITNENAIAIADIVD

4 PR Y ~
NNWDT anyuua nxl ﬁ11ﬂimlﬁﬂﬂllﬂﬂ\1ffllﬂ1§‘ﬂ (6-23)

Zn: a’=a'a=tr(aa’) (6-23)

i=1

il a=[a,...a]"

svuald wasnd A, B iiluwwaiadiagsa vaz cillumanars sesmaindezd
ﬂmﬁuﬁﬁﬁqf:

) tr(AT) =tr(A)

2)tr(A+B)=tr(A)+tr(B)

3) tr(cA)=c-tr(A)
Amuald waing A fuwna nxm, B flvwua mxn uaz CilumeIadiaavina nxn

4) tr(AB) =tr(BA)

5) tr(ABC) =tr(BCA) =tr (CAB)

dagdaumsi (6-22) Indawaunsii (6-23) dadu i J Jadludeaunsi (6-24)



117

J=E[tr(x(k+1) X" (K+D)(x(k+D) —X" (k+D)")] (6-24)

MNeuIh (6-24) x(k+1) — X" (k+1) aunsomualalait x(k+1) avauns

1 (6-17) Maa03419 92 18

x(k+1) - X" (k+1) = x(k +1) —(K (k + Dz(k +1) + b(k +1))

(6-2) (6-21)

unua z(k +1) (@umsi 6-2) waz b(k+1) @umsi 6-21) asluaunisindy

w214 x(k+1)-X* (k+1) udeaunsi (6-25)

X(k+2) -X"(k+1)
=X(k+1) -Kk+D)HK+Dx(k+D)+v(k+D))—( —K(k+DH(k+D)x (k+1)
=(I -Kk+D)HK+D)x(k+D) -K(k+Dv(k+2) — (I - K(k+DH((k+D)x (k+1)
=(1 -K(K+DHK+D)(x(k+D) - X" (k+1))-K((k+Dv(k+1)
X (k+1)
=(I -K(k+D)Hk+D)x (k+)-K(k+v(k+2) (6-25)

Maumsn (6-25) unuadluaumsn (6-24) a2 ladaaunsn (6-26)

J=E[tr((| ~-K(K+DHK+D)X (k+D—K (k +)v(k +1))

(1 —K(k+DHK+D))X (k+D)—K (k+Dv(k+1))")]

=Etr (| —K (K+DH(K+D)X (k+1) — K (k+Dv(k +1))
(X’T(k+1)(l “H ' (k+DK T (k+D)-v' (K+DK T (k+D))]

= E[tr (I —-K (K+DH K+ D)X (K+DX " (K+D(I -HT (K+DK " (k +1))
—(I =K K+DHK+D)X (k+Dv" (k+DK " (k+1)
K (K+DV(K+DX " (k+D( —H" (k+DK T (k+1))
+KK+Dv(k+DvT (K+DK T (k +1)]

(6-26)

NAANNTH (6-26) wazauiia mEA] = El((A)] e A illwuaindigTavuia

[ Qal' I~/ [ 4
nxn aaiu 3918 udsaumsn (6-27)
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J=tr((l —K (k+DH K+ D)E[X (k+DX " (K+D](I —~H (k +DK " (k +1))
P~ (k+1)
(K (k+DHK+D)E[X (k+DvT (k +DIK T (k+2)
=0
K (K+DE[V(k+DX " (K+D](1 —=H (k+DK T (k +1))
=0
K (K+DE[V(k+D)vT (K+D]K T (k +1))
R(K+1)

(6-27)

= ~ ~_T A
Mnaunsi 6-27) Wl E[X (K+)vT (k+1)] naz E[v(k+D)X (k+1D)] fian
1 4
mdugud ifeannnsiuau X (k+1) aiuediual x(0) uaz X*(0) dwmiunna
A A Y a dy Y o Y A
Y4 KINoaWa 151 IuToauNallosAauvoddyyIusunIUT0N 3
b4
(E[X(O)VT (K)] = 0) tns1zneiiu a1 X (K+1) Sa'lufianduiusiusy v(k) d1e dmsy
NNAVDI K (Lewis, 1992)

~ =K [V ~
NNAUNTN (6-27) U UAIHUNTN (6-28)

J=tr((l —K(K+DH(K+D)P~ (k+D(I =HT (k+ DK T (k+1))
6-28
+KKk+DR(K+DK T (k+12)) (28

= wa 9 a o v ~
NNFTUNITN (6-28) uazﬂmﬁnuma 2 11QS 3 UDITDYLUATNY ilxllﬂﬁllﬂ"liﬂ (6-29)

J=tr(P~(k+ 1)) —tr(P (k+DH™ (k + DK " (k + 1))
“tr(K (k+DH (k+D)P~ (k+1)
@ (6-29)
+tr(K(k+DHK+DP~ (K+DHT (k+ DK T (k +1))
+tr (K (K+DR(K+DK T (k+1)

fingana (a) vesaumsi (6-29) Taoldnuauiavessesmnindden 1 (tr(AT) =tr(A))

waziilosain P~ (k +1) SuweSndamnas sl P-(k+) =P (k+1) 924
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tr(K(K+DHK+DP (k+1) =tr (K (K +DH (K +)P")"
=tr(P"' (K+DH" (k+DK " (k +1))
=tr(P"(k+DHT (K+DK T (k +1))

] a’/‘ ) 4 A A ldy A 7 [
TAINNUY UINWIU (a) ansa lvid unuasluaunisy (6-29)‘1]311@?]1 J a3

aunIsn (6-30)

J=tr(P (k+D)-2tr(P (k+DH" (k+DK T (k+1))
+tr(K(k+DHK+DP (k+DHT (k+DK T (k +12)) (6-30)
+ir(K(k+DR(k+DK " (k +1))

1119991nAeNsH1 K (K+1) ¥3eons1vensmainu (Kalman gain) N111% J iniles

! [ 09.: o o R { [
Nga duiudsiimsmeyiusdosvyed J auaunisn (6-30) theuny K(k+1) Tagld

[ [

4 1 s (Y 4 Y v ~
HNUTAINANINAUMNUFUY LLﬁﬂ\‘]]lﬂﬂQﬁllﬂﬁTl (6-31)

@

tr(P~(k+1) - 2tr (P~ (k+ DHT (k + DK T (k +1))
+r(K(K+DHK+DP (k+DHT (k+DK T (k+1) [=0 (6-31)
+r (K (k+DR(Kk+DK T (k +1))

N
K (k+1) oK (k+1)

A < o & a <& v wa o &
qUNIIN (6-31) !ﬂuﬂﬁﬁTﬁ]HWl‘!ﬁ"UﬁNﬁﬂﬁllll@]ﬁﬂ‘;]f G]Nﬂ$ﬁl°ﬁﬂmﬁﬂﬂﬂﬂlﬁ]\1ﬂ15‘ﬁ1ﬁ]ﬁwu‘ﬁ

2 Y9187 (Gentle, 2007) 7D
0
1) —tr(Ax")=A
OX
A I~ a v ] I~ a L ]
e x Wuwasndgaulsguuuia mx nuaz A fumasngainidale g auia mxn
0
2) a—tr (XAXT) =xAT +xA
X

A < a duo 1 < a Jda o
e X Lﬂummﬂcﬁmuﬂiqmjmﬂ mx nuag A Lﬂummﬂcﬁmmmiﬂ YU Nxn

vay Y A 2 & o oA
%’lﬂﬂﬂ!ﬁﬂﬂ@ﬂﬂ\‘]ﬂu qUNIIN (6-31) ﬁmﬂumu
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2P (k+DHT (k+1)
+(KK+DHK+DP T (K+DHT (k+D) +K (K+DH (K + P~ (k+DHT (k +1))

(@)
+(KKk+DR"(k+)+K(k+)R(k+12))=0

(b)

#15anei (a) taz (b) MnaumMsvedu ilea91n P (k+1) waz R(k+21 1
wasnFauIag 3917 P (k+1) =P~ (k+D)uaz R(k+1) =R (k+1) muddu daiu

qumsh (6-31) Wudsaumsn (6-32)

2P (k+DH " (k+D) + 2K (K+DH(K+D)P (k+DH" (k+1)
+2K (k+)R(k+1) =0

(6-32)

MNauMIh (6-32) K(k+1) aoanAdpITIFNNT (6-33)

K(k+D) =P (k+DH" (k+DHK+DP (k+DH" (k+1D) +R(k+1)™ (6-33)

gan1e unu b(k+1) MAAUNTA (6-21)m“luﬁumi°ﬁ (6-17) ﬁqffu X (k+1)
asadna lddsaumsii 6-34) e K (k +1) aoandesiuaunisi (6-33) nazainaums

[ Y
danan dunalan ariignufund X' (kK+2) awld % (k+1) 1ndunoumsnianisel uaz

z(k+2) mnmsdalumsdiuin
X'(k+D) =X (k+D)+K(k+D(z(k+D)-H(k+Dx (k+1) (6-34)

9/ 09: o Y A Vv a J U
ﬁllﬂ"lifjﬂT]Tﬂﬂlﬂﬂﬂ]u@]@uﬂﬁﬂiﬂuﬂ Ao Amowmaveuuasnsanuulslsiuvesn

Aanana (P (k+1) enunsamua lassannsi (6-35)

P*(k+1) = E[X* (k+DX*" (k+1)] (6-35)
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AU (6-35) A1 X (k+1) Ao mAanaavesnslszumnasainiiidoya
nnmaulFlunmsdiuia e k1 @unson 1dnnaumsn (6-36)
(k1) = x(k+1) ~ & (K+1) (6-36)

Maumsn (6-1), (6-2), (6-8) ua (6-34) unuaa 11 luaumsn (6-36) a1

X (k+1) = x(k+1) - X" (k+1)

(6-34)
=x(k+1)— (X (k+D) +K (k+D(z(k+1) —H(k + D% (k+1))
(6-1) (6-8) (6-2) (6-8)

= A(k)x(k) + B(k)u(k) + w(k) = (A(k)X" (k) + B(k)u(k)
+K(k+D[H(k+DAK)X(k) +H(k+D)B(k)u(k)
+HKk+D)w(k) + v(k+D -Hk+DAK)X" (k) —H(k+DB(k)u(k))]

MnaumsaIna hnmsdaglaums i oz lda X7 (k+1) deaumsi (6-37)

X (k+1) = A(K)X(K) + BK)U(K) + (k) — A(K)X" (k) = B(K)u(k) — K (k + DH (k + DA (K)x(K)
K (K+DH (K +Dw(k) — K (K + Dv(K+1) + K (K +DH (K + DA K)K" (K)
= AK)(X(K) =& (K)) + (I =K (k+DH (K + D)w(k) — K (K +D)v(k +1)

(6-12)
~K (k+DH (K+DA  (x(k) - & (K))
(6-12)
= (1 —K(K+DH (K +D)A KK (K) + (1 — K (k+DH (k +D)w(k)

(6-37)
“K (k+Dv(k +1)

dhaunsh (6-37) unuasluaunisi (6-35) nagl¥amantiavesainianuie 1g'la
P (k+1) Faaumsi (6-38)

VinaumIdana Wl E[XT KV (k+D] uaz E[v(k+DX" (K)] Hanisuy
f‘ruégﬁmmﬂmiﬁmmm X" (K) fnz"'fj”uagiﬁum x(0) uaz X (0) S1mFunNAIVDI kil
~ 9,

4 1 Y
wmimmmmaaumLﬁmé’fummﬁmuaunmiumwﬁ'aﬁ 3 (E[x(0)vT (K)] =0) msizaziiu a

X" (k) dlifanduiusiudy v(k) dro dmsunnaiued k (Lewis, 1992)
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P (k+1) = E[((I =K (k+DH (K +D)AK)X" (K)+ (I =K (k+1)H (K +1)w(k)
K (k+DV(k+D)- (1 —K (k+DH (k + D)A(K)X* (K)
(1 =K (K+DH (K +D)w(k) —K (k+Dv(k +1)7]

= (I —K (k+DH (K + D)AK)E[X* (KX (JAT (K)(I =K (K + DH (k + 1)
(6-16)

+(1 =K (K+DH K+ D)AK)E[X (KW (K)]( =K (K +DH (K +1)"

(6-14)
—(1 =K (K+DHK+D)AK)E[X" (VT (K+DIK T (k+12)
=0
+(1 =K (k+DH K+ D) EwK)X " (KJAT(K)(I =K (K+DH (K +D)T

(6-14)

+(1 =K (k+DH (k+ D) E[w(k)w’ (K)](1 K (k+DH (k +1))T
—(- K(k+1)H(k+1))E[w(If)jT (K+DIK T (k+1)
~K(k+D)E[v(k+ DX (k)]Af(:)(l “K(k+DH(k+1)T

—K (k+1)E[v(k +:l;)WT(k)](| K (k+DH(k+1)"

(676)
+K (K+DE[V(K+D)vT (K+DIK T (k +1)
(6°5)
P (k+1) = (I =K (k+DH(k+2)AKK)PT (K)AT (K)(I =K (k+DH(k+1)T
+( =K (k+DH (K+1)QK)1 —K (K+DH (K +1)" (6-38)
+KKk+DR(k+DK " (k+1)

MNANNTN (6-38) dagdaums vy uazunuar K(k+1) (@un1si (6-33)) aq 'l

gate 9z lda P*(k+1) deaumsii (6-39)
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P'(k+D)=(-K(K+DHK+D)AKP(KAT(KK)+Q)( -K(Kk+DH(k+1)T

(6-13)

+K(k+DR(k+DK " (k+1)
P (k+D)—K(K+DHK+DP (k+1) —P (k+DHT (k+DK T (k+1)
+KK+DHK+DP (K+DHT (K+DK T (k+D) +K (k+DR(k+DK " (k+1)
— P (k+1)—K (k+DH(K+DP (k+1)—P (k+DHT (k+ DK " (k+1)
+KK+DHEK+DP (k+DHT (k+1) + R(k+1))K T (k+1)
(6-33)
P (k+D) —K(K+DHK+DP (k+1) =P (k+DHT (k+DK T (k+1)
P (K+DHT (K+DK T (k+1)
P (k+1) = (I =K (k+ DH (k+1)P~ (k+1) (6-39)

ﬂWﬂﬁNﬂWiﬁﬂWNﬂﬁﬁ%ﬁu@%}NéfH NTLVIUMIATUINVDIAINTOIAANIU Llﬁﬂﬂllg])

/\Correction Step

Prediction Step

193107 6.1

Kalman gain

Kk+D)=P (K+DH" (k+DHK+DP (k+DH" (k+D) +R(k+D)*
Updated state variable vector

X' (k+D) =X (k+1) +K(k+D(z(k+D)—H(k+Dx (k+1))
Updated error covariance matrix

P (k+1) = (I —K (k+DH(K+D)P (k+1)

Predicted state variable vector
X" (k+1) =Ak)X" (k) + B(k)u(k)
Predicted error covariance matrix

P (k+D=AKP (HA" (K +Q(K)

Initial values for X* (0), P*(0), Q(0), R(0)
510 6.1 PIZVIUMIAUINVDIAINTBIATANTY

o d Y o o v
6.3  suudasIveINmdImiInmIad WS UAINTe A HIIIVENY
uuuSiaewvewemesmiinhammadmiumsszanuaidiediniosniauu
HsaeguUnIoud DUy UTI Iasa udas ladeaunisi (6-40) idwlsaniug Ao

J aa . [ N4 J aa ) ]
NITUAAANDTVULNUAAT (I ) wagyldnd Inmesuuunuand (1 4,1 5)

ds’lqs
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i L2 . 48 L
dlds:— R, + R T ige +Welige + R ”jzlér+w’ L+ 1 Vi
dt sL, sL.L sL.L; sL.L, sl

dig : L2 ). wl 8
_q:_Wsds_ &—I—h Iqs_ : ml(;r+ Rr mz'(;r+ 1 Vqs
sL,L; sL,L; sL,

dt sL, sL[L?
6-40

dy Rla Ry o
dt = L; IdS_L_II dr +WS|I qr

d;, RL_. /

! :hlqs _Ws|| ér _il c;r

L L
MnaumM3i (6-40) Weulugilaumsdalsaaiug 188 aumsd (6-41)

ax(t

—d(t ) _ AX(t) +Bu(t) (6-41)

A . . T
Taoh X =[ig i 14 4]

I RS + RI’, Lfn W le Lm WI’ Lm |
sL, sL[L”? ) sL,L? sL.L/
R, RIL? w L, RL,
- Wy Q + - ;
A Sl | Mal=ni?'3 sL,L/ sL.L?
R'L R’
_r—m 0 __r Ws|
L4 L/
R'L R/
0 i —w, -
i L/ L ]
= _
— 0
oL,
1
B=| 0 —
oL,
0 0
- O O -
T
U=[Vg vqs]
i R L2
W, =Wy +W, , Wy = qS,R’ , s =1-—"
Lrlds Ler

A < o @ 1 A .
AINAUNITN (6-41) WusyudaesdlsaousuuunaInsiod (continuous state

% 1 a 4 @ o %
model) G?Qﬂ’]31]i$3J1fllﬂ'IW']3UJlﬁ@ﬁﬁ?ﬂﬁ')ﬂﬁ@\iﬂqau'luuﬂﬂﬂlEl'lflél)fﬁ]\ifnﬁllcﬂﬂﬁnaﬁ]ﬁﬂjllﬂﬁ
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(] 4 A 4
ao1uzuuualluaeiiied (discrete state model) 3419350081805 1141911111 (forward Euler

%

method) (Dorsey, 2002) dmiumsszanaaroyiusoudunilalasldaunish (6-42) lums

o 1 A < o [ A
LUJ@NLL‘U'U%1ﬁﬂﬂl’3a1ﬂ@tu@ﬂlﬂuuﬂﬂ‘mﬁ’E)\?L'JﬁWuliJ@]E)Lqu

dx(t)  x(k+1) —x(k)
dt T

S

(6-42)

d’ = v o 1 . .
Wwo T, AB 1IAIFNAIDYN (sampling time)

) ~ A @ 091‘ k4 o o
UITUNIIN (6-42) LL‘V]‘L!ﬂﬂ‘LAﬁiJﬂﬁVI (6-41) A9UU i]gllﬂl!f]_l‘]Ji]nlaﬂ\iﬁ')llﬂiﬁﬂ']uguﬂﬂ

nat luaetiieadaaunIn (6-43)

x(k +1) - x(K)
TS
x(k +1) = (Ax(K) + Bu(k))T, + x(K)
x(k+1) = (I + AT,)x(K) + BT,u(k)

x(k+1) = AK)X(K) + B(k)u(k) (6-43)

= Ax(k) + Bu(k)

A . . T
Tagf - X(K) =[ig(K) ig(K) 4 (K) 14 (K)]
u(k) = [V (K) Vg (K)]'
NAANMITN (6-43) ua3nd A(K) Ao asndlasuaaiuzveuuydiasaanly
1 A J ) 9 A a 4 A a 4
ALV INDINDS dusanIuIn IdvInaun1sh (6-44) naziuaing B(K) Ao tuasnd

4 1T A o (BN 4 4 o {
L%@N@@@umﬁﬂl@\ulﬂﬂﬁnﬁ’E'Nl,"]fnquﬂﬂlﬁﬂqm@qu'ﬂl@]@i ﬁ1ﬂ1iﬂﬂ1u3mllﬁﬂ']ﬂﬁuﬂ'ﬁﬁ (6-45)

AK) =1 +AT,
1_( RO, RMLM T ROL0, W LK.
s(L, s KLL s (K)L.L. s(KL.L
T 1_[ R LROLMY WM, REOLK. |64
= s(KL,  s(kLL? s (KL.L s (k)L L
RELw, ; CRE
0 R:(kl)_er(k) Ts —Wy (k)Ts 1- Ri_(yk) Ts
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B
a(K)L,
1
e 1 (6-45)
0 0
L 0 0 .

A A a < o o
e | A9 Wwasnyenanyu
A a ¢ A o 1 A 4
A A9 mmﬂmﬂaﬂuﬁmuzﬁumzmumaENL’JamaLu’éNGUmaJ@mai

a & A 1T A o 1 4 4
B ﬁf) Lll@]ﬁﬂ‘ﬂf!%’f)ll@?J?Ju?!@]‘ll@ﬂllﬂﬂﬁﬂﬁ’E)\?L'JﬁWWE]Lﬁ’E]\ﬁJ’EN‘JJ@M@ﬁ

awv a a 4 Y o 1 < a 4 4
TuanAdeImeinus 92711n1510320uAANNEIT0 UL NI ININD T UBINBIADS
Y qul 1 ' dyzﬁ A Y 1< Y Y a 4
agtiu aurariivegnimudn Tuidludanalsaniuzdae (Aksoy et al., 2010) Taowis1iimos v

o o 1 1 a 4
vomes luuuuiiaes ldun R, R, L., L, waz L uawisidmes L, uaz L) d@wnso

ay ¥y A a o'ogj S 9 A =} Y] o 3 =K A <3
azNe 1@ ifesnnmisilimes niaelinesunidoiiouny L aaiu 39iia1nusisou

a 7 s o A o : Yo =
uazwﬁmmaimmmmmammﬂ%zgﬂuﬂﬂﬂizmmm llﬁﬂﬁqﬂﬂﬂﬁuﬂ'ﬁﬂ (6-46)

[Tk =[w, (k) RK RK L,KI (6-46)

A 3 a s < I o o Y ¥
mﬂﬂ”IiL‘Wllﬂ’J”IllLi’J’i@‘]JLla$‘W1‘5WJJWI’E]T’Uﬂﬂnﬂlﬁﬂilﬂuﬁl’suﬂ’iﬁﬂ11!3 ﬂﬂw"lﬂ

uum‘hamﬁmﬂiﬁmuzﬁgﬂmmﬂﬁqﬁumiﬁ (6-47)
Xe(k+1) = A (T1(K))X, (K) + B (TT(K))u(k) (6-47)

W X () =[%(K) %K) %K) XK XK xK) XK %K
=[ig(K) i) 14 (K) T4k w (k) R(k) Rk Ly(KI
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A k 0
NUOE
1_[&(@ +R:(k)L$n(k)JTS w0 ROLO . wOLE 0 oo
s(L. s (KLL? sLL? °  sLL °
T, 1_[&(!0 +F<(k)Lﬁ1(,|2<)]TS 0L ROLEL 5 oo
s(L, | sKLL s (QL,L s (QL.L
R'(k)LI,_m(k)Ts 0 1- RrL<}<>TS w,(T. 00 0 0
0 MT —w, (T, 1- Rf'L(,k)TS 0000
0 0 0 0 1000
0 0 0 0 0100
0 0 0 0 0010
I 0 0 0 0 000 1
-, L\, ]
o(K)L,
0 . O
o(K)L,
B(I(K 0 0
BE(H(k)){ (0( ))} 0 0
0 0
0 0
0 0
L 0 O .

{ a COl
Nnaumsh (6-47) wmaingeos A(TI(K)) naz B(II(K) Uszneudremenves
< a P =) 9 o ~ A
ANWIFITOULAZNTNOI NIz )N szanua WM IuuusiaesngnuersaunIsh (6-47)

I o $ 1 a3 a S [ {
Wunvudraesn lidlusadu Saaunso@oulaaiaumsn (6-48)

X (k+1) =T (x.(K),u(k),T1(k)) (6-48)
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[ fu(xe (k) u(k). TI(K) |
fo (X (k), u(k), T1(k)
f5 (X (k), u(k), [1(k)
fa (e (K),u(k), T1(k)
f5 (X (k), u(k), T1(k)
fo (e (K), u(k), [1(k)
f7 (X (k), u(k), T1(k)
fg (X (K), u(k), [1(K) |

f (X (k),u(k), (k) =

[1—[ RGO, R”(k)Lzm(lz()]Ts]ids(k)+ws(k)TSiqs(k)+R" L0115 09+ 2lnlgy g+ L 1wt
s(KL, s (KL.L s (KL.L; s(KL.L s (KL,
. Ri(k)  RKLZ(K) )L | w, (KL, (K) R (KL, (K) -, 1
_Ws(k)Tslds(k) + [1 [S (k) LS + s (k) LSL;Z JTsjlqs(k) - WTSI dr (k) + WTSI ar (k) + s (k) LS Tqus(k)
WTsids(k)+[1 =4 Ts]l L) +w, (T ] ()
MTS i (k) —wy ()T, G (K) + [1— RI"_SK) TSJI LK)
, w, (K) '
R (k)
R (K)
L, (k)

s A o A 1A o Y A 4 Yo
ﬁllﬂ"lili’)1ﬁ‘1/!@?f§ﬂﬂ"li')ﬂ o ﬂ1ﬂﬁ1ﬂ1ﬁﬂ?ﬂ]‘1ﬂﬂ§@!@1ﬁw¢]fl]”lﬂﬁg']_lll Llﬁﬂ\‘lllﬂﬂﬂ

aumsi (6-49)

z(k+1)=Hx_(k+1) (6-49)
Taodt Z(k+1) =[i (k+1) io(k+1) Wi (k+D]"

MU (6-49) wasng H fe wa3ndanulanensia ifluwesndanuduing

senandmlsaouzuesszuuuazmnamsniala Taemsdnulunn 9 seumsiniu

o a J o 1 S A [} A Y v A
UBNAINTOIATAUTUULDUVVYY !Nﬂﬁﬂclfﬂ\'iﬂﬁ'l’)llﬂ']ﬂ\ﬁflulﬂlﬂﬂﬂullﬂaﬂ Llﬁﬂ\il’lﬂﬂ\‘lﬁllﬂTiVI

(6-50)
10000000
H={0 1 000000 (6-50)
00001000
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Y] 5 a I % VoA o o o A g a
fnseamamuuuusuay \Wudlszuamnmunzandmsunuusiao st
Y J o J A ) A A 1 <
idu uanuusiassvesuemesmilenihmumlaignueraiolszuimainuis1seuLaz
a 4 ~ I o [ a Y . .
W30S 1NauN15N (6-48) 1 uuvuI1aea il audy (Atkinson et al., 1991) (Zai et
4
[} Y] 1 [ 1 [~/ a A o
al., 1992) s 1zaziu msudilymidananisdesldardszuasmun ludwdadu §ive
a a 4 @ Y] 1
INTHNUT JUADNAINTBIAAN UMDV VY (Extended Kalman filter: EKF) Tagdilszanaian
dy I~ [ Aa 9 @ a 9 1 [ ) [
1 Wumaversuuulidludsaduvesdinsosaaniu uaz ey l¥edraunsvarsdmsuns
1 [~ a
Uszanaawu TunlwFadu (Loron and Laliberte, 1993)
Y o z A

Y
Tumal §1ia aelidyanasuniuais 4 MInangadon uazaInig auiuive

U

o ==X

v 1 Y
Ailaneanu bindueunay@ssuniu nuuiiaesvesuemesmiisahaula fawusias
sTUnLazuuUsIanInsia Jelimsinsandyausunaud lddae (Aksoy etal., 2010)

asanaas ldgaeumsi (6-51) uaz (6-52) Mgy
X, (k+1) = (x. (), u(K), [1(K)) + W(K) (6-51)
z(k+1) =Hx (k+1)+v(k+1) (6-52)
vinaunsi 6-51) iunvusiaeii lifwFadu Seldeunsumdinessudy

: . 4 o | a @ z a 4 {
W4 (Lewis and Yang, 1997) 1o semanpudiaesldidudadu daiv wasnslasy

=2 g @ A
AU AT UNITN (6-53)

of (x, (K), u(k), T1(K))| ox, 0X, 0%, 0X, 0%, 0X 0%, 0%

Fl9 = %, (K)

x(K)=%" (k) _ = = 2 2 2 2 2




F(k) =

'F(1)) F@122) F@13) F@4) F@5 F@e6) F@L7) F@U8) ]
F(21) F(22) F(23) F(24) F(25 F(26) F(2,7) F(28
F(3) F(32 F(B3 F(B4) O 0 F@B7) F(38
F(4) F(42) F(43 F44) 0 0 F(47) F(498
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1 |
Toofl Fa) 21_[ SONICTHOWACLIOR JTS’
s (kLy  s(k)LL; (i (K)L7)
Fa2) =w, (0T, + el g ROLLK) L

i (KL s(k)L.L?

~w, (K)L, (k) e L (K1 ¢ (K)
F(14) = WT F(@5) = (Iqs(k) P OLL JTS,
Fg) = 1 | F(L?):_(Lfn(k)ids(lz)__ (k) LK)l ‘;’(f)JTS,
s (k)L, s(KLL" (kL s (K)LL,
(R’(k)l & (0 +w, (L7 gr(k)J[H 2L5(K) J
s (K)L L s (K)L.L/
F(18) =

s (LL? | s(L, sLL ) ®LL)?

_ . [ RK)  REL(K  R(K
F(2D) =-w. (KT, F(22) =1 (s(k)Ler St Ty JTS,

r

KL (K
F(23) = —%%k;tm#n, F(24)

s(LL”
F(25) = [Ids(k)+ S(k)LSLr' <> F(26) = S(k)LSTS’
60 LM Lyl 5 ()]
L s(LL?  sLL? |°
R () 5 (9 -w, (OL/ 01 5 (Y, 2120
s (K)L,L? s (K)L.L/

2 Wi () [ RKL R(K)+ RILEK) ), 2L L (K)Ves (K)
s (LL® (s (k)L s (KLLs (s ()LL)’

_RILM0

F(2,7)= —(

F(28) -

R:(k)Li(k)}2L:Lm(k>vds(k) S

130

(6-53)

S
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F31) Z(R!(k)Lm(k) (R g (KL jT F(32) R (K)I & (k)_I_

L, (i (KL i (L,
F(33)=1- R'L(k) T.. F(34) =w, (K.,

!
r

F(37) ( Lo (Kligs(k) 14 (k) iqs_(k)l o (k)st, F(38) - R’ ()i (K) T
L, L I (K) Ly L
F4D) - iqs(k)-Rr' (3] gk)Lr' T F(42) Z(R;(k)Lm(k) ~ R,'_(k)| " (k)st’
(i (kL) L, i (K)L!
F(43 =-w, (KT, F(44) =1- R'L(,k) T,,
[ La(Rigg(K) (k) g (K) 14 (K) RKigK)
F(4,7) —( L WO X ]TS, F(48) _L—JTS

v
! A Yao

1A ) o o @ 1 1 g 1
ansuaudmsumssnuludinsosmamunuvves TasdmInapilusnditegu
E4
aov J av [ o a
Gﬁulﬂ IﬂElﬂLLU'J‘ﬂN%1ﬂﬂ3‘I/]f”fu’Jiiﬂ!ﬂiﬁﬂllaﬁﬁ’luj%ﬂﬁlu@a@ FINNUNTNATDUADINAADIPN
] A s S A A Y1 Ay y as A I vV Ay
INIUATNIITUINDIVUBDIUDIAD T “I/ll,ﬁ’EJﬂGlflfﬂ'l“lflllﬂﬁ]1ﬂfﬂi‘ﬂ@ﬁ’ﬁ]‘U@]'lll’J‘ﬁwuﬂ'luu'llﬂuﬂﬂiﬂﬂu

9

Tanumsfm seausudua 9 gnivua 13dail

o v Q’ Y
-1 T MsEIULUTUAY

X(0)=[0 0 0 0 0 2513 2079 09672

- wAsAEAULTYTINveIAIAANAIN ;

PO) =diag[le-2 1e-2 le-4 le-4 le-2 le-2 le-1 le-3
- WATATA NMYTYTINVNA YU TUNIUINTZVL ¢

Q(0) =diagfle-2 1le-2 le-4 le-4 le-1 le-1 le-1 le-3
- WASATANULLTYT Ve FY AT UNINIAMTIA ;

R(0)=diag[le-4 le-4 le-4]

fl]”lﬂﬂ”li%ﬂﬂ”lillllﬂﬁiﬂﬂﬂﬁﬁuﬂﬁﬁﬂ”lugﬁTVi%I‘Uﬂ”liﬂigll"lmf"hﬁ}')ﬂghﬂi'ENﬂ"IfﬁJ”I‘LlLL‘]J‘U
o3| Y v A Y ' @ @
VY ﬁmﬁaﬁ;ﬂtﬂmmumw"lﬂmgﬂw 6.2 fl]"lﬂ?)ﬂﬂ\iﬂﬂ”l’l UEAIHANNITUDIAINTDINIANUIU
puuvee TagoinuuudiassdmlsaniuzvesszuuNnsTan gnueigooniielszuiu
1 a =R o Y o ! 9 <3| o 1 g a Y @ o =
ATNITTULNDT %QﬂWiﬁLLUUﬂWﬁ@Qﬂ@HWUW ﬂmﬂuJuu‘U‘umaaﬂmﬂmwmu UAIIINUU

o I Y o [~ Aa Y Y o A J Aa Y 1 ~ 9
sutudontasnvudraeslithFauduldidunvudraesmdwFaudu neunazidng

U



132

NTZVIUMITMIATUINYDIAINTDIANAN ULV VY deﬁmeim‘iﬁmamﬂé’wﬁuﬁaﬂim
9
AMANTUULVALAL

a =y o oA
ll'l.l'l_lﬁ'l's‘l'ﬂﬂl’ﬁili{u’\] aanlsanuzuuunaineieg
(continuous state model)

ax(t v
® = AX(t) +Bu(t) r m_—
dt wlnanuyiiasaiaimaiieg
. 5.,
ﬁluuummmnﬂ'lllwamm (discretize)
o A TaulFi5eemani lldami-
nyufasalsanmsnuunal liaeiod

I

(discrete state model)

x(k+1) = A()X(K) + B(K)u(k)

v

Wi imed ndeanislsguam (m Syl saa e

k
n(k){lf[((k))}

¥

nuviaesdnnsaarue lidudady

A

(nonlinear model) ¢
Xe(k+1) =1 (%, (K),u(k), T1(k)) e a2 —
muuaed .mi{]ulﬂmﬁ*u (linearize)

et o wo

Tanl#3Toynsummdaosduaumis

wadndaldeuaniue
o - 100U TG
0X,(Kk)

¥

NIZUIUMTMIUIUVDIA NTDIATAUTHLL LV

AN LS

> Correction Ste
Prediction Step 3 .

— - Kalman gam
Inredlctcd :.'Eare variable vector K (K+1) = P~(k+ DHT (HP~ (K + DH™ + R(k + 1))
%o (k+1) = (%t (K),u(K), [T(k))
Updated state variable vector
Xo(k+1) =% (k+1) + K(k+1)(z(k +1) — HX, (k + 1))
Updated error covariance matrix
P (k+1) = (I —K (k+DH)P (k+1)

A

X(K)=R" (k)

Predicted error covariance matrix
P (k+1) = F(k)P*(k)FT (k) + Q(k)

Initial values tor X*(0), P*(0), Q(0), R(0)

71U 6.2 ANN3V0IAINTBIAAN ULV UVEY

Y Y

a d
6.4 fni’J!ﬂ513‘”ﬂ1i’§iﬂﬂ‘lﬁ’)ﬁﬂ’3ﬂii’]\1ﬂRnJTir!!l‘iJ‘]JleEﬂ?J

9 1

a J 1 a wva @
ﬂ15'3lﬂ5'l$1’i’ﬂ'l‘i@jmﬂq@ﬂﬁﬂﬂﬂﬁgﬂﬂqﬂﬂQU@NTu (equilibrium point) YBININT B

AAUIUUVVVEIY 320IFoN B VNV AT U0 (Gajic and Lelic, 1996) 1NOATIIADY

[ 4
auautAvesilandudoruow (Lyapunov function) T¥iiluluaumaugunii 1 dail
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ﬂqyﬁwﬁ 1 fmuald V(x) e feddudouerlvesssuuiifinssan

1. V(X) Auiladduuinuive (positive definite function) 7D
V(0)=0
V(x)>0sﬁa X#0

2. AV(X) Lﬂﬂﬂﬂﬁ%ﬂﬁﬂﬁﬂ“ﬁﬂﬂﬂ (negative semi definite function) o
AV (x) <0 dmsunn q Aved X

o o | 4 3 [ 3 { A
arilefdudoyuevhiluluaudouluie 2 4o dufuszuuiinsanssiimdesan

ﬁum’i‘ﬁ (6-59) (Boutayeb et al., 1997)
Vik+D=X" (K+DP* (k+ DX (k+1) (6-54)

~ ) 9 = A I~ 1
MINAuMIN (6-54) 1 llasrvdeumudo 1 VOINYHYUNYN 1 ITHUN
e XT(k+1D) =0WId VI (k+1) =0
4 -~ o <3N 4 I a o
~ile X' (k+D) =0 1l Vi(k+1) >0 naetide P (k+1) 1fumasnduan
RYGEY (positive definite matrix) (Strang and Borre, 1997)
pazludiurean1iniivaouaIudo 2 YeINgBHUNT 1AL UNAIWVDY Boutayed
Y o a ) ¥ o 1 Y o A °
wazaue laduauensinsied 13 Tasluunanudenanlduaasnisaivianiiedivua
4 { ° I o w . &
Aou'luiogirld {V (K)}, .. Tudauan (decreasing sequence) HHANUNLUIOAIWYD 2 VD4
ngERUN (AV =V " (k+1) -V (k) <0)
INUNANNVDY Boutayed tazame Taf1vUALUUI1a09v09T2VUNNDI50 13
Aun5N (6-55) 1Az (6-56) LAZAUNTRIUINVDIAINTDIATANIUULUVENIAIANANTA (6-57)

849 (6-61)
x(K +1) = f (x(K),u(k)) (6-55)

z(k+1) =h(x(k +1),u(k +1)) (6-56)



134

Y
ﬂﬁﬁWU’Jﬂ!ﬂl@\iigfﬁﬂiﬂﬂﬂWmﬂuLmUﬂlEl']ElﬁﬁiJﬂﬁﬁWiﬂulﬂﬁ
4
1) Gfl’uﬁﬂl.lﬂ']ﬁﬂ1ﬂﬂﬁﬂi’
R (k+D) = (X (K),u(k)) (6-57)

P~ (k+1) =F(K)P* (K)FT (k) +Q(K) (6-58)

2) Fusoumsdiuud
K(k+1) =P (k+ DHT (k+D(H(K+DP (K+DHT (k+D+R(k+1)™"  (6-59)

R (k+D) =X (k+1) + 2K+ —h(k + D& (k+1))) (6-60)
P (k+1) = (I —K (k+DH(K+D)P (k+1) (6-61)
of (x(k),u(k))

ox(K)

Oh(x(k+1),u(k +1))|
ox(K)

ool F(K) = F(X (K),u(k)) =

x(k)=%" (k)

Hk)=H(X (k+D,u(k+1)=

x(k+1)=X" (k+1)

NNUNANNAINEN IFaumsmssrravesdansesnianiuuuuvee lumsunua
adluilafFudeuen Taeldesune 3dsie i

FUAUIINAUNITVOIAIAANAIANINNTTA (measurement error: e(k +1) ) uaraslde
aumsf (6-62) nazarnnlstliruvesmiianaiamalszunouiideyannmsiazgn

wnnllumssion (X (k+12)) naasladsaumsi (6-63)

ek +1) = z(k +1) —h(X " (k +2),u(k + 1)) = h(x(k + 1), u(k +1)) — (&%~ (k + 1), u(k + 1))
(6-56)
~HK+D(x(k+1) - (k+1)
X (k+1)
ek +1) ~ H(k+ DX (k+1) (6-62)
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X (k+D) = x(k+1) — % (k+1) = f (x(K),u(k)) = f (X* (K),u(K))
(6-55) (6-57)
~ F(K)(x(K) - X" (K))
X" (k)
X (k+1) ~ F(K)X" (K) (6-63)

Qs’l Y Y = Y 1 v W 2 a Y [ qsxl
NTUNITVNTOIVINAU Lmﬂuiwagiugﬂmiﬂszmmmauﬂuwmlmuwmmu ANUU
A Y =~ 9 A d? = A a 4 ~ [l 1 .
LWE]Gl?TﬁiJﬂWiﬁJﬂ’JﬁJQﬂﬁﬂQEN‘Uu ﬁmwummﬂcﬁmwwuﬂummm (unknown diagonal

matrices) O(K+1) uag B(K) ¥4 5 18auns i (6-64) uaz (6-65) g1y
ak +1)ek+1) = H(k+1X (k+1) (6-64)
X~ (k+1) = B)F(K)X" (K) (6-65)
e a(k+1) e R" taz B(k) e R™
Tagi a(k+1) = diag{a, (k+1),...,a,(k+1} uaz B(k) = diag{ B,(K),..., B, (K)}

11 x(k+1) avaunsn (6-60) naaeetng wazunuar K (k+1) aums (6-59) a'la

X(K+D) - X" (k+1) = x(k+1) — (X (K+1D) +K (K+1)(z(k +1) - H (k+ (X (k+1))))
e(k +1)

X (k+D) =X (k+D)—P (k+DH" (k+1) (H(k+DP (k+DHT (k +1)

(6-66)
+R(k+D) ek +1)

A o ] Y I [ ~ [ csy
ANFUNITN (6-59) ﬁ”lﬂJ"Iiﬂi]ﬂgﬂﬁiJﬂ"liblﬁﬂJ uaz"lﬂm K(k+1) Wuaaunsn (6-67) AU
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K(k+D) =P (k+DHT(k+1) (H(k+DP (k+DHT (k+1) + R(k + 1))
K(K+D(H(K+DP (k+DHT (k+1)+R(k+1)=P (k+DHT (k+1)
K(K+DHK+DP (K+DHT (k+D) +K (K+DR(k+1) =P (k+DHT (k +1)
K(K+DR(k+D) =P (k+DHT (k+1) - K (k+DH K+ )P (k+DHT (k +1)
K(K+DR(k+D) = (1 =K (K+DH K +1)P~ (k+DHT (k +1)
P* (k+1)
K(k+1)=P*(k+DHT (k+DR(k +1)
K(K+1) =P (k+DH" (k+ DR (k +1)
—P (K+DHT(k+D) (H(k+DP (k+DH (k +1) + R(k + 1)

(6-67)

M K(k+) =P " (k+DH " (k+DR *(k+1) NNAUMITN (6-67) unuaslugunisi

(6-61) 92 1@ FaaunIn (6-68)

P (k+1) =(I =P (k+DH (k+DR “(k+DH(K+1)P (k+1)
P (k+DP "(k+1) =1 -P"(k+DH " (k+DR*(k+1H(k +1)
P (k+D)P "(k+)+P (K+)HT (k+ DR “(k+DH(k+1) =1
P (k+D)(P ' (k+1) + HT(k+ DR (k+DH(k+1) =
P ik+D) =P (k+)+HT(K+DR “(k+DH (k +2) (6-68)

NNTUNTT (6-67) WAL P~ (k+DHT (k+1) (H(k+DP (k+DHT (k+1) + R(k + 1)
IR UNI P (ke DHT (k4 DRA(k+D) Aviimileri ldfarsanaunisi 666) 5918
X" (K+1) feaumsi (6-69)

X (k+1) = X (K+1) =P (k+DHT (k+1) R *(k + De(k +1) (6-69)

aumsi (6-69) unuasluaumsilsnFudovew aumsi (6-54) 5414

Vi(k+D) =X (k+D)—P" (k+DHT (k+ DR (k +De(k +1)"

(6-70)
P HK+DE (K+D)—P* (k+DHT (K+DR “(k +De(k +1)
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MnauMsh (6-70) qunszatenaia1e q 1 1diudeaunsi (6-71) Tash R (k+1)
" < a . N 1 T
nay P (k+D) 1 uuasndauuI1aT (symmetric matrix) 59 R (k+1) =R T (k+1) tag

P (k+1) =P* (k+1) audmu

Vik+D) =X (k+D)—€e" (k+DR (k+DHK+DP (k+1))

PK+DE (K+D)-P (k+DH" (K+DR (K +De(k +1))

=X (k+DP  (k+DX (k+1)

X (k+DP T (k+DP (K+DHT (K+DR (K +De(k +1)

—e" (K+DRAUK+DH(K+DP (K+DP* (K+DX (k+1)

+e (k+DRI(K+DHK+DP* (k+DP (k+DP* (K+DHT (k+DR*(k + ek +1)
Vik+D) =X (K+DP* (k+DX (k+D)-X" (K+DHT(k+DR*(k +Dek +1)

—e" (k+DR(k+DH(K+DX (k+1) (6-71)

+e" (K+DR MK+ DH K +DP (K+DHT (k+ (K + DR (k +De(k +1)

uNUAIENNTN (6-68) aeluaumsn (6-71) 31d V' (k+1) dsaunish (6-72) taz

V7 (k+1) Faeumsi (6-73)

Vik+D) =% (K+DP (K+D+H R (k+DH)X (k+1)
X T (k+DH R (k+De(k +1) — €' (k+ DR *(k + DHX (K +1)
+e" (k+DRI(K+DHP  (k+DHT (k +DR *(k+ De(k +1)
Vik+D) =V (k+D)+x (K+DHTRI(k+DHX (k+1)
X K+ DHTR MK + De(k+ D) —€" (K+DRI(K+DHX (k+1)  (6-72)
+e'(K+DR Y Kk+DHP (k+DH'R*(k +De(k + 1)

de  V (k+D) =X (K+DP (K+DX (K+1) (6-73)
aunsii (6-72) smsosagianms1dlmi Tasldaunmsd (6-64) msadunlaou

A I a
(transpose) YD I AU NI1TN (6-64HUHALIN a(k+1)zﬂugu@ﬁﬂc§mwn;u

(X (k+DHT =€" (k+Da” (k+1) =€ (k+Da(k +1) 918 udeaumsii 6-74)
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Vik+D) =V (k+D)+X  (K+DHT (K+DR (K +DH (K +DX (K +1)

transpose (6-64) (6-64)
X (K+DHT (K+DR(k +De(k +1)
transpose (6-64)
—e" (k+DRI(K+DH(k+DX (k+1)
(6-64)
+e" (k+DR K+ DH(K+DP* (k+DHT (K+ DR *(k+De(k +1)
=V (k+1) +e" (k+Dak+ DR (k+Da(k + De(k +1)
—e" (k+Dak+DR*(k+Dek +1) —e" (k+DR*(k + Doa(k + De(k +1)
+e" (K+DR I (K+DHK+DP (k+DHT (k+DR*(k +De(k +1)
Vo(k+1) =V (k+1) +e" (k+D(a(k +DR *(k+Da(k +1)
—a(k+ DR (k+1) - RLa(k+1) (6-74)
+RYK+DHK+DP (K+DHT (K+DR*(k +1)e(k +1)

Faviu Vo (k+1) mnaumsi (6-73) aunsadenlulddeaunmsi (6-75) Taeunuaunisi
(6-58), aun1si (6—65)mmﬁmﬂﬁaummanmaﬁ (6-65) az B(k) Lflmmﬁﬂq?mmwu
& (k+D) =% (OFT (BT (K) = X" (KFT (K)B(K)) a¢ 11/ uaumsii (6-73)

Vo (k+2) =X (K)FT (K)BK)(F(K)P* (K)FT (k) *BK)F ()X (k) (6-75)

qathe naunsf (6-74) waz (6-75) 3418 AV Faaumsdi (6-76)
AV =V (K+1) =V (K)

“VI(k+D) -V (K+D) +V (k+1) -V* (k)
(a(k + DR (k + Dok +D) —a(k + DR “(k +1)

=e' (k+1) e(k+1)
~RYk+Dak+D)+ R k+DH(K+D)P (k+DHT (k+1)R*(k+1))
@
+X7 (K)(FT (RBKR)(F(K)P* (K)FT (K)) *BK)F(K) — P (K)) X* (k) (6-76)

(b)

4 $ { o 4 [ 1 " o 4
Rouluiifisanefazild AV lugunish (6-76) indeenimTomnugud 1@ Ao

WMl (a) uaz (b) deudlul)amannisn (6-77) uaz (6-78) MuUdIAL

a(k +DR(k+Da(k+1) —a(k + DR (k+1) - R(k + Da(k +1)

(6-77)
+RYK+DHKk+DP (k+DHT (k+DR*(k+D) < O
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FT(QBR)(F(P* (FT (k) *BK)F(K)-P* (k) < 0 (6-78)

A Y ﬂ}zﬂ' L) v A W v 9 @ [ 3
e ld IdTon lvdmSududunmsgiinvesdinsoaman uLLuves 10 HUNAT 2
& g a QsJ‘ us/' 1 A 4
un Fuduvovwavounaing alk+1) uaz B(k) Tasunaens 2 I@r1un1sWgl (Boutayeb
J o { 3 a
etal., 1997) utdrNansamlidaunsn (6-77) uag (6-78) Wuasala

unda 1: 4 a, (k +1) i lamaumsii 6-79)
1-J1-AKk+D) <o (k+1) <1+1-A(k+1) dwmsunni=1...,p (6-79)

oot A(k+D=1__ (RK+D) . (R K+DHK+DP (k+DH" (k+1)
‘(Hkk+D)P (k+DH" (k+1) + R(k+1)

o |, () Ao A191299G99A (maximum cigenvalue) taz R(K+1) gnideniioiild
@ 091’ { [ Aa
A(k+1) <1 @aiu edumsn (6-77) 1uaTe
o g a oy 1 . . {
unaadi 2: 91 F(k) 1uiuasng liiong1u (nonsingular matrix) ANvoUiua 1Ay

B, (k) hulawaumsd (6-80)

-1<B;(k) <1 dmsunn j=1...,n (6-80)

9
[

A S a
AU DAUNIIN (6-78) 1Wuase

a 4 v Y @ AN Y a Yy 9 Y
ﬁ]”lﬂﬂTii]!ﬂ513Wﬂ"li@llsll'leuE]\W]'JﬂﬁE]\Tﬂ'laﬂJ"ILlLL‘]J'UGUEHEJT]llﬂ@‘ﬁ‘]_I”IEJhlﬂllafJ“U"Nﬁu

ansoagl 1dnflssdwdoyueviduldaudoulvveanguunii 1 Fanureds danseq

= = A A "9 a oA 1 ] Y 9
ﬂ”lﬁiJTHLL‘].I‘]JEUEJ”IEJ?JLET‘E]EJ??H‘W‘H?’EJNﬂﬁQHJ”IQi]ﬂ“]J@]?JGN"IuGLﬂ il me”lummsaszu"lmmm

£l

] =K 9 [} Qall d’ Q' d‘ 9 Qs: [ 1
Q’ﬂﬁ)gl‘lj WA IFIUNAIN 3 TumsasIvao ULy IﬂﬁlﬁllﬂTﬁN’ﬂuhlsll 2 v luundAIfena

A A Yo

A 9 ' 1 A . .. o @ £ g o
Ao oulunInszdued1eneliloq (persistently exciting) 5 vszy Fuiunianlasna 'l
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ids,oonv Pin,conv ids, fix_es Pin, fix_es ids,KF es Pin,KF_eS
(A) (W) (A) W) (A) (W)
300 96.58 0.59 51.48 0.46 38.46
600 126.18 0.57 72.17 0.41 52.23
0.5 900 146.55 0.54 91.97 0.36 68.27
1200 157.32 0.50 110.73 0.31 97.37
1390 145.09 0.48 122.17 0.26 117.14
300 117.06 0.74 88.65 0.53 74.44
600 160.73 0.72 124.16 0.46 108.57
1.0 900 195.75 0.68 162.99 0.43 155.03
1200 228.01 0.65 19224 0.41 188.68
1390 243.89 0.62 210.67 0.36 220.34
300 137.90 0.80 119.00 0.53 118.26
600 194.09 0.77 176.00 0.55 149.27
1.5 900 ¢ 251.96 0.73 231.46 0.53 208.70
1200 282.20 0.70 272.54 0.53 223.44
1390 335.89 0.67 312.25 0.58 276.71
300 170.55 0.82 158.12 0.67 155.25
600 251.20 0.80 229.56 0.65 210.64
2.0 900 303.79 0.76 296.74 0.62 288.90
1200 371.92 0.72 370.92 0.60 289.83
1390 392.83 0.70 422.85 0.82 377.72
300 207.79 0.92 203.18 0.86 183.07
600 295.19 0.90 295.59 0.84 265.09
2 900 364.88 0.86 382.90 0.74 363.99
1200 445.74 0.82 429.12 0.74 365.52
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// Vector control

// Created by Sasiya Udomsuk

// Set speed , receive ids from KF board

[

#include "DSP28x_Project.h" // Device Headerfile and Examples Include File
#include "DSP2833x Device.h" // Device Headerfile and Examples Include File
#include "DSP2833x Examples.h"

#include "math.h"

// ADC start parameters

#if (CPU_FRQ 150MHZ) // Default - 150 MHz SYSCLKOUT

#define ADC_MODCLK 0x3 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK?2 =
150/(2*3) =25.0 MHz

#endif

#if (CPU_FRQ_100MHZ)

#define ADC_MODCLK 0x2 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK?2 =
100/(2*2) =25.0 MHz

#endif

#define ADC_CKPS 0x0 // ADC module clock = HSPCLK/l  =25.5MHz/(1) =
25.0 MHz

#define ADC_SHCLK 0x1 //'S/H width in ADC module periods =2 ADC
cycle

#define AVG 1000 // Average sample limit

#define ZOFFSET 0x00 // Average Zero offset

#define BUF_SIZE 1024 // Sample buffer size

// Prototype statements for functions found within this file.
void InitEPwm1Example(void);

void InitEPwm2Example(void);
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void InitEPwm3Example(void);
interrupt void epwm1_isr(void);
interrupt void epwm?2_isr(void);
interrupt void epwm3_isr(void);
interrupt void cpu_timer0_isr(void);
void Gpio_select(void);

void delay_loop(void);

void DACport(int16 kkk,int Chan);
Uint16 i;

Uint16 kkk;

// Global variables used in this example
Uint32 EPwmIlTimerIntCount;
Uint32 EPwm2TimerIntCount;
Uint32 EPwm3TimerIntCount;
Uintl6 EPwm1_DB_Direction;
Uintl6 EPwm2_ DB_Direction;

Uintl6 EPwm3_DB_Direction;

// low pass filter

float Ia_filter = 0;
float Ib_filter = 0;
float Ic_filter = 0;

float SPEED FILTER = 0;

// samping time

float Ts = le-4;

int LOOP = 1;

// Variable speed

float errorspeed,Excess,Us;

float SPEED_COM = 94.25;
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float SPEED encoder wm = 0;
int32 SPEED_encoder = 0,k = 0;
float sum = 0;

float COUNTER = 0;

// //

// tate
float we,sinwe,coswe;
float tate = 0;

int16 tate_point = 0;

// P11q

float Uq,Ud,errorq,errord, Vsqref, Vsdref,Excessq,Excessd;

float sumq = 0;
float sumd = 0;
float Iqref = 0;
float Idref = 0.57,

float Vsqref,Vsdref;

// Inverse Park tranformation
int32 Va,Vb,Vg;

float zz,qq,00,jj,gg,¢€¢,i1,Vd,Vq,Val,Vbl,Vcl;

// Park tranformation
int32 IADC4  =0;
int32 JADCS  =0;
int32 JADC6  =0;
float SADC1 =0;
float IADC7 = 0;

float Ia,Ib,Ic,Ial,Ibe;
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float Id,Iq,ids_opt=0.57;

// send data

intl6 CCT1 =0;

intl6 CCT2 =0;

int32 Voutl,Vout2,Vout3;

float sin_table[900]=
10,0.0070,0.0140,0.0209,0.0279,0.0349,0.0419,0.0488,0.0558,0.0628,0.0698,0.0767,0.0
837,0.0906,0.0976,0.1045,0.1115,0.1184,0.1253,0.1323,0.1392,0.1461,0.1530,0.1599,0.
1668,0.1736,0.1805,0.1874,0.1942,0.2011,0.2079,0.2147,0.2215,0.2284,0.2351,0.2419,0
.2487,0.2554,0.2622,0.2689,0.2756,0.2823,0.2890,0.2957,0.3024,0.3090,0.3156,0.3223,
0.3289,0.3355,0.3420,0.3486,0.3551,0.3616,0.3681,0.3746,0.3811,0.3875,0.3939,0.4003
,0.4067,0.4131,0.4195,0.4258,0.4321,0.4384,0.4446,0.4509,0.4571,0.4633,0.4695,0.475
6,0.4818,0.4879,0.4939,0.5000,0.5060,0.5120,0.5180,0.5240,0.5299,0.5358,0.5417,0.54
76,0.5534,0.5592,0.5650,0.5707,0.5764,0.5821,0.5878,0.5934,0.5990,0.6046,0.6101,0.6
157,0.6211,0.6266,0.6320,0.6374,0.6428,0.6481,0.6534,0.6587,0.6639,0.6691,0.6743,0.
6794,0.6845,0.6896,0.6947,0.6997,0.7046,0.7096,0.7145,0.7193,0.7242,0.7290,0.7337,0
.7385,0.7431,0.7478,0.7524,0.7570,0.7615,0.7660,0.7705,0.7749,0.7793,0.7837,0.7880,
0.7923,0.7965,0.8007,0.8049,0.8090,0.8131,0.8171,0.8211,0.8251,0.8290,0.8329,0.8368
,0.8406,0.8443,0.8480,0.8517,0.8554,0.8590,0.8625,0.8660,0.8695,0.8729,0.8763,0.879
6,0.8829,0.8862,0.8894,0.8926,0.8957,0.8988,0.9018,0.9048,0.9078,0.9107,0.9135,0.91
64,0.9191,0.9219,0.9245,0.9272,0.9298,0.9323,0.9348,0.9373,0.9397,0.9421,0.9444,0.9
466,0.9489,0.9511,0.9532,0.9553,0.9573,0.9593,0.9613,0.9632,0.9650,0.9668,0.9686,0.
9703,0.9720,0.9736,0.9751,0.9767,0.9781,0.9796,0.9810,0.9823,0.9836,0.9848,0.9860,0
.9871,0.9882,0.9893,0.9903,0.9912,0.9921,0.9930,0.9938,0.9945,0.9952,0.9959,0.9965,
0.9971,0.9976,0.9980,0.9984,0.9988,0.9991,0.9994,0.9996,0.9998,0.9999,1.0000,1.0000
,1.0000,0.9999,0.9998,0.9996,0.9994,0.9991,0.9988,0.9984,0.9980,0.9976,0.9971,0.996
5,0.9959,0.9952,0.9945,0.9938,0.9930,0.9921,0.9912,0.9903,0.9893,0.9882,0.9871,0.98
60,0.9848,0.9836,0.9823,0.9810,0.9796,0.9781,0.9767,0.9751,0.9736,0.9720,0.9703,0.9

686,0.9668,0.9650,0.9632,0.9613,0.9593,0.9573,0.9553,0.9532,0.9511,0.9489,0.9466,
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0.9444,0.9421,0.9397,0.9373,0.9348,0.9323,0.9298,0.9272,0.9245,0.9219,0.9191,0.9164
,0.9135,0.9107,0.9078,0.9048,0.9018,0.8988,0.8957,0.8926,0.8894,0.8862,0.8829,0.879
6,0.8763,0.8729,0.8695,0.8660,0.8625,0.8590,0.8554,0.8517,0.8480,0.8443,0.8406,0.83
68,0.8329,0.8290,0.8251,0.8211,0.8171,0.8131,0.8090,0.8049,0.8007,0.7965,0.7923,0.7
880,0.7837,0.7793,0.7749,0.7705,0.7660,0.7615,0.7570,0.7524,0.7478,0.7431,0.7385,0.
7337,0.7290,0.7242,0.7193,0.7145,0.7096,0.7046,0.6997,0.6947,0.6896,0.6845,0.6794,0
.6743,0.6691,0.6639,0.6587,0.6534,0.6481,0.6428,0.6374,0.6320,0.6266,0.6211,0.6157,
0.6101,0.6046,0.5990,0.5934,0.5878,0.5821,0.5764,0.5707,0.5650,0.5592,0.5534,0.5476
,0.5417,0.5358,0.5299,0.5240,0.5180,0.5120,0.5060,0.5000,0.4939,0.4879,0.4818,0.475
6,0.4695,0.4633,0.4571,0.4509,0.4446,0.4384,0.4321,0.4258,0.4195,0.4131,0.4067,0.40
03,0.3939,0.3875,0.3811,0.3746,0.3681,0.3616,0.3551,0.3486,0.3420,0.3355,0.3289,0.3
223,0.3156,0.3090,0.3024,0.2957,0.2890,0.2823,0.2756,0.2689,0.2622,0.2554,0.2487,0.
2419,0.2351,0.2284,0.2215,0.2147,0.2079,0.2011,0.1942,0.1874,0.1805,0.1736,0.1668,0
.1599,0.1530,0.1461,0.1392,0.1323,0.1253,0.1184,0.1115,0.1045,0.0976,0.0906,0.0837,
0.0767,0.0698,0.0628,0.0558,0.0488,0.0419,0.0349,0.0279,0.0209,0.0140,0.0070,0.0000
,-0.0070,-0.0140,-0.0209,-0.0279,-0.0349,-0.0419,-0.0488,-0.0558,-0.0628,-0.0698 -
0.0767,-0.0837,-0.0906,-0.0976,-0.1045,-0.1115,-0.1184,-0.1253,-0.1323,-0.1392,-
0.1461,-0.1530,-0.1599,-0.1668,-0.1736,-0.1805,-0.1874,-0.1942,-0.2011,-0.2079,-
0.2147,-0.2215,-0.2284,-0.2351,-0.2419,-0.2487,-0.2554,-0.2622,-0.2689,-0.2756 -
0.2823,-0.2890,-0.2957,-0.3024,-0.3090,-0.3156,-0.3223,-0.3289,-0.3355,-0.3420,-
0.3486,-0.3551,-0.3616,-0.3681,-0.3746,-0.3811,-0.3875,-0.3939,-0.4003,-0.4067 -
0.4131,-0.4195,-0.4258,-0.4321,-0.4384,-0.4446,-0.4509,-0.4571,-0.4633,-0.4695 -
0.4756,-0.4818,-0.4879,-0.4939,-0.5000,-0.5060,-0.5120,-0.5180,-0.5240,-0.5299 -
0.5358,-0.5417,-0.5476,-0.5534,-0.5592,-0.5650,-0.5707,-0.5764,-0.5821,-0.5878,,-
0.5934,-0.5990,-0.6046,-0.6101,-0.6157,-0.6211,-0.6266,-0.6320,-0.6374,-0.6428 -
0.6481,-0.6534,-0.6587,-0.6639,-0.6691,-0.6743,-0.6794,-0.6845,-0.6896,-0.6947 -
0.6997,-0.7046,-0.7096,-0.7145,-0.7193,-0.7242,-0.7290,-0.7337,-0.7385,-0.7431 -
0.7478,-0.7524,-0.7570,-0.7615,-0.7660,-0.7705,-0.7749,-0.7793,-0.7837,-0.7880,-
0.7923,-0.7965,-0.8007,-0.8049,-0.8090,-0.8131,-0.8171,-0.8211,-0.8251,-0.8290, -

0.8329,-0.8368,-0.8406,-0.8443,-0.8480,-0.8517,-0.8554,-0.8590,-0.8625,-0.8660,
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-0.8695,-0.8729,-0.8763,-0.8796,-0.8829,-0.8862,-0.8894,-0.8926,-0.8957,-0.8988, -
0.9018,-0.9048,-0.9078,-0.9107,-0.9135,-0.9164,-0.9191,-0.9219,-0.9245,-0.9272,-
0.9298,-0.9323,-0.9348,-0.9373,-0.9397,-0.9421,-0.9444,-0.9466,-0.9489,-0.9511 -
0.9532,-0.9553,-0.9573,-0.9593,-0.9613,-0.9632,-0.9650,-0.9668,-0.9686,-0.9703 -
0.9720,-0.9736,-0.9751,-0.9767,-0.9781,-0.9796,-0.9810,-0.9823,-0.9836,-0.9848 -
0.9860,-0.9871,-0.9882,-0.9893,-0.9903,-0.9912,-0.9921,-0.9930,-0.9938,-0.9945 -
0.9952,-0.9959,-0.9965,-0.9971,-0.9976,-0.9980,-0.9984,-0.9988,-0.9991,-0.9994,-
0.9996,-0.9998,-0.9999,-1.0000,-1.0000,-1.0000,-0.9999,-0.9998,-0.9996,-0.9994,-
0.9991,-0.9988,-0.9984,-0.9980,-0.9976,-0.9971,-0.9965,-0.9959,-0.9952,-0.9945 -
0.9938,-0.9930,-0.9921,-0.9912,-0.9903,-0.9893,-0.9882,-0.9871,-0.9860,-0.9848,,-
0.9836,-0.9823,-0.9810,-0.9796,-0.9781,-0.9767,-0.9751,-0.9736,-0.9720,-0.9703 -
0.9686,-0.9668,-0.9650,-0.9632,-0.9613,-0.9593,-0.9573,-0.9553,-0.9532,-0.9511,-
0.9489,-0.9466,-0.9444,-0.9421,-0.9397,-0.9373,-0.9348,-0.9323,-0.9298,-0.9272,-
0.9245,-0.9219,-0.9191,-0.9164,-0.9135,-0.9107,-0.9078,-0.9048,-0.9018,-0.8988,,-
0.8957,-0.8926,-0.8894,-0.8862,-0.8829,-0.8796,-0.8763,-0.8729,-0.8695,-0.8660,-
0.8625,-0.8590,-0.8554,-0.8517,-0.8480,-0.8443,-0.8406,-0.8368,-0.8329,-0.8290,-
0.8251,-0.8211,-0.8171,-0.8131,-0.8090,-0.8049,-0.8007,-0.7965,-0.7923,-0.7880,-
0.7837,-0.7793,-0.7749,-0.7705,-0.7660,-0.7615,-0.7570,-0.7524,-0.7478,-0.7431 -
0.7385,-0.7337,-0.7290,-0.7242,-0.7193,-0.7145,-0.7096,-0.7046,-0.6997,-0.6947 -
0.6896,-0.6845,-0.6794,-0.6743,-0.6691,-0.6639,-0.6587,-0.6534,-0.6481,-0.6428 -
0.6374,-0.6320,-0.6266,-0.6211,-0.6157,-0.6101,-0.6046,-0.5990,-0.5934,-0.5878,,-
0.5821,-0.5764,-0.5707,-0.5650,-0.5592,-0.5534,-0.5476,-0.5417,-0.5358,-0.5299,-
0.5240,-0.5180,-0.5120,-0.5060,-0.5000,-0.4939,-0.4879,-0.4818,-0.4756,-0.4695 ,-
0.4633,-0.4571,-0.4509,-0.4446,-0.4384,-0.4321,-0.4258,-0.4195,-0.4131,-0.4067 ,-
0.4003,-0.3939,-0.3875,-0.3811,-0.3746,-0.3681,-0.3616,-0.3551,-0.3486,-0.3420,-
0.3355,-0.3289,-0.3223,-0.3156,-0.3090,-0.3024,-0.2957,-0.2890,-0.2823,-0.2756 -
0.2689,-0.2622,-0.2554,-0.2487,-0.2419,-0.2351,-0.2284,-0.2215,-0.2147,-0.2079 -
0.2011,-0.1942,-0.1874,-0.1805,-0.1736,-0.1668,-0.1599,-0.1530,-0.1461,-0.1392,-
0.1323,-0.1253,-0.1184,-0.1115,-0.1045,-0.0976,-0.0906,-0.0837,-0.0767,-0.0698,,-

0.0628,-0.0558,-0.0488,-0.0419,-0.0349,-0.0279,-0.0209,-0.0140,-0.0070} ;
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float cos_table[900]=
11,1,0.9999,0.9998,0.9996,0.9994,0.9991,0.9988,0.9984,0.9980,0.9976,0.9971,0.9965,0.
9959,0.9952,0.9945,0.9938,0.9930,0.9921,0.9912,0.9903,0.9893,0.9882,0.9871,0.9860,
0.9848,0.9836,0.9823,0.9810,0.9796,0.9781,0.9767,0.9751,0.9736,0.9720,0.9703,0.9686
,0.9668,0.9650,0.9632,0.9613,0.9593,0.9573,0.9553,0.9532,0.9511,0.9489,0.9466,0.944
4,0.9421,0.9397,0.9373,0.9348,0.9323,0.9298,0.9272,0.9245,0.9219,0.9191,0.9164,0.91
35,0.9107,0.9078,0.9048,0.9018,0.8988,0.8957,0.8926,0.8894,0.8862,0.8829,0.8796,0.8
763,0.8729,0.8695,0.8660,0.8625,0.8590,0.8554,0.8517,0.8480,0.8443,0.8406,0.8368,0.
8329,0.8290,0.8251,0.8211,0.8171,0.8131,0.8090,0.8049,0.8007,0.7965,0.7923,0.7880,0
.7837,0.7793,0.7749,0.7705,0.7660,0.7615,0.7570,0.7524,0.7478,0.7431,0.7385,0.7337,
0.7290,0.7242,0.7193,0.7145,0.7096,0.7046,0.6997,0.6947,0.6896,0.6845,0.6794,0.6743
,0.6691,0.6639,0.6587,0.6534,0.6481,0.6428,0.6374,0.6320,0.6266,0.6211,0.6157,0.610
1,0.6046,0.5990,0.5934,0.5878,0.5821,0.5764,0.5707,0.5650,0.5592,0.5534,0.5476,0.54
17,0.5358,0.5299,0.5240,0.5180,0.5120,0.5060,0.5000,0.4939,0.4879,0.4818,0.4756,0.4
695,0.4633,0.4571,0.4509,0.4446,0.4384,0.4321,0.4258,0.4195,0.4131,0.4067,0.4003,0.
3939,0.3875,0.3811,0.3746,0.3681,0.3616,0.3551,0.3486,0.3420,0.3355,0.3289,0.3223,0
.3156,0.3090,0.3024,0.2957,0.2890,0.2823,0.2756,0.2689,0.2622,0.2554,0.2487,0.2419,
0.2351,0.2284,0.2215,0.2147,0.2079,0.2011,0.1942,0.1874,0.1805,0.1736,0.1668,0.1599
,0.1530,0.1461,0.1392,0.1323,0.1253,0.1184,0.1115,0.1045,0.0976,0.0906,0.0837,0.076
7,0.0698,0.0628,0.0558,0.0488,0.0419,0.0349,0.0279,0.0209,0.0140,0.0070,0.0000,-
0.0070,-0.0140,-0.0209,-0.0279,-0.0349,-0.0419,-0.0488,-0.0558,-0.0628,-0.0698,-
0.0767,-0.0837,-0.0906,-0.0976,-0.1045,-0.1115,-0.1184,-0.1253,-0.1323,-0.1392,-
0.1461,-0.1530,-0.1599,-0.1668,-0.1736,-0.1805,-0.1874,-0.1942,-0.2011,-0.2079,-
0.2147,-0.2215,-0.2284,-0.2351,-0.2419,-0.2487,-0.2554,-0.2622,-0.2689,-0.2756,-
0.2823,-0.2890,-0.2957,-0.3024,-0.3090,-0.3156,-0.3223,-0.3289,-0.3355,-0.3420,-
0.3486,-0.3551,-0.3616,-0.3681,-0.3746,-0.3811,-0.3875,-0.3939,-0.4003,-0.4067 ,-
0.4131,-0.4195,-0.4258,-0.4321,-0.4384,-0.4446,-0.4509,-0.4571,-0.4633,-0.4695,-
0.4756,-0.4818,-0.4879,-0.4939,-0.5000,-0.5060,-0.5120,-0.5180,-0.5240,-0.5299,-
0.5358,-0.5417,-0.5476,-0.5534,-0.5592,-0.5650,-0.5707,-0.5764,-0.5821,-0.5878,-

0.5934,-0.5990,-0.6046,-0.6101,-0.6157,-0.6211,-0.6266,-0.6320,-0.6374,-0.6428,
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-0.6481,-0.6534,-0.6587,-0.6639,-0.6691,-0.6743,-0.6794,-0.6845,-0.6896,-0.6947 -
0.6997,-0.7046,-0.7096,-0.7145,-0.7193,-0.7242,-0.7290,-0.7337,-0.7385,-0.7431,-
0.7478,-0.7524,-0.7570,-0.7615,-0.7660,-0.7705,-0.7749,-0.7793,-0.7837,-0.7880,-
0.7923,-0.7965,-0.8007,-0.8049,-0.8090,-0.8131,-0.8171,-0.8211,-0.8251,-0.8290,-
0.8329,-0.8368,-0.8406,-0.8443,-0.8480,-0.8517,-0.8554,-0.8590,-0.8625,-0.8660,-
0.8695,-0.8729,-0.8763,-0.8796,-0.8829,-0.8862,-0.8894,-0.8926,-0.8957,-0.8988,,-
0.9018,-0.9048,-0.9078,-0.9107,-0.9135,-0.9164,-0.9191,-0.9219,-0.9245,-0.9272,-
0.9298,-0.9323,-0.9348,-0.9373,-0.9397,-0.9421,-0.9444,-0.9466,-0.9489,-0.9511 -
0.9532,-0.9553,-0.9573,-0.9593,-0.9613,-0.9632,-0.9650,-0.9668,-0.9686,-0.9703 -
0.9720,-0.9736,-0.9751,-0.9767,-0.9781,-0.9796,-0.9810,-0.9823,-0.9836,-0.9848,,-
0.9860,-0.9871,-0.9882,-0.9893,-0.9903,-0.9912,-0.9921,-0.9930,-0.9938,-0.9945 ,-
0.9952,-0.9959,-0.9965,-0.9971,-0.9976,-0.9980,-0.9984,-0.9988,-0.9991,-0.9994-
0.9996,-0.9998,-0.9999,-1.0000,-1.0000,-1.0000,-0.9999,-0.9998,-0.9996,-0.9994,-
0.9991,-0.9988,-0.9984,-0.9980,-0.9976,-0.9971,-0.9965,-0.9959,-0.9952,-0.9945 .-
0.9938,-0.9930,-0.9921,-0.9912,-0.9903,-0.9893,-0.9882,-0.9871,-0.9860,-0.9848,,-
0.9836,-0.9823,-0.9810,-0.9796,-0.9781,-0.9767,-0.9751,-0.9736,-0.9720,-0.9703 -
0.9686,-0.9668,-0.9650,-0.9632,-0.9613,-0.9593,-0.9573,-0.9553,-0.9532,-0.9511,-
0.9489,-0.9466,-0.9444,-0.9421,-0.9397,-0.9373,-0.9348,-0.9323,-0.9298,-0.9272,-
0.9245,-0.9219,-0.9191,-0.9164,-0.9135,-0.9107,-0.9078,-0.9048,-0.9018,-0.8988,,-
0.8957,-0.8926,-0.8894,-0.8862,-0.8829,-0.8796,-0.8763,-0.8729,-0.8695,-0.8660,-
0.8625,-0.8590,-0.8554,-0.8517,-0.8480,-0.8443,-0.8406,-0.8368,-0.8329,-0.8290,-
0.8251,-0.8211,-0.8171,-0.8131,-0.8090,-0.8049,-0.8007,-0.7965,-0.7923,-0.7880,-
0.7837,-0.7793,-0.7749,-0.7705,-0.7660,-0.7615,-0.7570,-0.7524,-0.7478,-0.7431 -
0.7385,-0.7337,-0.7290,-0.7242,-0.7193,-0.7145,-0.7096,-0.7046,-0.6997,-0.6947 -
0.6896,-0.6845,-0.6794,-0.6743,-0.6691,-0.6639,-0.6587,-0.6534,-0.6481,-0.6428 -
0.6374,-0.6320,-0.6266,-0.6211,-0.6157,-0.6101,-0.6046,-0.5990,-0.5934,-0.5878,,-
0.5821,-0.5764,-0.5707,-0.5650,-0.5592,-0.5534,-0.5476,-0.5417,-0.5358,-0.5299,-
0.5240,-0.5180,-0.5120,-0.5060,-0.5000,-0.4939,-0.4879,-0.4818,-0.4756,-0.4695 ,-
0.4633,-0.4571,-0.4509,-0.4446,-0.4384,-0.4321,-0.4258,-0.4195,-0.4131,-0.4067 -

0.4003,-0.3939,-0.3875,-0.3811,-0.3746,-0.3681,-0.3616,-0.3551,-0.3486,-0.3420,
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-0.3355,-0.3289,-0.3223,-0.3156,-0.3090,-0.3024,-0.2957,-0.2890,-0.2823,-0.2756,-
0.2689,-0.2622,-0.2554,-0.2487,-0.2419,-0.2351,-0.2284,-0.2215,-0.2147,-0.2079,-
0.2011,-0.1942,-0.1874,-0.1805,-0.1736,-0.1668,-0.1599,-0.1530,-0.1461,-0.1392,-
0.1323,-0.1253,-0.1184,-0.1115,-0.1045,-0.0976,-0.0906,-0.0837,-0.0767,-0.0698,,-
0.0628,-0.0558,-0.0488,-0.0419,-0.0349,-0.0279,-0.0209,-0.0140,-
0.0070,0.0000,0.0070,0.0140,0.0209,0.0279,0.0349,0.0419,0.0488,0.0558,0.0628,0.0698
,0.0767,0.0837,0.0906,0.0976,0.1045,0.1115,0.1184,0.1253,0.1323,0.1392,0.1461,0.153
0,0.1599,0.1668,0.1736,0.1805,0.1874,0.1942,0.2011,0.2079,0.2147,0.2215,0.2284,0.23
51,0.2419,0.2487,0.2554,0.2622,0.2689,0.2756,0.2823,0.2890,0.2957,0.3024,0.3090,0.3
156,0.3223,0.3289,0.3355,0.3420,0.3486,0.3551,0.3616,0.3681,0.3746,0.3811,0.3875,0.
3939,0.4003,0.4067,0.4131,0.4195,0.4258,0.4321,0.4384,0.4446,0.4509,0.4571,0.4633.0
.4695,0.4756,0.4818,0.4879,0.4939,0.5000,0.5060,0.5120,0.5180,0.5240,0.5299,0.5358,
0.5417,0.5476,0.5534,0.5592,0.5650,0.5707,0.5764,0.5821,0.5878,0.5934,0.5990,0.6046
,0.6101,0.6157,0.6211,0.6266,0.6320,0.6374,0.6428,0.6481,0.6534,0.6587,0.6639,0.669
1,0.6743,0.6794,0.6845,0.6896,0.6947,0.6997,0.7046,0.7096,0.7145,0.7193,0.7242,0.72
90,0.7337,0.7385,0.7431,0.7478,0.7524,0.7570,0.7615,0.7660,0.7705,0.7749,0.7793,0.7
837,0.7880,0.7923,0.7965,0.8007,0.8049,0.8090,0.8131,0.8171,0.8211,0.8251,0.8290,0.
8329,0.8368,0.8406,0.8443,0.8480,0.8517,0.8554,0.8590,0.8625,0.8660,0.8695,0.8729,0
.8763,0.8796,0.8829,0.8862,0.8894,0.8926,0.8957,0.8988,0.9018,0.9048,0.9078,0.9107,
0.9135,0.9164,0.9191,0.9219,0.9245,0.9272,0.9298,0.9323,0.9348,0.9373,0.9397,0.9421
,0.9444,0.9466,0.9489,0.9511,0.9532,0.9553,0.9573,0.9593,0.9613,0.9632,0.9650,0.966
8,0.9686,0.9703,0.9720,0.9736,0.9751,0.9767,0.9781,0.9796,0.9810,0.9823,0.9836,0.98
48,0.9860,0.9871,0.9882,0.9893,0.9903,0.9912,0.9921,0.9930,0.9938,0.9945,0.9952,0.9
959,0.9965,0.9971,0.9976,0.9980,0.9984,0.9988,0.9991,0.9994,0.9996,0.9998,0.9999,1
// Maximum Dead Band values

#define EPWM1_MAX DB 0x03FF

#define EPWM2 MAX DB 0x03FF

#define EPWM3 MAX DB 0x03FF

#define EPWM1_MIN DB 0
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#define EPWM2 MIN DB 0
#define EPWM3_MIN DB 0
// To keep track of which way the Dead Band is moving
#define DB_UP 1
#define DB. DOWN 0
// Prototype statements for functions found within this file.
void main(void)
{// Step 1. Initialize System Control:
// PLL, WatchDog, enable Peripheral Clocks
// This example function is found in the DSP2833x_SysCtrl.c file.
InitSysCtrl();
/I Specific clock setting for this example:
EALLOW;
SysCtrlRegs.HISPCP.all = ADC_MODCLK; //HSPCLK =
SYSCLKOUT/ADC_MODCLK
EDIS;
// Step 2. Initalize GPIO:
// This example function is found in the DSP2833x_Gpio.c file and
// illustrates how to set the GPIO to it's default state.
// TnitGpio(); // Skipped for this example
Gpio_select();
// Step 2. Initalize GP1O:
// This example function is found in the DSP2833x_Gpio.c file and
// illustrates how to set the GPIO to it's default state.
// TnitGpio(); // Skipped for this example
// For this case just init GPIO pins for ePWM1, ePWM?2, ePWM3
// These functions are in the DSP2833x_EPwm.c file
InitEPwm1Gpio();
InitEPwm2Gpio();

InitEPwm3Gpio();
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// Step 3. Clear all interrupts and initialize PIE vector table:
// Disable CPU interrupts
DINT;
// Initialize the PIE control registers to their default state.
// The default state is all PIE interrupts disabled and flags
// are cleared.
// This function is found in the DSP2833x_PieCtrl.c file.
InitPieCtrl();
// Disable CPU interrupts and clear all CPU interrupt flags:
IER = 0x0000;
IFR = 0x0000;
// Initialize the PIE vector table with pointers to the shell Interrupt
// Service Routines (ISR).
// This will populate the entire table, even if the interrupt
// is not used in this example. This is useful for debug purposes.
// The shell ISR routines are found in DSP2833x_Defaultlsr.c.
// This function is found in DSP2833x_PieVect.c.
InitPieVectTable();
// Interrupts that are used in this example are re-mapped to
// ISR functions found within this file.

// EALLOW; // This is needed to write to EALLOW protected registers

-~

/ PieVectTable. EPWMI1 INT = &epwml isr;

-~

/ PieVectTable. EPWM?2 INT = &epwm?2_isr;

-~

/ PieVectTable. EPWM3 INT = &epwm3_isr;
// EDIS; // This is needed to disable write to EALLOW protected registers
// Interrupts that are used in this example are re-mapped to
// ISR functions found within this file.
EALLOW; // This is needed to write to EALLOW protected registers
PieVectTable. TINTO = &cpu_timer0 _isr;

EDIS; // This is needed to disable write to EALLOW protected registers
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// Step 41. Initialize the Device Peripheral. This function can be
/l found in DSP2833x_CpuTimers.c
InitEPwm1Example();
InitEPwm2Example();
InitEPwm3Example();
InitCpuTimers(); // For this example, only initialize the Cpu Timers
#if (CPU_FRQ_150MHZ)
// Configure CPU-Timer 0 to interrupt every 500 milliseconds:
// 150MHz CPU Freq, 50 millisecond Period (in uSeconds)
ConfigCpuTimer(&CpuTimer0, 6, 2500); // 2.84 KHz
#endif
#if (CPU_FRQ_100MHZ)
// Configure CPU-Timer 0 to interrupt every 500 milliseconds:
// 100MHz CPU Freq, 50 millisecond Period (in uSeconds)
ConfigCpuTimer(&CpuTimer0, 100, 50000);
#endif
// To ensure precise timing, use write-only instructions to write to the entire register.
Therefore, if any
// of the configuration bits are changed in ConfigCpuTimer and InitCpuTimers (in
DSP2833x_CpuTimers.h), the
// below settings must also be updated.

CpuTimerORegs. TCR.all = 0x4001; // Use write-only instruction to set TSS bit =0

// Step 5. User specific code, enable interrupts:
// Configure GPIO32 as a GPIO output pin
EALLOW;
GpioCtrlRegs. GPBMUX1.bit.GPIO32 = 0;
GpioCtrlRegs. GPBDIR.bit. GPIO32 = 1;
GpioCtrlRegs. GPCMUX1.bit. GPIO79 = 0;

GpioCtrIRegs.GPCDIR.bit. GPIO79 = 1;
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EDIS;
InitAdc(); // For this example, init the ADC
// Specific ADC setup for this example:
AdcRegs. ADCTRL1.bit. ACQ_PS = ADC_SHCLK; // Sequential mode: Sample rate
= 1/[2+ACQ_PS)*ADC clock in ns]
//=1/(3*40ns) =8.3MHz (for 150 MHz SYSCLKOUT)
//=1/(3*80ns) =4.17MHz (for 100 MHz SYSCLKOUT)
// If Simultaneous mode enabled: Sample rate = 1/[(3+ACQ_PS)*ADC clock in ns]
AdcRegs. ADCTRL3.bit ADCCLKPS = ADC_CKPS;
AdcRegs. ADCTRL1.bit.SEQ CASC =1, //'1 Cascaded mode
AdcRegs. ADCCHSELSEQ1.bit. CONV00 = 0x0;
AdcRegs. ADCTRL1.bit. CONT RUN=1;  // Setup continuous run
AdcRegs. ADCTRL1.bit.SEQ OVRD =1;  // Enable Sequencer override feature

AdcRegs. ADCMAXCONV.bit. MAX CONYV 1=0xf;

AdcRegs. ADCCHSELSEQ1.bit. CONV00 = 0x0; //1A0
AdcRegs. ADCCHSELSEQ1.bit. CONVOI = 0x1; /A1
AdcRegs. ADCCHSELSEQ1.bit. CONVO02 = 0x2; /A2
AdcRegs. ADCCHSELSEQ1.bit. CONV03 = 0x3; //A3
AdcRegs. ADCCHSELSEQ2.bit. CONV04 = 0x4; /1A4
AdcRegs., ADCCHSELSEQ2.bit. CONVO05 = 0x5; //AS
AdcRegs. ADCCHSELSEQ2.bit. CONV06 = 0x6; /A6
AdcRegs. ADCCHSELSEQ2.bit. CONV07 = 0x7, /AT
AdcRegs. ADCCHSELSEQ3.bit. CONV08 = 0x8; //BO
AdcRegs. ADCCHSELSEQ3.bit. CONV09 = 0x9; //B1
AdcRegs. ADCCHSELSEQ3.bit. CONV10 = 0x0A; //B2
AdcRegs. ADCCHSELSEQ3.bit. CONV11 = 0x0B; //B3
AdcRegs. ADCCHSELSEQ4.bit. CONV12 = 0x0C; //B4
AdcRegs. ADCCHSELSEQ4.bit. CONV13 = 0x0D; //BS
AdcRegs. ADCCHSELSEQ4.bit. CONV 14 = 0x0E; //B6

AdcRegs. ADCCHSELSEQ4.bit. CONV15 = 0x0F; //B7
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AdcRegs.ADCST.bit.INT SEQ1 CLR =1;
//" AdcRegs. ADCMAXCONV.bit MAX CONV1 = 0xf;
// convert and store in 8 results registers
AdcRegs. ADCTRL2.all = 0x2000;
// Enable CPU INT1 which is connected to CPU-Timer 0:
IER |=M INTI;
// Enable TINTO in the PIE: Group 1 interrupt 7
PieCtrlRegs.PIEIER1.bit.INTx7 = 1;
// Enable global Interrupts and higher priority real-time debug events:
EINT; // Enable Global interrupt INTM
ERTM; // Enable Global realtime interrupt DBGM
// Step 4. Initialize all the Device Peripherals:
// This function is found in DSP2833x_InitPeripherals.c
// InitPeripherals(); // Not required for this example
EALLOW;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 0;
EDIS;
EALLOW;
SysCtrlRegs.PCLKCRO0.bit. TBCLKSYNC = 1;
EDIS;
// Enable global Interrupts and higher priority real-time debug events:
EINT; // Enable Global interrupt INTM
ERTM; // Enable Global realtime interrupt DBGM
// Step 6. IDLE loop. Just sit and loop forever (optional):
for(;;)
{iflLOOP == 1) // 100 usec
{
GpioDataRegs.GPADAT.bit. GPIO12 = !GpioDataRegs. GPADAT.bit. GPIO12;

LOOP =0;
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IADC4 = (AdcRegs. ADCRESULTO0>>4); // reading current values Ia
TADCS5 = (AdcRegs. ADCRESULT1>>4); // reading current values Ib
TADC6 = (AdcRegs. ADCRESULT2>>4); // reading current values Ic
SADCI1 = (AdcRegs. ADCRESULT3>>4); // reading speed values

Ia = (IADC4 - 2048)*0.000961766; // 1a

Ib = (IADCS - 2048)*0.000961766; // Tb

Ic = (IADC6 - 2048)*0.000961766; //Ic

Ia_filter = Ia_filter + 0.0909*(Ia - Ia_filter); // time constant = ImSec
Ib_filter = Ib_filter + 0.0909*(Ib - Ib_filter);
Ic_filter =Ic_filter + 0.0909*(Ic - Ic_filter);
SPEED encoder wm = SADC1%*0.07735;  // reted at 15kHz
SPEED FILTER = SPEED_FILTER + 0.0909*(SPEED_encoder wm -
SPEED FILTER):;
if(k==900000) {
IADC7 = (AdcRegs. ADCRESULT4>>4); // reading current values ids_opt
ids_opt = (IADC7*0.000241805)*0.91107)-0.0049634,//0.000241805==>0.9/3722
if(ids_opt<0.2){ids opt=Idref;}
if(ids_opt>0.9){ids_opt=Idref;}
k=0; }
we =2*SPEED FILTER + (Iqref*19.729/ids opt); // We = Wr + Wls

//22.02*Iqref

tate =tate + we*Ts; // Ts=0.00010 Sec
if(tate >= 6.2832) {tate = 0;} // tate_max = 6.2832;
if(tate <= -6.2832){tate = 0;} // tate_min = -6.2832;

if(tate < 0) {tate = 6.2832 + tate;}
tate_point = tate*143.24;//143.24;==>900 data 63.33==>400 data
sinwe = sin_table[tate _point]; //sinwe = sin(tate);
coswe = cos_table[tate point]; /lcoswe = cos(tate);
//clarke transformation PEAK CONVENTION

lal =Ia_filter;
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Ibe = 0.57735*(Ia_filter + 2*Ib_filter);
//park transformation

Id = Ial*coswe + Ibe*sinwe;

Iq = Ibe*coswe - lal*sinwe;
// speed loop PI control

errorspeed = SPEED _COM - SPEED FILTER; //rad/sec

Us = sum + 0.02163*errorspeed;

Igref = Us;

if(Tqref >= 1.3) {Iqref= 1.3;}

if(Iqref <= -1.3){Iqref = -1.3;}

Excess = Us - Iqref;

sum = sum + (0.000010*errorspeed - 0.00038*Excess); //sum = sum +
(22.24*errorspeed - 100*Excess)*10*Ts;
//current loop PI control

errorq = Iqref - Iq;

errord = ids_opt - Id;

Uq = sumq + 107.7*errorq;

Ud = sumd + 107.7*errord;

Vsqref = Uq;

Vsdref = Ud;

if(Vsqref >= 70){Vsqref = 70;}

if( Vsqref <= -70){Vsqref=-70;}

if(Vsdref >= 30){Vsdref = 30;}

if(Vsdref <= -30){Vsdref = -30;}

Excessq = Uq - Vsqref;

Excessd = Ud - Vsdref;

sumgq = sumgq + (5.5813*errorq - 0.5*Excessq);  //sumq = sumq +
(27331.57*errorq - 2853*Excessq)*Ts;

sumd = sumd + (5.5813*errord - 0.5*Excessd);  //sumd = sumd +

(27331.57*errord - 2853*Excessd)*Ts;
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//inverse praktranformatian
zz = Vsdref*coswe;
qq = Vsqref*sinwe;

Jj = Vsqref*coswe;

gg = Vsdref*sinwe;

// Va = Vd*cos(tate)+Vq*sin(tate)+50

// Vb = ((sqrt(3)*Vq- Vd)*cos(tate)
+(sqrt(3)*Vd+Vq)*sin(tate))+50

// Ve = ((-sqrt(3)*Vg-Vd)*cos(tate)

+(Vg-sqrt(3)*Vd)*sin(tate))+50

ee = 1.73205%jj; // TINVcon = 1.73;

00 = 1.73205*gg;

ii=qq - zz;

Val=zz-qq;

Vbl= (ee + oo +ii)*0.5;

Vel=(ii - ee - 00)*0.5;

Va = (-1)*Val +75;

Vb = (-1)*Vb1 + 75;

Ve = (-1)*Vel +75;

EPwml1Regs.CMPA half. CMPA = Va;

EPwm2Regs.CMPA .half. CMPA = Vb;

EPwm3Regs.CMPA. half. CMPA = V¢;

//GpioDataRegs. GPCDAT.bit. GPIO79 = 0;

Voutl =SPEED FILTER*16383/63.88;//900===>5V

Vout2 = 1d*9829/0.9;//0.5===>5V//(Ib_filter+1.5)*16383/3;

Vout3 = Iq*16383/1;//ids_opt*9829/0.9;//(Ta+1.5)*16111/5;

DACport(Voutl,1);

DACport(Vout2,2);

DACport(Vout3,3);

k=k+1;} } }

void InitEPwm1Example()

{ EPwmIRegs.TBPRD = 150;

// Set timer period

EPwm1Regs. TBPHS.half. TBPHS = 0x0000; // Phase is 0
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EPwm1Regs. TBCTR = 0x0000; // Clear counter
/I Setup TBCLK
EPwm1Regs. TBCTL.bit. CTRMODE = TB_ COUNT_UPDOWN; // Count up
EPwm1Regs.TBCTL.bit. PHSEN = TB_DISABLE; // Disable phase loading
EPwm1Regs.TBCTL.bit. HSPCLKDIV =4;  // Clock ratio to SYSCLKOUT
EPwm1Regs.TBCTL.bit. CLKDIV = 4; // Slow just to observe on the scope 5.7 KHz
// Setup compare
EPwm1Regs.CMPA half. CMPA = 10;
// Set actions
EPwml1Regs. AQCTLA.bit. CAU = AQ_SET; // PWM toggle low/high
EPwmI1Regs.AQCTLA.bit. CAD = AQ CLEAR;
EPwmI1Regs.AQCTLB.bit. CAU = AQ CLEAR;
EPwmI1Regs. AQCTLB.bit. CAD = AQ_ SET;
/I Active high complementary PWMs - Setup the deadband
EPwm1Regs.DBCTL.bit. OUT_MODE = DB _FULL ENABLE;
EPwm1Regs.DBCTL.bit. POLSEL = DB ACTV_HIC;
EPwml1Regs.DBCTL.bit.IN. MODE = DBA_ALL;
EPwmI1Regs.DBRED = 3;
EPwmIRegs.DBFED = 3;

EPwml DB Direction =DB_UP;

}

void InitEPwm2Example()

{
EPwm2Regs.TBPRD = 150; // Set timer period
EPwm2Regs.TBPHS. half. TBPHS = 0x0000; // Phase is 0
EPwm2Regs.TBCTR = 0x0000; // Clear counter
/I Setup TBCLK

EPwm2Regs. TBCTL.bit. CTRMODE = TB_ COUNT_UPDOWN; // Count up
EPwm2Regs. TBCTL.bit.PHSEN = TB_DISABLE; // Disable phase loading

EPwm2Regs. TBCTL.bit. HSPCLKDIV =4;  // Clock ratio to SYSCLKOUT
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EPwm2Regs. TBCTL.bit. CLKDIV = 4; // Slow just to observe on the scope
// Setup compare
EPwm2Regs.CMPA .half. CMPA = 10;
// Set actions
EPwm2Regs. AQCTLA.bit.CAU = AQ_SET; /I Set PWM2A on Zero
EPwm2Regs. AQCTLA.bit. CAD = AQ_CLEAR;
EPwm2Regs.AQCTLB.bit. CAU = AQ_CLEAR; /I Set PWM2A on Zero
EPwm2Regs. AQCTLB.bit. CAD = AQ SET;
// Active high complementary PWMs - Setup the deadband
EPwm2Regs.DBCTL.bit.OUT _MODE =DB FULL ENABLE;
EPwm2Regs.DBCTL.bit. POLSEL = DB_ ACTV_HIC;
EPwm2Regs.DBCTL.bit.IN. MODE = DBA_ ALL;
EPwm2Regs.DBRED = 3;
EPwm2Regs.DBFED = 3;
EPwm2_ DB_Direction = DB_UP;

H

void InitEPwm3Example()

{ EPwm3Regs.TBPRD = 150; /I Set timer period
EPwm3Regs. TBPHS.half. TBPHS = 0x0000; // Phase is 0
EPwm3Regs. TBCTR = 0x0000; // Clear counter
/I Setup TBCLK

EPwm3Regs. TBCTL.bit. CTRMODE =TB_COUNT_UPDOWN; // Count up
EPwm3Regs.TBCTL.bit. PHSEN = TB_DISABLE; // Disable phase loading

EPwm3Regs. TBCTL.bit. HSPCLKDIV =4;  // Clock ratio to SYSCLKOUT

EPwm3Regs.TBCTL.bit. CLKDIV = 4; // Slow so we can observe on the scope

// Setup compare

EPwm3Regs.CMPA half. CMPA = 10;

// Set actions

EPwm3Regs. AQCTLA.bit. CAU = AQ_SET; // Set PWM3A on Zero

EPwm3Regs. AQCTLA.bit. CAD = AQ_CLEAR;
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EPwm3Regs. AQCTLB.bit. CAU = AQ_CLEAR; // Set PWM3A on Zero
EPwm3Regs.AQCTLB.bit. CAD = AQ_SET;
// Active high complementary PWMs - Setup the deadband
EPwm3Regs.DBCTL.bit.OUT _MODE = DB _FULL ENABLE;
EPwm3Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC;
EPwm3Regs.DBCTL.bitIN. MODE = DBA_ALL;
EPwm3Regs. DBRED = 3;
EPwm3Regs.DBFED = 3;
EPwm3 DB Direction = DB_UP;

H

interrupt void cpu_timer0_isr(void)

{ CpuTimer0.InterruptCount++;

LOOP = [;

/I Acknowledge this interrupt to receive more interrupts from group 1

PieCtrlRegs.PIEACK.all = PIEACK_GROUPI;
H
void Gpio_select(void)
{
EALLOW;
GpioCtrlRegs. GPAMUX1.all = 0x0000;
GpioCtrlRegs. GPBMUX1.all = 0x0000; - // GPIO functionality GP1032-
GPIO47
GpioCtrlRegs. GPCMUX1.all = 0x0000;  // GPIO functionality GP1064-
GPIO79
GpioCtrlRegs.GPADIR.all = 0xFFFF;
GpioCtrlRegs.GPBDIR.all = OxFFFF;  // GPIO32-GPI0O47 are output
GpioCtrlRegs.GPCDIR.all = OxFFFF;  // GP1064-GPIO79 are output
EDIS; !
void DACport(int16 kkk,int Chan)
{ if (Chan==1)
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{

GpioDataRegs.GPBDAT.all=0x{f00;
GpioDataRegs. GPCDAT .all=kkk;
GpioDataRegs.GPBDAT.all=0x{f00;

GpioDataRegs.GPBDAT.all=0xfe00;

delay_loop();

GpioDataRegs.GPBDAT.all=0xbe00;

delay loop();

GpioDataRegs. GPBDAT.all=0xfd00;

delay loop();

GpioDataRegs.GPBDAT.all=0xbd00;

delay loop();

§
if (Chan==2)
{

GpioDataRegs. GPBDAT .all=0xff00;
GpioDataRegs.GPCDAT .all=kkk;
GpioDataRegs. GPBDAT.all=0xff00;

GpioDataRegs.GPBDAT.all=0xfb00;

delay loop();

GpioDataRegs. GPBDAT.all=0xbb00;

delay_loop();

GpioDataRegs.GPBDAT.all=0x{700;

delay_loop();

GpioDataRegs.GPBDAT.all=0xb700;

delay loop();
}

if (Chan==3)
{if(kkk<0)
{kkk=0; }

//initial

//load data

//load input latch WR=1

//WR=0

//load D/A latch WR=1

//WR=0

//initial

//load data

//load input latch WR=1

//'WR=0

//load D/A latch WR=1

//WR=0
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GpioDataRegs.GPBDAT.all=0xff00;
GpioDataRegs. GPCDAT .all=kkk;
GpioDataRegs.GPBDAT.all=0x{f00;
GpioDataRegs.GPBDAT.all=0xef00;
delay_loop();
GpioDataRegs.GPBDAT.all=0xaf00;
delay_loop();
GpioDataRegs.GPBDAT.all=0xd{00;
delay loop();
GpioDataRegs.GPBDAT.all=0x9{00;
delay loop();
H H

void delay_loop(void)
{ short i;

fori=0;i<1;i++) {}

H

//initial

//load data

//load input latch WR=1

//WR=0

//load D/A latch WR=1

//WR=0
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R R

// KF_parameter

// Created by Sasiya Udomsuk

// Set speed and torque are constant

[ A

#include "DSP2833x Device.h" // Device Headerfile and Examples Include File
#include "DSP2833x_Examples.h"

#include <stdio.h>

#include <stdlib.h>

#include "math.h"

#include "IQmathLib.h"

// ADC start parameters

#if (CPU_FRQ 150MHZ) // Default - 150 MHz SYSCLKOUT

#define ADC_MODCLK 0x3 //HSPCLK = SYSCLKOUT/2*ADC_MODCLK?2 =
150/(2*3) =25.0 MHz

#endif

//#if (CPU_FRQ_100MHZ)

//#define ADC_MODCLK 0x2 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK?2 =
100/(2*2) =25.0 MHz

/f#endif

#define ADC_CKPS 0x0 // ADC module clock = HSPCLK/1=25.5MHz/(1)=25.0MHz
#define ADC_SHCLK 0x1 //S/H width in ADC module periods =2 ADC cycle
/f#define AVG 1000 // Average sample limit

/f#define ZOFFSET 0x00 // Average Zero offset

/f#define BUF_SIZE 1024 // Sample buffer size

// Prototype statements for functions found within this file.

void delay_loop(void);

void Gpio_select(void);

void DACport(int16 kkk,int Chan);

Uintl6 i;
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Uint16 kkk;

void CalProgram(void);

void Filter_para(float Rs,float Rr,float Lm,float ids, float igs);
void Cal_ids(float Rsav,float Rrav,float Lmav);
// Global variable for this example
//filter_para

float Rss=0,Rsav=25.13;//Rs1[200]

float Rrr=0,Rrav=20.79;//Rr1[200],

float Lmm=0,Lmav=0.9672;

float idss=0,idsav=0.73;//ids1[200],

float igss=0,igsav=0.2;//iqs1[200],

// low pass filter

float [a_filter = 0;

float Ib_filter = 0;

float Ic_filter = 0;

float SPEED_FILTER = 0;

//[samping time

float dT = le-4;

int LOOP = 1;

// Variable speed

float TL=0.5,TL_FIL=0;

float SPEED COM = 62.83;

float SPEED COMFIL=0;

float SPEED encoder wm = 0;

int32 SPEED _encoder = 0,count=0,k=0,kk=0;
//float sum = 0;

float COUNTER = 0;

// tate

float wsl,we,sinwe,coswe;

float tate=0;
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int16 tate_point = 0,ii=0,jj=0;//k=0;

// Park tranformation

int32 [ADC4  =0;

int32 [ADC5  =0;

int32 [ADC6  =0;

float SADC1 =0;

float VADC1 =0;

float VADC2 =0;

float VADC3 =0;

float SCADC = 0;

float TLADC = 0;

float Ia,Ib,Ic;

float Va,Vb,Vc,a;

float Ids=0,Iqs=0,Vds=0,Vqs=0;

float ids=0.57,iqs=0,fluxdr=0,fluxqr=0,wr=0;
float idsk=0,1qsk=0, fluxdrk=0, fluxqrk=0,Wrk=0;
float Rsk=0,Rrk=0,Lmk=0;//,Rsk1=0,Rrk1=0,Lmk1=0
//initial value

float Wr=0;

float Rs=25.13;

float Rr=20.79;

float Lm=0.9672;

float LIs = 0.0866;

float Llr = 0.0866;

// Constant

//float sigma,sigma _,Tr,Tr =0,a,a2 ,Ls=0,Ls =0,Lr=0,Lr =0,a13,al14;
float sigma,Tr,a,L.s=0,a13,a14;

float A1,A2,A3,A4;

float AB1,AB2,AB3,AB4;

float Ad1,Ad2,Ad3,Ad4;//,Ad5,Ad6,Ad7,AdS;
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float Ael,Ae2,Ae3,Ac4;//,Ae5,Ae6,AeT,Ae8;

float Bd1,Bd2,Bd5;//Bd3,Bd4,BdS;

float fk1,fk2,fk3,fk4,{k5,fk6,tk7,1k8,f15,£16,117,18;//f11,£12,113,14;

float fm1,fm3,fm4,fm5,fm7,fm8,fn5,fn7,m8;//fn2,fn3,fn4

float fo5=1,fp6=1,fq7=1,fr8=1;

float Pkl = 1e-2,P12 = 1le-2;

float Pm3 = 1e¢-4,Pn4 = le-4;

float Po5 = le-2,Pp6 = le-2;

float Pq7 = le-1,Pr8 = le-3;

float Pk2,Pk3,Pk4,Pk5,Pk6,Pk7,Pk8,P11,P13,P14,P15,P16,P17,P18;

float Pm1,Pm2,Pm4,Pm5,Pm6,Pm7,Pm8,Pn1,Pn2,Pn3,Pn5,Pn6,Pn7,Pns;
float Po1,P02,P0o3,P0o4,P06,P07,Po8,Ppl,Pp2,Pp3,Pp4,Pp5,Pp7,Pps;

float Pq1,Pq2,Pq3,Pq4,Pq5,Pq6,Pq8,Pr1,Pr2,Pr3,Pr4,Pr5,Pr6,Pr7;

float D1,D2,D3,D4,D5,D6,D7,D8,Da2,Da3,Da4,Da5,Da6,Da7,Da8;//,Dal
float Db3,Db4,Db5,Db7,Db8,Dc4,DcS5,De7,Dc8;//Dbl,Db2,De1,De2,Dc3
float Dd5,De6;

float Df7,DgS8;

float
Db6=0,Dc6=0,Dd6=0,Dd7=0,Dd8=0,De3=0,De4=0,De5=0,De7=0,De8=0,Df5=0,D{6=0,
Df8=0,Dg5=0,Dg6=0,Dg7=0;

float ¢=0,c1=0,c2=0,c3=0,c5=0,c6=0,c9=0;//,c4=0,c7=0,c8=0

float Kk1,Kk2,Kk3,Kk4,Kk5,Kk6,Kk7,Kk8,Kk9,K11,K12,K13,K14,K15,K16,K17,KI18,K19;
float Km1,Km2,Km3,Km4,Km5,Kmo6;

float ql1 = le-2;

float q22 = le-2;

float Q33 = le-4;

float Q44 = le-4;

float Q55 = le-1;

float Q66 = le-1;

float Q77 = le-1;
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float Q88 = le-3;

float R11 = le-4;

float R22 = le-4;

float R33 = le-4;

float erri;

float Rqfs=0,Rqfr=0,Rstray=0,Rtotal=0,Rd,Rq,A,E,h,i_opt=0,id_opt=0,ids_opt=0.57;

float vv,ss,tt,RR,uu,yy,xx,aa, Wmax, Wmin;

// send data
intl6 CCT1 =0;
intl6 CCT2 =0;

int32 Voutl,Vout2,Vout3,Vout4;

float sin_table[]=
{0,0.0157,0.0315,0.0472,0.0629,0.0787,0.0943,0.1100,0.1256,0.1413,0.1568,0.1724,0.1
878,0.2033,0.2187,0.2340,0.2493,0.2645,0.2797,0.2948,0.3098,0.3247,0.3396,0.3543,0.
3690,0.3836,0.3981,0.4125,0.4268,0.4410,0.4550,0.4690,0.4829,0.4966,0.5102,0.5237,0
.5370,0.5502,0.5633,0.5763,0.5891,0.6017,0.6142,0.6266,0.6388,0.6508,0.6627,0.6744,
0.6859,0.6973,0.7085,0.7195,0.7304,0.7410,0.7515,0.7618,0.7719,0.7818,0.7916,0.801 1
,0.8104,0.8195,0.8285,0.8372,0.8457,0.8540,0.8621,0.8699,0.8776,0.8850,0.8923,0.899
3,0.9060,0.9126,0.9189,0.9250,0.9309,0.9365,0.9419,0.9471,0.9520,0.9567,0.9612,0.96
54,0.9694,0.9731,0.9766,0.9799,0.9829,0.9857,0.9882,0.9905,0.9926,0.9944,0.9959,0.9
972,0.9983,0.9991,0.9996,0.9999,1.0000,0.9998,0.9994,0.9987,0.9978,0.9966,0.9952,0.
9935,0.9916,0.9894,0.9870,0.9843,0.9815,0.9783,0.9749,0.9713,0.9674,0.9633,0.9590,0
.9544,0.9496,0.9445,0.9392,0.9337,0.9280,0.9220,0.9158,0.9093,0.9027,0.8958,0.8887,
0.8813,0.8738,0.8660,0.8580,0.8499,0.8414,0.8328,0.8240,0.8150,0.8058,0.7963,0.7867
,0.7769,0.7669,0.7567,0.7463,0.7357,0.7250,0.7140,0.7029,0.6916,0.6802,0.6685,0.656
8,0.6448,0.6327,0.6204,0.6080,0.5954,0.5827,0.5698,0.5568,0.5436,0.5304,0.5169,0.50
34,0.4897,0.4759,0.4620,0.4480,0.4339,0.4196,0.4053,0.3909,0.3763,0.3617,0.3469,0.3
321,0.3172,0.3023,0.2872,0.2721,0.2569,0.2417,0.2264,0.2110,0.1956,0.1801,0.1646,0.
1490,0.1335,0.1178,0.1022,0.0865,0.0708,0.0551,0.0394,0.0236,0.0079,-0.0079,-

0.0236,-0.0394,-0.0551,-0.0708,-0.0865,-0.1022,-0.1178,-0.1335,-0.1490,-0.1646,
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-0.1801,-0.1956,-0.2110,-0.2264,-0.2417,-0.2569,-0.2721,-0.2872,-0.3023,-0.3172,-
0.3321,-0.3469,-0.3617,-0.3763,-0.3909,-0.4053,-0.4196,-0.4339,-0.4480,-0.4620,-
0.4759,-0.4897,-0.5034,-0.5169,-0.5304,-0.5436,-0.5568,-0.5698,-0.5827,-0.5954,-
0.6080,-0.6204,-0.6327,-0.6448,-0.6568,-0.6685,-0.6802,-0.6916,-0.7029,-0.7140,-
0.7250,-0.7357,-0.7463,-0.7567,-0.7669,-0.7769,-0.7867,-0.7963,-0.8058,-0.8 1 50,-
0.8240,-0.8328,-0.8414,-0.8499,-0.8580,-0.8660,-0.8738,-0.8813,-0.8887,-0.8958,-
0.9027,-0.9093,-0.9158,-0.9220,-0.9280,-0.9337,-0.9392,-0.9445,-0.9496,-0.9544, -
0.9590,-0.9633,-0.9674,-0.9713,-0.9749,-0.9783,-0.9815,-0.9843,-0.9870,-0.9894,-
0.9916,-0.9935,-0.9952,-0.9966,-0.9978,-0.9987,-0.9994,-0.9998,-1.0000,-0.9999,-
0.9996,-0.9991,-0.9983,-0.9972,-0.9959,-0.9944,-0.9926,-0.9905,-0.9882,-0.9857 -
0.9829,-0.9799,-0.9766,-0.9731,-0.9694,-0.9654,-0.9612,-0.9567,-0.9520,-0.9471 ,-
0.9419,-0.9365,-0.9309,-0.9250,-0.9189,-0.9126,-0.9060,-0.8993,-0.8923,-0.8850,-
0.8776,-0.8699,-0.8621,-0.8540,-0.8457,-0.8372,-0.8285,-0.8195,-0.8104,-0.8011,,-
0.7916,-0.7818,-0.7719,-0.7618,-0.7515,-0.7410,-0.7304,-0.7195,-0.7085,-0.6973 .-
0.6859,-0.6744,-0.6627,-0.6508,-0.6388,-0.6266,-0.6142,-0.6017,-0.5891,-0.5763.,-
0.5633,-0.5502,-0.5370,-0.5237,-0.5102,-0.4966,-0.4829,-0.4690,-0.4550,-0.4410,-
0.4268,-0.4125,-0.3981,-0.3836,-0.3690,-0.3543,-0.3396,-0.3247,-0.3098,-0.2948.,-
0.2797,-0.2645,-0.2493,-0.2340,-0.2187,-0.2033,-0.1878,-0.1724,-0.1568,-0.1413 .-
0.1256,-0.1100,-0.0943,-0.0787,-0.0629,-0.0472,-0.0315,-0.0157,-0.0000} ;

float cos_table[]=
11.0000,0.9999,0.9995,0.9989,0.9980,0.9969,0.9955,0.9939,0.9921,0.9900,0.9876,0.985
0,0.9822,0.9791,0.9758,0.9722,0.9684,0.9644,0.9601,0.9556,0.9508,0.9458,0.9406,0.93
51,0.9294,0.9235,0.9173,0.9110,0.9044,0.8975,0.8905,0.8832,0.8757,0.8680,0.8601,0.8
519,0.8436,0.8350,0.8262,0.8173,0.8081,0.7987,0.7891,0.7794,0.7694,0.7593,0.7489,0.
7384,0.7277,0.7168,0.7057,0.6945,0.6831,0.6715,0.6597,0.6478,0.6357,0.6235,0.6111,0
.5986,0.5859,0.5730,0.5601,0.5469,0.5337,0.5203,0.5068,0.4932,0.4794,0.4655,0.4515,
0.4374,0.4232,0.4089,0.3945,0.3800,0.3653,0.3506,0.3358,0.3210,0.3060,0.2910,0.2759
,0.2607,0.2455,0.2302,0.2148,0.1994,0.1840,0.1685,0.1529,0.1374,0.1217,0.1061,0.090
4,0.0747,0.0590,0.0433,0.0276,0.0118,-0.0039,-0.0197,-0.0354,-0.0512,-0.0669,-

0.0826,-0.0983,-0.1139,-0.1296,-0.1451,-0.1607,-0.1762,-0.1917,-0.2071,-0.2225,
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-0.2378,-0.2531,-0.2683,-0.2834,-0.2985,-0.3135,-0.3284,-0.3433,-0.3580,-0.3727,-
0.3872,-0.4017,-0.4161,-0.4303,-0.4445,-0.4585,-0.4725,-0.4863,-0.5000,-0.5136,-
0.5270,-0.5403,-0.5535,-0.5666,-0.5795,-0.5922,-0.6048,-0.6173,-0.6296,-0.6418, -
0.6538,-0.6656,-0.6773,-0.6888,-0.7001,-0.7113,-0.7223,-0.7331,-0.7437,-0.7541,-
0.7644,-0.7744,-0.7843,-0.7940,-0.8034,-0.8127,-0.8218,-0.8306,-0.8393,-0.8478, -
0.8560,-0.8641,-0.8719,-0.8795,-0.8869,-0.8940,-0.9010,-0.9077,-0.9142,-0.9205,-
0.9265,-0.9323,-0.9379,-0.9432,-0.9483,-0.9532,-0.9579,-0.9623,-0.9664,-0.9704,-
0.9740,-0.9775,-0.9807,-0.9836,-0.9864,-0.9888,-0.9911,-0.9930,-0.9948,-0.9963, -
0.9975,-0.9985,-0.9992,-0.9997,-1.0000,-1.0000,-0.9997,-0.9992,-0.9985,-0.9975,-
0.9963,-0.9948,-0.9930,-0.9911,-0.9888,-0.9864,-0.9836,-0.9807,-0.9775,-0.9740,-
0.9704,-0.9664,-0.9623,-0.9579,-0.9532,-0.9483,-0.9432,-0.9379,-0.9323,-0.9265,-
0.9205,-0.9142,-0.9077,-0.9010,-0.8940,-0.8869,-0.8795,-0.8719,-0.8641,-0.8560,-
0.8478,-0.8393,-0.8306,-0.8218,-0.8127,-0.8034,-0.7940,-0.7843,-0.7744,-0.7644,-
0.7541,-0.7437,-0.7331,-0.7223,-0.7113,-0.7001,-0.6888,-0.6773,-0.6656,-0.6538,,-
0.6418,-0.6296,-0.6173,-0.6048,-0.5922,-0.5795,-0.5666,-0.5535,-0.5403,-0.5270,-
0.5136,-0.5000,-0.4863,-0.4725,-0.4585,-0.4445,-0.4303,-0.4161,-0.4017,-0.3872,-
0.3727,-0.3580,-0.3433,-0.3284,-0.3135,-0.2985,-0.2834,-0.2683,-0.2531,-0.2378,-
0.2225,-0.2071,-0.1917,-0.1762,-0.1607,-0.1451,-0.1296,-0.1139,-0.0983,-0.0826,-
0.0669,-0.0512,-0.0354,-0.0197,-0.0039,0.0118,0.0276,0.0433,0.0590,0.0747,0.0904,
0.1061,0.1217,0.1374,0.1529,0.1685,0.1840,0.1994,0.2148,0.2302,0.2455,0.2607,0.2759
,0.2910,0.3060,0.3210,0.3358,0.3506,0.3653,0.3800,0.3945,0.4089,0.4232,0.4374,0.451
5,0.4655,0.4794,0.4932,0.5068,0.5203,0.5337,0.5469,0.5601,0.5730,0.5859,0.5986,0.6 1
11,0.6235,0.6357,0.6478,0.6597,0.6715,0.6831,0.6945,0.7057,0.7168,0.7277,0.7384,0.7
489,0.7593,0.7694,0.7794,0.7891,0.7987,0.8081,0.8173,0.8262,0.8350,0.8436,0.8519,0.
8601,0.8680,0.8757,0.8832,0.8905,0.8975,0.9044,0.9110,0.9173,0.9235,0.9294,0.9351,0
.9406,0.9458,0.9508,0.9556,0.9601,0.9644,0.9684,0.9722,0.9758,0.9791,0.9822,0.9850,
0.9876,0.9900,0.9921,0.9939,0.9955,0.9969,0.9980,0.9989,0.9995,0.9999,1.0000} ;

void main(void)

{

// Step 1. Initialize System Control:
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// PLL, WatchDog, enable Peripheral Clocks
// This example function is found in the DSP2833x_SysCtrl.c file.
InitSysCtrl();
// Specific clock setting for this example:
EALLOW;
SysCtrlRegs. HISPCP.all = ADC_MODCLK; //HSPCLK =
SYSCLKOUT/ADC_MODCLK
EDIS;
// Step 2. Initalize GPIO:
// This example function is found in the DSP2833x_Gpio.c file and
// illustrates how to set the GPIO to it's default state.
// For this example use the following configuration:
Gpio_select();
// Step 3. Clear all interrupts and initialize PIE vector table:
// Disable CPU interrupts
DINT;
// Initialize the PIE control registers to their default state.
// The default state is all PIE interrupts disabled and flags
/[ are cleared.
// This function is found in the DSP2833x PieCtrl.c file.
InitPieCtrl();
// Disable CPU interrupts and clear all CPU interrupt flags:
IER = 0x0000;
IFR = 0x0000;
// Initialize the PIE vector table with pointers to the shell Interrupt
// Service Routines (ISR).
// This will populate the entire table, even if the interrupt
// is not used in this example. This is useful for debug purposes.
// The shell ISR routines are found in DSP2833x_Defaultlsr.c.

// This function is found in DSP2833x_PieVect.c.
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InitPieVectTable();
// Interrupts that are used in this example are re-mapped to
//' ISR functions found within this file.
// EALLOW,; // This is needed to write to EALLOW protected registers
// PieVectTable. TINTO = &cpu_timer0_isr;
// EDIS; // This is needed to disable write to EALLOW protected registers
// Step 4. Initialize the Device Peripheral. This function can be
/ found in DSP2833x CpuTimers.c
// nitCpuTimers(); // For this example, only initialize the Cpu Timers
// Configure CPU-Timer 0, 1, and 2 to interrupt every second:
// 150MHz CPU Freq, 1 second Period (in uSeconds)
// ConfigCpuTimer(&CpuTimer0, 150, 100000);
// Initialize all the Device Peripherals:
// This function is found in DSP2833x InitPeripherals.c
InitAdc(); // For this example, init the ADC
AdcRegs. ADCTRLI1.bit. ACQ _PS =ADC SHCLK;
AdcRegs. ADCTRLI1.bit.SEQ _CASC = 1; // 1 Cascaded mode
AdcRegs. ADCTRLI1.bit. CONT RUN=1;  // Setup continuous run
AdcRegs. ADCTRL1.bit.SEQ OVRD =1; // Enable Sequencer override feature
AdcRegs. ADCTRL2.all = 0x2000;
AdcRegs. ADCTRL3.bit. ADCCLKPS = ADC_CKPS;

AdcRegs. ADCMAXCONV.bit MAX CONV1=0xf;

AdcRegs. ADCCHSELSEQ1.bit. CONVO00 = 0x0; //AO
AdcRegs. ADCCHSELSEQ1.bit. CONVO01 = 0x1; /A1
AdcRegs. ADCCHSELSEQ1.bit. CONV02 = 0x2; //A2
AdcRegs. ADCCHSELSEQ1.bit. CONV03 = 0x3; //A3
AdcRegs. ADCCHSELSEQ2.bit. CONV04 = 0x4; /A4
AdcRegs. ADCCHSELSEQ2.bit. CONV0S5 = 0x5; //AS
AdcRegs. ADCCHSELSEQ2.bit. CONV06 = 0x6; //1A6

AdcRegs. ADCCHSELSEQ2.bit. CONV07 = 0x7; /AT
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AdcRegs. ADCCHSELSEQ3.bit. CONV08 = 0x8; //BO
AdcRegs. ADCCHSELSEQ3.bit. CONV09 = 0x9; //B1
AdcRegs. ADCCHSELSEQ3.bit. CONV10 = 0x0A; //B2
AdcRegs. ADCCHSELSEQ3.bit. CONV11 = 0x0B; //B3
AdcRegs. ADCCHSELSEQ4.bit. CONV12 = 0x0C; //B4
AdcRegs. ADCCHSELSEQ4.bit. CONV13 = 0x0D; //BS
AdcRegs. ADCCHSELSEQ4.bit. CONV14 = 0x0E; //B6
AdcRegs. ADCCHSELSEQ4.bit. CONV15 = 0x0F; //B7

AdcRegs. ADCST.bit.INT SEQI CLR =1;

// Enable TINTO in the PIE: Group 1 interrupt 7
PieCtrlRegs.PIEIER1.bit.INTX7 = 1;

// Enable global Interrupts and higher priority real-time debug events:
EINT; // Enable Global interrupt INTM
ERTM; // Enable Global realtime interrupt DBGM

// Step 6. IDLE loop. Just sit and loop forever (optional):
for(;;)

{CalProgram(); }

b

// interrupt void cpu_timer0_isr(void)

void Gpio_select(void)

{
EALLOW;
GpioCtrlRegs. GPAMUX1.all = 0x0000;
GpioCtrlRegs. GPBMUX1.all = 0x0000;
GpioCtrlRegs. GPCMUX1.all = 0x0000;
GpioCtrlRegs. GPADIR.all = 0xFFFF;
GpioCtrlRegs.GPBDIR.all = OxFFFF;  // GP1032-GPIO47 are output
GpioCtrlRegs.GPCDIR.all = OxFFFF;  // GP1064-GPI10O79 are output
EDIS;
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void CalProgram(void)

{

TIADC4 = (AdcRegs. ADCRESULTO0>>4); // reading current values Ia
TIADCS5 = (AdcRegs. ADCRESULT1>>4); // reading current values Ib
TIADC6 = (AdcRegs. ADCRESULT2>>4); // reading current values Ic
SADCI = (AdcRegs. ADCRESULT3>>4); // reading speed values Nact
VADCI1 = (AdcRegs. ADCRESULT4>>4); // reading current values Va
VADC2 = (AdcRegs. ADCRESULT5>>4); // reading current values Vb
VADC3 = (AdcRegs. ADCRESULT6>>4); // reading current values Vc
Ia = (IADC4 - 2048)*0.000961766; // 1a

Ib = (IADCS5 - 2048)*0.000961766; // 1o

Ic = (IADC6 - 2048)*0.000961766; /' Ic

Ia_filter = Ia_filter + 0.0909*(Ia - Ia_filter); // time constant = ImSec

Ib_filter =1Ib_filter + 0.0909*(Ib - Ib_filter);

Ic_filter = Ic_filter + 0.0909*(Ic - Ic_filter);

SPEED_encoder wm = SADC1*0.07735;  // reted at 15kHz
SPEED FILTER = SPEED_FILTER + 0.0909*(SPEED_encoder wm -

SPEED FILTER);

Va =(VADCI - 1978)*0.2987;  // Va
Vb =(VADC2 - 1999)*0.31; /' Vb
Ve = (VADCS3 - 1934)*0.305; /I'Ve

if(k>=0 && k<300000){ //10 sec
//tate

/Ngref=0.4;

wsl = (1gs*19.729/ids);

we = (2*SPEED_FILTER)+wsl;//(2*SPEED_FILTER) + wsl, // We=Wr+ Wls

tate = tate + we*dT; // Ts =0.00010 Sec
if(tate >= 6.2832){tate = 0;} // tate_max = 6.2832;
if(tate <= -6.2832){tate = 0;} // tate_min = -6.2832;

if(tate < 0){tate = 6.2832 + tate;}
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331 tate_point = tate*63.33; //63.66=400/2*pi,23.87==>150 data
332 sinwe = sin_table[tate point];
333 coswe = cos_table[tate_point];

334 | //park transformation

335 Ids = ((0.667*Ia_filter*coswe)-(0.333*Ib_filter*coswe)+(0.577*Ib_filter*sinwe)

336 -(0.333*Ic_filter*coswe)-(0.577*Ic_filter*sinwe));

337 | Igs =-(0.667*Ia_filter*sinwe)+(0.333*Ib_filter*sinwe)+(0.577*Ib_filter*coswe)

338 +(0.333*Ic_filter*sinwe)-(0.577*Ic_filter*coswe);

339 | Vds =(0.667*Va*coswe)-(0.333*Vb*coswe)+(0.577*Vb*sinwe)-(0.333*Vc*coswe)
340 -(0.577*Vc*sinwe);

341 Vgs = -(0.667*Va*sinwe)+(0.333*Vb*sinwe)+(0.577*Vb*coswe)+(0.333*Vc*sinwe)
342 -(0.577*Vc*coswe);

343 //constant

344 Ls = Lls+Lm; //Ls=Lr use only Ls
345 Tr = Rr/Ls; /ITr=1/Tr(real);

346 sigma = ((Ls*Ls)-(Lm*Lm))/(Ls*Ls);

347 a = (Rs/(sigma*Ls))*+((Rr*Lm*Lm)/(sigma*Ls*Ls*Ls));
348 al3 = Lm*Rr/(sigma*Ls*Ls*Ls);

349 al4 = Wr*Lm/(sigma*Ls*Ls);

350 //AN2

351 Al = (a*a)-(we*we)+(al3*Lm*Tr);

352 A2 = -(a*we)-(we*a)+H(al4*Lm*Tr);

353 A3 =-(a*al3)-(we*ald)-(al3*Tr)-(al4*wsl);

354 A4 = -(a*al4)+H(we*al3)-(al4*Tr)+(al3*wsl);

355 AB1 = -@*Lm*Tr)-(Tr*Lm*Tr);//-(a*Lm*Tr)-(Tr*Tr*Lm);
356 AB2 = (we*Lm*Tr)+H(wsl*Lm*Tr);//(we*Lm*Tr)+(wsl*Lm*Tr);
357 AB3 = (al3*Lm*Tr)+(Tr*Tr)+H(wsl*-wsl);

358 AB4 = (al4*Lm*Tr)-(wsl*Tr)-(wsl*Tr);

359

360 | //Ad=eye(8) +dT*A + 0.5*dT"2*A"2;
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Adl = 1-(a*dT)+(0.5*dT*dT*Al);

Ad2 = (dT*we)+(0.5*dT*dT*A2);

Ad3 = (dT*al3)+(0.5*dT*dT*A3);
Ad4 = (dT*al4)+(0.5*dT*dT*A4);

Ael = (dT*Lm*Tr)+(0.5*dT*dT*AB1);
Ae2 = 0.5*dT*dT*AB2;

Ae3 = 1-(dT*Tr)+(0.5*dT*dT*AB3);

Aed = (dT*ws])+0.5*dT*dT*AB4);

//Bd=dT*B + 0.5*dT"2*A*B,;

Bdl = (dT/(sigma*Ls))-(0.5*dT*dT*(a/(sigma*Ls)));
Bd2 = 0.5*dT*dT*we/(sigma*Ls);

Bd5 = 0.5*dT*dT*(Lm*Tr)/(sigma*Ls);

//xk_ = Ad*xk + Bd*uk;

idsk = (Ad1*ids)+(Ad2*igs)+(Ad3*fluxdr)+(Ad4*fluxqr)
+Bd1*Vds)+Bd2*Vgs);
igsk = (-Ad2*ids)+(Ad1*igs)+(-Ad4*fluxdr)+(Ad3*fluxqr)
+(-Bd2*Vds)+HBd1*Vqgs);
fluxdrk = (Ael*ids)+(Ae2*igs)+(Ae3*fluxdr)+(Aed4*fluxqr)+H(Bd5*Vds);
fluxqrk = (-Ae2*ids)+(Ael*igs)+(-Ae4*fluxdr)+(Ae3 *fluxqr)+H(Bd5*Vgs);
Wrk = Wr;
Rsk =Rs;
Rrk = Rr;
Lmk =Lm;
Ls = LlstLmk;
Tr = Ls/Rrk;
sigma = ((Ls*Ls)-(Lmk*Lmk))/(Ls*Ls);

a = (Rsk/(sigma*Ls))+((Lmk*Lmk)/(sigma*Ls*Ls*Tr));

/1fk = eye(8) + dT*f;

fk1 = dT*-a;
k2 = dT*we;
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k3 = (dT*Lmk)/(sigma*Ls*Ls*Tr);//dT*{3;
k4 = (dT*Wrk*Lmk)/(sigma*Ls*Ls);//dT*f4;
k5 = dT*(igsk-+((fluxgrk*Lmk)/(sigma*Ls*Ls)));//d T*f5;
k6 = dT*(-idsk/(sigma*Ls));//dT*f6;
k7 = dT*((fluxdrk-(Lmk*idsk))*(Lmk/(sigma*Ls*Ls*Ls)));//dT*{7;
k8 = dT*(((Rrk*fluxdrk)+(Wrk*Ls*fluxqrk)
-(2*Lmk*Rrk*idsk))/(sigma*Ls*Ls*Ls));//dT*{8;
f15 = dT*(-(idsk+((Lmk*fluxdrk)/(sigma*Ls*Ls))));//dT*fa5;
f16 = dT*(-igsk/(sigma*Ls));//dT*fa6;
17 = dT*((fluxqrk-(Lmk*igsk))*(Lmk/(sigma*Ls*Ls*Ls)));//dT*fa7;
f18 = dT*(((Rrk*fluxqrk)-(Wrk *Ls*fluxdrk)
-(2*Lmk*Rrk*igsk))/(sigma*Ls*Ls*Ls));//dT*fa8;
fml = dT*Lmk/Tr;
fm3 = dT*(-1/Tr);
fim4 = dT*wsl;fm5 = dT*(-fluxqrk);
fm7 = dT*(((Lmk*idsk)-fluxdrk)/Ls);//dT*{b7;
fm8 = dT*idsk/Tr;
fn5 = dT*fluxdrk;
fn7 = dT*(((Lmk*igsk)-fluxqrk)/Ls);//dT*fc7;
8 = dT*iqsk/Tr;
D1 = (fk1*Pk1*fk1)+(fk2*P12*fk2)+(fk3*Pm3 *fk3)+(fk4*Pn4*{k4)+(fk5*Po5*fk5)
+(fk6*Pp6*1k6)+(fk7*Pq7*fk7)+(fk8*Pr8*fk8)+ql1;
D2 = (fk1*Pk1*-fk2)+(fk2*P12*fk1)+(fk3*Pm3*-fk4)+(fk4 *Pn4*{k3)+(fk5*Po5*f15)
+H(Ek6*Pp6*l6)+(fk7*Pq7*{17)+(tk8*Prg*f18);
D3 = (fk1*Pk1*fm1)+(fk3*Pm3*fm3)+(fk4*Pn4*fm4)+(fk5*Po5*fm5)
+(fk7*Pq7*fm7)+({k8 *Pr8*fmy);
D4 = (fk2*P12*fm1)+(fk3*Pm3*-fm4)+(fk4*Pn4*fm3)+(fk5*Po5*fn5)
+(fk7*Pq7*Mn7)+({k8*Pr8*fn8);
D5 = (fk5*Po5*fo5);
D6 = (tk6*Pp6*p6);
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D7 = (fkk7*Pq7*fq7);

D8 = (fk8*Pr8*fr8);

Da2 = (fk2*Pk 1 *{k2)+(fk 1 *P12*fk 1 )-+(fk4 *Pm3 *fk4)+(fk3*Pn4*{k3)
+(f15*P05*f15)+(f16*Pp6*f16)-+(f17*Pq7*{17)+(f18 *Pr8*fI18)+q22;

Da3 = (-fk2*Pk1*fm1)+(-tk4*Pm3*fm3)+(fk3*Pn4*fm4)+(fl15*Po5*fm5)
+(f17*Pq7*fm7)+({18 *Pr8*fms§);

Da4 = (fk1*P12*fm1)+(fk4*Pm3*fm4)+(fk3*Pn4*fm3)+(fl15*Po5*fn5)
+(f17*Pq7*n7)+(f18*Pr8*ny);

Da5 = (fI5*Po5*fo5);

Da6 = (fl6*Pp6+£p6);

Da7 = (f17*Pq7*fq7);

Da8 = (fI8*Pr8*frg);

Db3 = (fm1*Pk1*fm1)+(fm3*Pm3*fm3)+(fm4*Pn4*fm4)+(fm5*Po5*fm5)
+(fm7*Pq7*fm7)+(fm8*Pr8*fmg)+Q33;

Db4 = (fm3*Pm3*-fm4)+(fm4*Pn4*fm3)+(fm5*Po5*fMn5)
+(fm7*Pq7*fn7)+(fm8*Pr8*fng);

Db5 = (fm5*Po5*fo5);

Db7 = (fm7*Pq7*fq7);

Db8 = (fm&8*Pr8*{rd);

Dc4 = (fm1*P12*fm1)+(fm4*Pm3*fm4)-+(fm3 *Pn4*fm3 )-+({n5*Po5*Mm5)

+(fn7*Pq7*m7)+(fn8*Pr8*mn8)+Q44;

Dc5 = (fn5*Po5*fo5);

Dc7 = (fn7*Pq7*£q7);

Dc8 = (fh8*Pr8*{r8);

Dd5 = (fo5*Po5*f05)+Q55;

De6 = (fp6*Pp6*fp6)+Q66;

Df7 = (fq7*Pq7*fq7)+Q77;

Dg8 = (fr8*Pr8*{r8)+Q88;

//Kk = Pk_*H'*inv(H*Pk_*H'+ R) // c=1/det,matrix(c) = adj so c*matrix(c)=inv;




451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480

213

¢ = 1/((D1+R11)*(((Da2+R22)*(Dd5+R33))-(Da5*Da5)))-(D2*((D2*(Dd5+R33))
-(Da5*D5)))+H(D5*((D2*Da5)-(D5*(Da2+R22)))));

cl = (((Da2+R22)*(Dd5+R33))-(Da5*Da5))*c; //c*cl1

c2 = -((D2*(Dd5+R33))-(D5*Da5))*c; //c*c21

¢5 = (((D1+R11)*(Dd5+R33))-(D5*D5))*c; //c*c22

c3 = ((D2*Da5)-(D5*(Da2+R22)))*c; //c*c31

c6 = -((Da5*(D1+R11))-(D5*D2))*c; //c*c32

c9 = ((D1+R11)*(Da2+R22))-(D2*D2))*c; //c*c33

Kkl = (D1*c1)+(D2*c2)+(D5*c3);

Kk2 = (D1*c2)+(D2*c5)+(D5*c6);

Kk3 = (D1*c3)+(D2*c6)+(D5*c9);

Kk4 = (D2*c1)+(Da2*c2)+(Da5*c3);

Kk5 = (D2*c2)+(Da2*c5)+H(Da5*c6);

Kké6 = (D2*c3)+(Da2*c6)+(Da5*c9);

Kk7 = (D3*c1)+(Da3*c2)+(Db5*c3);

Kk8 = (D3*c2)+(Da3*c5)+(Db5*c6);

Kk9 = (D3*¢3)+(Da3*c6)+(Db5*c9);

K11 = (D4*c1)+(Dad4*c2)+(Dc5*c3);

K12 = (D4*c2)+(Dad*c5)+(Dc5*c6);

K13 = (D4*c3)+(Dad*c6)+(Dc5*c9);

K14 = (D5*cl)+(Da5*c2)+H(Dd5%*c3);

K15 = (D5*c2)+(Da5*c5)+(Dd5%*c6);

K16 = (D5*c3)+(Da5*c6)+(Dd5*c9);

K17 = (D6*c1)+(Da6*c2)+HDe5*c3);

K18 = (D6*c2)+(Da6*c5)+HDe5*c6);

K19 = (D6*c3)+(Da6*c6)+HDe5*c9);

Kml = (D7*c1)+(Da7*c2)+HDf5*c3);

Km?2 = (D7*c2)+(Da7*c5)+HDf5*c6);

Km3 = (D7*c3)+(Da7*c6)+HDf5*%c9);

Km4 = (D8*c1)+(Da8*c2)+(Dg5*c3);
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481 Km5 = (D8*c2)+(Da8*c5)+Dg5*c6);
482 Kmé6 = (D8*c3)+(Da8*c6)+(Dg5*c9);
483

484 | //xkk =xk + Kk*(xz - H*xk );

485 ids = idsk+(Kk1*(Ids-idsk))+(Kk2*(Igs-igsk))+(Kk3*(SPEED_FILTER-Wrk));

486 igs = iqsk+(Kk4*(Ids-idsk))+(Kk5*(Igs-igsk))+(Kk6*(SPEED_FILTER-Wrk));

487 fluxdr = fluxdrk+(Kk7*(Ids-idsk))+(Kk8*(Igs-igsk))+(Kk9*(SPEED_FILTER-Wrk));
488 fluxqr = fluxqrk+(K11*(Ids-idsk))+(K12*(Igs-iqsk))+(K13*(SPEED_FILTER-Wrk));
489 Wr = Wrk+(K14*(Ids-idsk))+(K15*(Igs-igsk))+(K16*(SPEED_FILTER-Wrk));

490 Rs = Rsk+(K17*(Ids-idsk))+(K18*(Igs-iqsk))+(K19*(SPEED FILTER-Wrk));

491 Rr = Rrk+(Km1*(Ids-idsk))+(Km2*(Igs-igsk))+(Km3*(SPEED_FILTER-Wrk));

492 Lm = Lmk+(Km4*(Ids-idsk))-+(Km5*(Igs-iqsk))+(Km6*(SPEED_FILTER-Wrk));
493

494 | //Pk = (eye(8) - Kk*H)*Pk _;

495 Pkl = D1-((Kk1*D1)+(Kk2*D2)+(Kk3*D5));
496 Pk2 = D2-((Kk1*D2)+(Kk2*Da2)+(Kk3*Da5));
497 Pk3 = D3-((Kk1*D3)+(Kk2*Da3)+(Kk3*Db5));
498 Pk4 = D4-((Kk1*D4)+(Kk2*Da4)+Kk3*Dc5));
499 Pk5 = D5-((Kk1*D5)+(Kk2*Da5)+(Kk3*Dd5));
500 Pk6 = D6-((Kk1*D6)+(Kk2*Da6)+(Kk3*Dd6));
501 Pk7 = D7-(Kk1*D7)+(Kk2*Da7)+Kk3*Dd7));
502 Pk8 = D8-((Kk1*D8)+(Kk2*Da8)+(Kk3*DdR));
503 P11 = D2-((Kk4*D1)+(Kk5*D2)+(Kk6*D5));
504 P12 = Da2-((Kk4*D2)+(Kk5*Da2)+(Kk6*Da5));
505 P13 = Da3-((Kk4*D3)+(Kk5*Da3)+(Kk6*Db5));
506 P14 = Da4-((Kk4*D4)+(Kk5*Da4)+(Kk6*Dc5));
507 P15 = Da5-((Kk4*D5)+(Kk5*Da5)+(Kk6*Dd5));
508 P16 = Da6-((Kk4*D6)+(Kk5*Da6)+(Kk6*Dd6));
509 P17 = Da7-((Kk4*D7)+(Kk5*Da7)+(Kk6*Dd7));
510 P18 = Da8-((Kk4*D8)+(Kk5*Da8)+(Kk6*Dd8));
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Pm1 = D3-((Kk7*D1)+(Kk8*D2)+(Kk9*D5));
Pm?2 = Da3-((Kk7*D2)+(Kk8*Da2)+(Kk9*Da5));
Pm3 = Db3-((Kk7*D3)+(Kk8*Da3)+(Kk9*Db5));
Pm4 = Db4-((Kk7*D4)+(Kk8*Da4)+(Kk9*Dc5));
Pm5 = Db5-((Kk7*D5)+(Kk8*Da5)+(Kk9*Dd5));
Pm6 = Db6-((Kk7*D6)+(Kk8*Da6)+(Kk9*Dd6));
Pm7 = Db7-((Kk7*D7)+(Kk8*Da7)+(Kk9*Dd7));
Pm8 = Db8-((Kk7*D8)+(Kk8*Da8)+(Kk9*DdS));
Pnl = D4-((K11*D1)+(KI2*D2)+(K13*D5));

Pn2 = Da4-((K11*D2)+(KI12*Da2)+(K13*Da5));
Pn3 = Db4-((K11*D3)+(KI2*Da3)+(KI3*Db5));
Pn4 = Dc4-((K11*D4)+(K12*Da4)+(K13*Dc5));
Pn5 = Dc5-((K11*D5)+(K12*Da5)+(K13*Dd5));
Pn6 = Dc6-((K11*D6)+(K12*Da6)+(K13*Dd6));
Pn7 = Dc7-((K11*D7)+(K12*Da7)+(K13*Dd7));
Pn8 = Dc8-((K11*D8)+(KI2*Da8)+(K13*Dd8));
Pol = D5-((K14*D1)+(KI15*D2)+(K16*D5));

Po2 = Da5-((KI4*D2)+(K15*Da2)+(K16*Da5));
Po3 = Db5-((K14*D3)+(K15*Da3)+(K16*Db5));
Po4 = Dc5-((K14*D4)+(K15*Da4)+(K16*Dc5));
Po5 = Dd5-((K14*D5)+(K15*Da5)+(K16*Dd5));
Po6 = Dd6-((K14*D6)+(K15*¥Da6)+(K16*Dd6));
Po7 = DA7-((K14*D7)+(K15*Da7)+(K16*Dd7));
Po8 = Dd8-((K14*D8)+(K15*Da8)+(K16*DdR));
Ppl = D6-((K17*D1)+HKI18*D2)+KI19*D5));

Pp2 = Da6-((K17*D2)+(K18*Da2)+(K19*Da5));
Pp3 = De3-((K17*D3)+(K18*Da3)+(K19*Db5));
Pp4 = De4-((K17*D4)+(K18*Da4)+(K19*Dc5));
Pp5 = De5-((K17*D5)+(K18*Da5)+(K19*Dd5));
Pp6 = De6-((K17*D6)+(K18*Da6)+(K19*Dd6));




541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

216

Pp7 = De7-((K17*D7)+(KI8*Da7)+(K19*Dd7));
Pp8 = De8-((K17*D8)+(K18*Da8)+(K19*DdR));
Pql = D7-(Km1*D1)+Km2*D2)+(Km3*D5));
Pq2 = Da7-((Km1*D2)+(Km2*Da2)+(Km3*Da5));
Pq3 = Db7-((Km1*D3)+(Km2*Da3)+(Km3*Db5));
Pg4 = Dc7-((Km1*D4)+(Km2*Da4)+(Km3*Dc5));
Pq5 = Df5-((Km1*D5)+(Km2*Da5)+(Km3*Dd5));
Pq6 = Df6-((Km1*D6)+(Km2*Da6)+(Km3*Dd6));
Pq7 = Df7-(Km1*D7)+(Km2*Da7)+(Km3*Dd7));
Pg8 = Df3-((Km1*D8)+(Km2*Dag8)+(Km3*DdR));
Prl = D8-((Km4*D1)+(Km5*D2)+(Km6*D5));
Pr2 = Da8-((Km4*D2)+(KmS5*Da2)+(Km6*Da5));
Pr3 = Db8-((Km4*D3)+(Km5*Da3)+Km6*Db5));
Pr4 = Dc8-((Km4*D4)+Km5*Da4)+(Km6*Dc5));
Pr5 = Dg5-((Km4*D5)+(Km5*Da5)+(Km6*Dd5));
Pr6 = Dg6-((Km4*D6)+(Km5*Da6)+Km6*Dd6));
Pr7 = Dg7-(Km4*D7)+HKm5*Da7)+HKm6*Dd7));
Pr8 = Dg8-((Km4*D8)+(Km5*Da8)+(Km6*DdS));
Wmax = SPEED_COM+(0.05*SPEED _COM);
Wmin = SPEED COM-(0.05*SPEED COM);
Filter_para(Rs,Rr,Lm,ids,igs);
Cal_ids(Rsav,Rrav,Lmav);
/*ids_opt = sqrt(sqrt(-E/A));
if(ids_opt<0.2){ids_opt=0.2;}
if(ids_opt>0.9){ids_opt=0.9;}*/
Voutl = Rs*16383/100;
Vout2 = Rr*16383/150;
Vout3 = Lm*16383/10;
Vout4 = ids_opt*9829/0.9;

DACport(Voutl,1);
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DACport(Vout2,2);
DACport(Vout3,3);
DACport(Vout4,4);
count = 0;
k=k+1; }
else{ //SPEED_FILTER=93;//k>=100000
if(SPEED_FILTER>Wmin && SPEED_FILTER<Wmax){
Voutl = Rsav*16383/100;
Vout2 = Rrav*16383/150;
Vout3 = Lmav*16383/10;
Vout4 = ids_opt*9829/0.9;
DACport(Voutl,1);
DACport(Vout2,2);
DACport(Vout3,3);
DACport(Vout4,4);
H
else{
if(count>=0 && count<300000){
DACport(Voutl,1);
DACport(Vout2,2);
DACport(Vout3,3);
DACport(Vout4,4);
count = count+1;
H
if{count>=300000) { //0.8 sec
if(SPEED_FILTER>Wmin && SPEED_FILTER<Wmax){
Voutl = Rsav*16383/100;
Vout2 = Rrav*16383/150;
Vout3 = Lmav*16383/10;

Vout4 = ids_opt*9829/0.9;
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DACport(Voutl,1);
DACport(Vout2,2);
DACport(Vout3,3);
DACport(Vout4,4);}
else{count = 0;

k=0;}

H

H

H

// End output process //

}
void Filter _para(float Rs,float Rr,float Lm,float ids,float iqs)

{

Rss = Rss + 0.0909*(Rs - Rss);Rsav = Rss;
Rrr = Rrr + 0.0909*(Rr - Rrr);Rrav = Rrr;
Lmm = Lmm + 0.0909*(Lm - Lmm);Lmav = Lmm;//0.0909
idss = idss + 0.0909*(ids - idss);idsav = idss;
igss = igss + 0.0909*(igs - igss);igsav = igss;
b
void Cal_ids(float Rsav,float Rrav,float Lmav)
{
//cal ids energy saving
//cal Rqfs,Rqfr,Rstray
if(TL<=1) {
Rqfs = 1775.802+(987.396*TL);
Rstray = 238.938-(119.094*TL);}
if(TL <= 0.75) {Rqfr = 189.097-(71.088*TL);}
if(TL > 0.75 && TL <= 1) {Rqfr = 352.978-(289.596*TL);}
if(TL > 1 && TL <= 1.5) {Rqfr = 157.6-(94.218*TL);}
if(TL > 1 && TL <=1.75) {
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Rqfs = 2491.626+(271.572*TL);

Rstray = 125.3853-(5.5413*TL);}

if(TL > 1.75 && TL <=2) {

Rqfs = 2057.507+(519.64*TL);

Rstray = 282.911-(95.556*TL);}

if(TL > 1.5 && TL <= 2) {Rqfr = 64.483-(32.14*TL);}
if(TL > 2 && TL <=2.5) {

Rqfs = 700.839+(1197.974*TL);

Rqfr = 0.491-(0.144*TL);

Rstray = 154.599-(31.4*TL);}

//cal RR,Rd,Rq

vv = (Rrav+Rstray)*Rqfr;

ss = Rrav+Rqfr+Rstray;

tt=2*SPEED_FILTER*Lmav; /2*Wm*Lm=Wr*Lm

RR = vv/ss;

xx = Rqfs+RR;

uu = Rqfs*(Rqfs+RR);

yy = RRARgfs+RR);

aa = Rqfs*(RR*RR);

Rd= Rsav+(((vv*tt*tt)/(ss*ss*xx*xx))*ss)+H(((RR*tt*tt)/uu)*(yy-2))+(tt*tt/Rqfs);

Rg= Rsav+(((vv*Rqfs*Rqfs)/(ss*ss*xx*xx))*ss)+(aa/(xx*xx));

//start cal----coefficient of quartic equation-----A*x"4+E=0

}

A=2*Rd;

E=(-2*Rq*TL*TL)/(9*Lmav*Lmav); //Kt=1.5*Zp*Lm=3*Lm
==> Kt*Kt=9*Lm

ids_opt = sqrt(sqrt(-E/A));

if(ids_opt<0.2){ids_opt=0.2;}

if(ids_opt>0.9){ids_opt=0.9;}

void DACport(intl16 kkk,int Chan)
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{if(kkk<0) {kkk=0;}

if (Chan==1)

{

GpioDataRegs.GPBDAT .all = 0xffc0;
GpioDataRegs.GPCDAT.all = kkk;
GpioDataRegs.GPBDAT.all = 0xffc0;
GpioDataRegs.GPBDAT .all = OxfecO;
GpioDataRegs.GPBDAT .all = 0xfe80;
delay loop();
GpioDataRegs.GPBDAT.all = 0xfdc0;
GpioDataRegs.GPBDAT.all = 0xfd80;
delay loop();

b

if (Chan == 2)

{

GpioDataRegs.GPBDAT.all = 0xffc0;
GpioDataRegs. GPCDAT .all = kkk;
GpioDataRegs.GPBDAT.all = 0xffc0;
GpioDataRegs.GPBDAT.all = 0xtbc0;
GpioDataRegs. GPBDAT.all = 0x{b80;
delay loop();
GpioDataRegs.GPBDAT .all = 0xf7c0;
GpioDataRegs.GPBDAT.all = 0x{780;
delay_loop();

}

if (Chan == 3)

{

GpioDataRegs.GPBDAT.all = 0xffc0;
GpioDataRegs. GPCDAT.all = kkk;

GpioDataRegs. GPBDAT.all = 0xffc0;

//initial

//load data

//load input latch WR=1

//WR=0

//load D/A latch WR=1

//WR=0

//initial

//load data

//load input latch WR=1

//WR=0

//load D/A latch WR=1

//WR=0

//initial

//load data
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GpioDataRegs.GPBDAT.all = OxefcO0;
GpioDataRegs.GPBDAT.all = 0xef80;
delay_loop();
GpioDataRegs.GPBDAT.all = 0xdfc0;
GpioDataRegs.GPBDAT.all = 0xdf80;
delay_loop();

H

if (Chan == 4)

{

GpioDataRegs.GPBDAT.all = 0x{fc0;
GpioDataRegs.GPCDAT.all = kkk;
GpioDataRegs.GPBDAT .all = 0xffc0;
GpioDataRegs.GPBDAT.all = 0xbfc0;
GpioDataRegs.GPBDAT.all = 0xbf80;
delay loop();
GpioDataRegs.GPBDAT .all = 0x7fc0;
GpioDataRegs.GPBDAT.all = 0x7f80;

delay loop();
H

void delay_loop(void)

{short i;for (i=0;i<1;it+) {}}

//load input latch WR=1

//WR=0

//load D/A latch WR=1

//WR=0

//initial

//load data

//load input latch WR=1
//'WR=0

//load D/A latch WR=1
//WR=0
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Abstract

fmilenh mavszvdandaay svinndlugd

This paper presents the energy saving method for three-phase
induction motor drive. The value of the stator current on d-axis for
minimum power losses is calculated by the proposed method. The
speed control of induction motor vses the indirect vector control. The
energy for driving the induction motor from the proposed method are
compared with those from the jonal method. The hard in
the loop (HIL) technique is applied for simulation in the paper. From
the simulation results, the proposed method can provide the good results

in term of the energy saving. The maximum percent of energy saving is
equal 10 43.21%.

Keywords: Induction Motor, Energy Saving, Hardware In the Loop
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Abstract

This paper presents the speed estimation of three-phase induction
motor using Kalman filter. The state vanables of this method arc stator
current and rotor Tux, The speed for estimation is alzo considered as a
state. The Kalman filter uses the measured quantities such as stator

voltages and currents Tor caleulation. For validati the calculali

results from Kalman. filker are compared with the simulation. The
comparison resulls show that the estimated values are nearly the aciual
value. These values can traek the actual values even though the load are

vared.
Keywords: Induction Motor, Speed Estimation, Kalman Filter
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Abstract—This paper presents the power loss identification of
the three-phase induction motor. The power losses are considered
in the model of three-phase induction motor called the power loss
model. The artificial intelligence approach called the adaptive
tabu search is used to identify the parameters in the power loss
model. The results show that the adaptive tabu search algorithm
can search the appropriate values of the power loss model.

Keywords—power loss identification; adaptive tabu search:
induction motor

I.  INTRODUCTION

The three-phase induction motor (IM) is the important
machine in the industrial system. The advantages of IM are
cheap, low maintenance and high efficiency [1]. Presently,
many research works focus on the energy saving in eleetric
motor. The power loss minimization of the IM can provide the
energy saving. Therefore, the power loss identification is
important process 1o find the suitable parameters of the power
loss model. In the previous works, the power loss parameters
are not considered in the conventional model of the three-phase
IM. The three-phase IM model without the power loss
parameters on dg-axis is illustrated in Fig. 1.

LR Ly g

fa-o )0 1) R
i r .

Fig. |. Three-phase induction motor maodel
without power losses of mator

The stray loss and friction and windage losses are neglected
because these losses are small value compared with the copper
losses and iron losses. However, the stray loss is equal 1o 10-
15% of total losses in IM [2]. Therefore, this loss should be
considered in the model of the three-phase IM.

The three-phase TM model including the power loss
parameters is presented in this paper. These parameters are
difficult to measure or calculate in the practical work. To solve
this problem, the adaptive tabu search (ATS) is applied o
identify the parameters in the power loss model. The results of
the motor power loss from computation are compared with the
power loss from experiment.

The detail of the power loss model is explained in section
I In section IT1, the power loss parameters identification is
fully presented. The results of searching the power loss
parameters using the ATS technique are shown in section IV,
Finally, the section V concludes the advantages of the proposed
model to identify the power loss parameters.

1. POWER LOSS MODEL

A. Loss Model Including Stray Loss

The three-phase TM model on dg-axis including losses can
be seen in Fig. 2. The stator and rotor iron losses are

represented by Ryg, Rys and Ryg , Ry , respectively. These
parameters are added to the conventional model of IM [3].
From [2], the stray loss ( P, ) depends on the rolor current
(Pyyray * i ). Thus, the Ryypqy is added in the IM model to

represent the stray loss as shown in Fig. 2.

Rl g (0-0 )k, L
——AAA— Y
4 + j ~ 4
J Ly )
Vi Vi F R Ly Var
- -— =y =
o P iy ulr
k Ly, edy  (o—o )i,
@ 3 S~
+ - i
A i
Vs Vs TR,
-— - = W )=
s Loms lgmr ar

Fig. 2. Three-phase induction motor model
by comsidering the iron loss and the stray Joss
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It can be seen in Fig. 2 that the loss model of IM is
complicated. In the practice, the simple model is necessary for
implementation. Thus, there are three assumptions in the paper
to simplify the loss model of IM. For the first assumption, the
leakage inductances ( Ly, , Li. ) can be neglected because these
parameters are small values compared with the magnetic
inductance. Moreover, the rotor linkage flux ( 4] ) are defined
on d-axis in the second assumption. Therefore, the rotor
linkage flux on g-axis ( 2."“ ) is zero. For the last assumption,

the voltage across the magnetic inductance ( L, ) on d-axis can

be set to zero,

The simple model including losses of IM can be depicted in
Fig. 3. This model is used to calculate the total losses of IM in
the paper.

R, ol g (o =er, )A%
- W w2 A5
Var Y R, b SRy
s 2 S
— - . 3
fgs T Ty =l

Fig. 3. The power loss model for the paper

B. Power Loss Equation

From Fig. 3, the total power losses of IM can be calculated
by (1). In this equation, the unknown currents can be
considered from Fig. 2. Finally, the power loss equation of IM
is shown in (2).

F, P, +P, ,+PF+E

wial srny (E]
= R +i2)FRIZ 4R i2, +RIZ R, i
; T V T

where K, =§ZPL1,,

Ry=R, -

Ry bl PR oR) 0 1
(R + Ry + Rig PR, R ] gy R‘Ih},

L S ‘3”‘(”'""}2
| Rye (R + ) | Ry + i) Ry

7 !r k:lﬁ-kqlil(k: "'Rmu,}
e h I\(& ‘R,uuy*'K.nHRqs +RgP

(R + Ry + Rig l]

360

Wy Ry lR 4 Rura) |
Ry~ - = (R + Ry + Ry )|
! [R} +Ryray ’R;.lr}(nqru ~ Ry die J

Wyl [ Re ]
+[]P\QI&+RI{}[R|;I-."RR F,-J

11, POWER LOSS IDENTIFICATION

A. The Motor Testing

The rating of the three-phase IM in the paper is shown in
Table 1. From the Table 1, the parameters of IM are tested from
the motor.

TABLE L THE RATING AND PARAMETERS OF IM
Rated Value Parameter
P=30W R, =25130
Vi =380V, R =20.79Q
1,15, = 00866 H
Ly = 0.9672 H

The procedure to test the IM can be described as follows:

Step 1: Start motor at rated voltage equal to 220 V...

Step 2: Adjust load torque (T)). There are ten torque values
for testing. The torque data is divided into two
groups. First group, the T, equal to 0.5, 0.75, 1.00,
1.50, 1.75, 200 and 2.50 N'm are used for
identification. The T, in second group equal to 0.25,
1.25 and 2.25 N-m are used for validation.

Step 3: Measure load torque and speed by sensor (T, m),
The T, and @ are used to calculate the output power
(Pou).

Step 4: Read the input power (P,) by walt meter,

Step 5: Calculate the power loss (P..).

Step 6: Measure phase current (i) by ammeter. The i
is transformed to the currents on dg-axis (i, ig.).

The results from [M testing are shown in Table 1.

TABLE IL THE RESULTS FROM IM TESTING

TL . Vphase | Iphase Pin Pout Plass
(Nm) | (radfs) | oy ) &) | W W) )
025 | 15750 | 220 | D674 | 9790 | 38625 | 59.275
0.50 | 56.45 220 0684 138.90 | 78.226 6IL.674
075 |- 155201 220 | 0703 | 180.10 | 116396 | 63.704
1.(6¥ 154.15 220 0.730 22240 | 154147 | 68.253
1.25 153.10 220 0.769 268.30 | 191.375 | 76.925
150 [ 15195 | 220 | 0809 [ 31190 | 227.022 | 83.978
1.75 15048 220 (.852 357.70 | 263344 | 94.356
2,00 149,12 220 0908 403,40 | 298242 105,158
225 14797 220 09649 44080 | 332030 | 116870
2.50 14640} 220 1038 502,10 | 365995 | 139.105
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B. The parameters Identification Using Adaptive Tabu Search

The power loss model can be calculated by (2). The
appropriate parameters in (2) are necessary to achieve the
precise power loss value. Therefore, the identification of the
power loss parameters is presented in this section. The T, and
my values in (2) can be measured by sensors, while R, R/,
Ly and Zgare seen in Table I. Moreover, Ryg, Rigand
Ryypqy are difficult to measure or calculate. The ATS is
applied to identify the three parameters ( Ryg . Rig . Ryray )-
The ATS method is developed by [4]. In order to perform its
effectiveness, the ATS has been tested against several well-
known benchmark functions, that is, Bohachevsky, Rastrigin,
Shekel's foxholds., Shubert and Schwefel functions |5-9].
Moreover, the convergence property of the ATS has been
proved to assure that it can reach the optimal solution within
finite search time [5-10]. Thus, the ATS algorithm can provide
the global solutions for system identification. The block

diagram to identify the power loss parameters is illustrated in
Fig. 4.

In Fig. 4, the cost value (W) can be calculated by (3). This
equation is the root mean square error between the power loss
values from experiment  (Pyeperimenn) and  compuiation
(Possicompuation) 88 given in (4).

ry

’ error”

W= —Z
n

error = | Pusgesperimenti~ Plossicompararion) |

(3)

)

According to Fig. 4, the ATS process is used to search the
Ry o Ry and R, parameters. The new parameters from

ATS searching are sent to calculate the power loss

IM Testing

Start motor al
fated voltage 220 V...,

(Plossicompusaiont)- THE NEW Py cinouion Value is subtracted with
Prsesperimeny @gain. The ATS process is operated to ne the
Ryg . R|;|ﬁ' and Ryiray values until the minimum W value can

be achieved.

IV. SEARCHING RESULTS AND DISCUSSION

In the paper, the seven data for identification are separated
to search, The ATS searching process was conducted 5 trials in
each the data. The average values of Ryg . Rip and Ry,
are shown in Fig. 5 (asterisk). These results can be
approximated by linear interpolation. This approximation can
be obtained the relation between torque and parameter in each
torgue range. The results from linear interpolation are depicted
in Fig. 5.

The comparison between P, and P | is
addressed in Fig. 6. Tt can be seen that the Pucompusiion) 0F 28Ch
torque are nearly the Pupeimean. The average error of this
comparison is equal to 0.794%,

V. CONCLUSION

Normally, the parameters of IM can be determined from the
testing. However, the testing for the power loss parameters is
very complicated. Therefore, this paper presents the application
of the ATS algorithm to identify the power loss model of the
three-phase induction motor. The data from the experiment is
used in the searching process. The paper shows that the
Psicompuation) Calculated by the parameters from ATS searching
are nearly the Py eqerimen - Thus, the good results of the power
loss confirm that the parameters from the proposed method are
realiable.

Parameters ldentification

- |
mesters of motor

from Table |

[r——

Measure load forgue
and speed by sensor

P, =Te

Read the input power
by watt meter

Culculnte the output power

Gu
Calculate the power loss
P -P

)

cmor

3
L r——

Searching parameters
R RI',, -

cost value
calculation

W

Transform the curents
on dg-axis
Ty Pt et [ e e o

Fig. 4. The block diagram for the motor testing and the parameters identification
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Fig. 6. The power loss from experiment and computation
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. The results from ATS searching compared with the linear approximation using lincar interpolation method
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Speed Estimation of Three-Phase Induction Motor
Using Kalman Filter

S. Udomsuk', K-L. Areerak', T. Areerak®, K-N. Areerak’

Abstract — This paper presents the speed estimation of three-phase induction motor using
Kalman filter. The state variables of this method are stator current and rotor flux. The estimation
af the speed is also considered as a state. The Kalman filter uses the measured gquantities such as

stator voltages and currents for calculation. The results

btained by the simulation and the

experiment show that the estimated values of the proposed method are near to the actual value.
These values can track the actual values even though the load are varied Copyright © 2018

Praise Worthy Prize S.r.L - All rights reserved.

Keywords: Induction Motor, Speed Estimation, Kalman Filter, Vector Control

Nomenclature
Tgg s B Stator currents on dg-frame
44+ A Rotor fluxes on dg-frame
Ly L, Stator and rotor leakage inductances
L., L Stator and rotor inductances
L, Magnetizing inductance
R, R, Stator and rotor resistances
Vi Y Stator voltages on dg-frame
T, Load torque
T, Sampling time
a, Rotor angular speed
[ Slip angular speed
. Angular speed on synchronous rotating
d reference frame
A State matrix
B Input matrix
C Output matrix
u Input vector
x State variable vector
z Qutput vector
w Systemn noise
v Measurement noise
Q System noise covariance
R Measurement noise covariance

I.  Introduction

The identification of the state variables in any systems
is difficult, because it cannot be directly measured. A
solution to this problem is rep d by the estimation
method. From the literature reviews, several estimation
methods are presented such as constrained optimization
[1], least-squares method [2]-[9], Kalman filter [10]-[19]

Copyright © 2018 Praise Worthy Prize S.r.l - All rights reserved

and artificial intelligence (Al) techniques [20]-[24]. The
aims of this paper are to sludy the process and the
application of Kalman filter via the speed estimation of a
three-phase induction motor. The choice of a Kalman
filter is due to its ability to be used on multi-input and
multi-output system, it can also manage time-varying
systems and fast convergence even if the operating points
are changed [13]. While the condition of the constrained
optimization method is complicated. The least-squares
method is senmsitive to disturbance signal and slow
convergence [2]. Moreover, the Al techniques are
complex and they need large computation time [25], [26].

In the control techniques of induction motor, the
vector control is widely used in many works. There are
two types of this control: direct vector control and
indirect vector control. The direct vector control uses the
rotor flux measurement during control process [27], [28].

On the contrary, for the indirect vector control [29],
[30], the rotor flux can be approximated by using motor
parameters. For this reason, the indirect vector control
has been selected to be applied to the induction motor
drive system in the paper. In this paper, the simulation
and the implementation of the speed estimation for a
three-phase. induction motor will be presented. These
results can confirm the performance of speed estimation
using Kalman filter. The system that uses the speed
estimation (without the speed sensor) can reduce
hardware complexity and it can provide a low cost for
the drive system, The paper is structured as follows. In
Section II, the three-phase induction motor model is fully
presented. In Section ITI, the Kalman filter process is
explained. The simulation results of the estimation by
using the Kalman filter are illustrated in Section IV,
Moreover, the experimental results are shown in Section
V in order to confirm that the proposed method can
estimate the speed. Finally, Section VI presents the
conclusion of the proposed technique for the speed
estimation.

hitps:/idoi.org/10.15866/irec. v13i4. 13451
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II. Three-Phase Induction Motor Model

The dynamic model for a three-phase induction motor
(IM) is considered on the synchronous reference frame
[34]-[41]. The state variables of the model are the dg-
stator currents  (iy,i, ) and the dg-rotor fluxes

(A4 + 44, ). In this paper, the motor speed is estimated.

Thus, this value is included as an additional state
variable, So, the IM model can be written in the general

the input vector:
u=[v Vs ]r

the output vector:
i
z=[iy I'w]

the input matrix;

form of Kalman filter in (1) and (2). These model consist .fg/ 0 00 0 i
of the system model and the measurement model [31], B al,
respectively: ) T
1] A Z, 000
Xp =Ap X +Bgqup  +wy (48]
the output matrix;
2, =Cyxy +vg (2)
(10000
The vectors in (1) and (2) are defined below: o1 000
the state variable vector:
, - the state matrix:
X =[ig iy A3 4 0,1
F e, ) =
R R, R L
N ,Lme)n_ - e Oeln g g
oL, oL’ ) ol L] ol,L,
R L R
~ 4 1_[& | ,zha}n ol g Bl
ol, oLl ol ol Ly
A= ' ‘
e ] 0 L A
L L
R, R
0 s, o T, -1, 0
L7 L(
L 0 0 0 0 1]
In (1) and (2), w and v are the system noise and
measurement noise, respectively, These noises are
assumed to be a zero-mean Gaussian noise with Traalciig = gﬂl("'urnal-ricm

covariance Q and R, respectively.

II. Kalman Filter

Kalman filter is widely used to estimate the variable
state of a system. This method is a recursive estimator,
which the coefficient values of the calculation in each
step are adjusted by the data from previous step and the
present data. These coefficients update the estimated
value in next round [32]. The process of Kalman filter is
illustrated in Fig. 1. There are two steps, namely
prediction and correction. In the prediction step, the
predicted state (%} ) and the predicted covariance (F})
can be calculated by (3) and (4), respectively:

Ry = AR +Buy (3)

P =R P F +Qi “

Copyright © 2018 Praise Worthy Prize S.r.l - All rights reserved

Predicied sue
ruc—(l‘cmi_c.---.-a Ain -.-.-J =8 +K, (2, -H,&)
Py =Fa P Fi + Qg Updated covariance

\_y“‘ -

Initial values for &, P, Q. R

K, =P;HI(H,P;H] +R,)"

e state

Fig. 1. The process of the Kalman filter

The computation of matrix F is linearized by using the
first order Taylor approach [33]:
_ AL x
ox

Next, the correction step uses the values from the
previous step to calculate the Kalman gain (K, )} by (5):
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T
L2200 /
L 41 O =

i

PO

e be
ettt |
L

Mphase induction moter drive

Kalman Filter |— Verify
i,

.

Fig. 2. Considered system

Ky = P HE (H P HE +R ) )

The Kalman gain is used to improve the values from
the prediction. The updated state ( %) and the updated

covariance (P;') are improved in this step. These values

can be calculated by (6) and (7):
X =X + Kz +HXD) (6)
Py =(I-K,H )P, )]
where:
H, _9Gx
%

IV. Simulation Results

The simulation for the speed estimation using Kalman
filter is calculated by MATLAB.

The estimated speed from the proposed method is
compared with the speed from the simulation of the
three-phase IM drive system,

The diagram to verify the motor speed is depicted in
Fig. 2 as the indirect vector control of a three-phase IM
drive. The rating and the parameters of motor in the
paper are shown in Table [.

From Fig. 2, the voltages (va.) and the currents (i)
from the IM drive system are used to calculate in the
Kalman filter. The v, and iy, are transformed by using
Park’s transformation. Therefore, the voltage (vg,) is the
input vector and the current (i4) is the output one to be
compared with the estimated value.

Copyright © 2018 Praise Worthy Prize S.r.l - All rights reserved
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TABLE |
THE RATED VALUES AND PARAMETERS OF IM
Rated values IM parameters
P=3T0W R,=251302
Ver=380V R=2.790Q
L=llA L1}, = 0.0866 H
Pole =4 L, =0972H

The comparison results between the estimation and
the simulation are depicted in Figs. 3 and Figs. 4. For
Fig. 3(a), the speed command is 600 rpm and the load
torgue is changed from 0.5 Nmto 2.5 Nmatr=2.5s.

For Fig. 3(b), the load torque is changed at t = 3 s
from 0.5 N m to 2.5 N m and the speed command is 1200
rpm. The simulation results of the speed responses in
Figs. 3 show that the estimated speeds at any operating
points coincide with the speed by the simulation.

The comparison of the stator currents are shown in
Figs. 4. Tt can be seen in Figs. 4 that the stator currents
from Kalman filter are nearly the stator currents from
simulation under the changing of load torgue.

V. Experimental Results

The test rig of the system illustrated in Fig. 2 is shown
in Fig. 5. This rig has been implemented for the
experimental validation, The indirect vector control of
the rig has been implemented by using estpm F28335
board as shown in number Y, while the board in number
12 is used for the calculate in the Kalman filter process.
The comparison results of the speed and the stator
currents between the Kalman filter (estimated value) and
the three-phase IM drive system (actual value) are
depicted in Figs. 6-8.

International Review of Electrical Engineering, Vol. I3, N, 4
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For the testing, the load torque values are set to 0.5,
1.0 and 1.5 N m. The speed command for testing at any
load torgues are 600, 900 and 1200 rpm. The testing
results at a speed command of 600 rpm in Fig. 6(a) show
that the estimated speed is similar to the actual speed.

00 | e—ration
- gimultion

H

m:ed (rpm)
=

200
100
P . . .
0s 1 15 2 25 3 s 4 45 5
time (s}
(a) Speed 600 rpm

The average ermor of this comparison is equal to
1.58%. In addition, Figs. 6(b)-(d) show that the
comparison of the stator currents depends on the load
torques.

| E—csimtion
t = samubithon

LR E ] 1 15 2 5 3 EE] 4 4.5 5

time (5}
{b) Speed 1200 rpm

Figs. 3. The comparison results of speed between the estimation and the simulation

— e AL

(@) Stator current at speed 600 rpm
Figs. 4. The comparison results of stator

— L

s 1 as 2 2 3'£
(b) Stator current at speed 1200 rpm
ts b the and the simulati

L. Theite:gshase

ol wnre

% Perchabem sosctiin s

& T HGIET ™M aned Ubaie deive eipeus
Z Theee phase sdoomon menw K 4

Vv
THEIR A (loahiover veooson goonml

VLT A avsrvwrnat
5. Prrciabarn sosmend 1y 1L ¥k sesmarr
[ T 12, ey 28RS (Kaaan fine)

Fig. 5. The overall of experimental rig
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0 i
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{c) The stator current of load torque 1.0 Nm
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{d) The stator current of load torque 1.5 Nm
Figs. 6. The testing results at speed command 600 rpm
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Figs. 7. The testing results at speed command 900 rpm
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Figs. 8. The testing results at speed command 1200 rpm
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Furthermore, the results at a speed command of 900
rpm in Figs. 7 show that the average error of the speed is
equal to 0.93%. Furthermore, the results at a speed
command of 1200 rpm are depicted in Figs. 8. The
average error of the estimated speed compared with the
actual speed is equal to 0.57%. The experimental results
confirm that the proposed Kalman filter can provide
more similar results compared to the actual results even
though the load torques are varied.

VI. Conclusion

This paper presents the speed estimation of a three-
phase induction motor using Kalman filter, showing the
comparison results between the estimated values using
the proposed method and the actual values. These results
demonstrate that the Kalman filter can be applied to
estimate the motor speed by measuring only the stator
voltages and the currents for the calculation. Besides
these measurement values, the appropriate parameters of
the motor are needed to estimate the accurate speed of
motor. If the size or the rated of the motor changes, the
new parameters for the estimation are determined from
the testing. The speed estimation wsing the proposed
method is verified by the simulation and the hardware
implementation. The results confirm that the Kalman
filter can provide good results for the speed estimation
compared with the actual results at any load torques and
speeds, whose maximum average error of speed is equal
to 1.58%. This value is satisfied because the objective
error does not exceed 2%. Therefore, the proposed speed
estimation approach can be used to replace the speed
sensor of the drive system, The paper shows that the
simple technigue can be applied for this application and
the eZdsp™ F28335 microcontroller board is used for
the proposed technique. The performance of this
microcontroller is high and the cost is lower compared
wilth the other boards in literature reviews.
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