Loi cam doan

T6i xin cam doan day la cong trinh nghién ctru cua cé nhan t6i dudi sy hudng
dan cua tap thé cac nha khoa hoc va cac tai liéu tham khao da trich dan. Két qua

nghién ctu 12 trung thuc va chua duge cong bo trén bat cir mot cong trinh nao khac.

Tac gia

Hoang Btrc Quynh



Loi cam on

Trong qué trinh 1am luan 4n véi dé ti Ung dung loc Kalman mé rong
(EKF) trong diéu khién du bao cho mot lI6p ddi twong phi tuyén, t6i ¢4 nhan
duoc rat nhiéu gop ¥ vé chuyén mén ciing nhu su ung ho cia cic to chirc, cua tap
thé can bo hudng dan, ciia cac nha khoa hoc, ciia cac ban dong nghiép. Toi xin duoc
gui t6i ho 101 cam on sau séc.

T6i xin bay to 1ong cam on dén tap thé can bd hudng dan da tm huyét hudng
dan t6i trong sudt thoi gian qua.

T6i ciing xin chan thanh cam on cac dong nghiép, tap thé cac nha khoa hoc
truong Pai hoc Ky thuat Cong nghiép Thai nguyén, ciia bd mén Diéu khién ty dong
truong Pai hoc Bach khoa Ha Noi, da c6 nhimg y kién dong gép quy bau, cac
Phong ban cia Truong Pai hoc K thuat Cong nghiép Thai nguyén d4 tao diéu kién

thuan loi cho toi trong subt qua trinh thuc hién dé tai luan an.

Tac gia luan an

Hoang Btrc Quynh



MUC LUC

LOT CamM AOAN.........coiii i e e e e e e e e e i
LLOT CAIM OT..cciieiiie ettt e e e e e e bbb e e e e e e eaeeeaaeaeeas i
CAC KY Nigu AUuoC ST dUNG ..o s Vi
(O T S L LT IR Ty LT viii
Danh muc cAChINN VE ......viviiiiii e e iX
Danh Muc CAC thUAL TOAN........cciiiiiiiiiiee et bee s Xi
PHAN MO PAU 1
Tinh cap thiét ctia dé tai IUAN AN ....o.evveeeeceeeecece e 1

Muc ti€u va nhiém vu cla [udin an.........cocceeeeei i, 2
Pham vi, ddi twong va phuong phap nghién ciru ctia ludn an.................... 2

Y nghia khoa hoc va thyc tién ctia Tuan 40 ........cccovveeveeceeeeeceeieeee e 3

Y nghia khoa hoc 3

Y nghia thyc tién 4

BO CUC CUA TUAN A1 ... evovveeee ettt ettt ettt 4
Nhitng dong gop ctia lUAn An.........cccooiiiiiiiiii e 5

CHUONG 1 TONG QUAN VE PHUONG PHAP PIEU KHIEN DU’

BAO PHAN HOI PAU RA 7
1.1 Diéu khién dy bao phan hoi dau ra hé c6 md hinh tuyén tinh ................ 11
1.1.1 Phuong phap MAC (Model algorithmic control) ..............cccvveennes 12
1.1.2 Phuong phap DMC (Dynamic matrix control)..........cccevverinnnennns 13
1.1.3 Phuong phap GPC (Generalized predictive control) ............c........ 15

1.1.4 PBiéu khién du bao phan hoi dau ra theo nguyén ly tach cho hé ¢
MO NN TUYEN tNN ..., 17
Diéu khién dy bdo phan hoi trang thai 17
Quan sat trang thai ‘hé tuyén tinh voi loc Kglmgn ) 19

Str dung KF vao diéu khién du bdo phan hoi dau ra cho h¢ tuyén
tinh 22

1.2 Phuong phap diéu khién dy bao phan hoi déu ra cho hé ¢6 mé hinh

PRETUYEN ..ot 22
1.2.1 Diéu khién dy bao phan hdi trang thai ............cccecevereveeerererernnnn. 23

1.2.2 Loc Kalman m¢ rong (EKF-extended Kalman filter) .................. 25



1.2.3 UKF - Unscented Kalman Filter ... 31
1.2.4 Piéu khién du bao phan hoi dau ra theo nguyén ly tach voi bo loc
Kalman phi tUYEN ............coveveeeieeeeseeee e, 33
1.3 Mot sb cong trinh cia cic tac gia trong va ngoai nude thoi gian gan
day nghién ctru vé diéu khién du bao phan hdi dau ra ......cocevevevveevnnnn, 34
1.4 Dinh hudng nghién clru clia [udn an...........ccooviiiiiiiiiiii e 37
1.5 K&t TUAN ChUONG L ..cvevieeieeceseceeeeeee e, 38

CHUONG 2 THIET KE LOC KALMAN PE QUAN SAT TUNG POAN
TRANG THAI THEO NGUYEN LY TOI UU VA UNG
DUNG VAO PIEU KHIEN DU BAO PHAN HOI PAU RA

HE PHI TUYEN THEO NGUYEN LY TACH 40
2.1 Xay dyng bo quan sat Kalman ting doan cho hé phi tuyén ................... 40
2.1.1 Quan séat Kalman timg doan cho hé song tuyén...........cc....cceev....... 40
Xuat phét diém ciia phuong phap , 41
Xay dung bo quan sat Kalman tirng doan cho hé song tuyén 42
2.1.2 Thiét ké bo quan sat Kalman timg doan cho hé phi tuyén ............. 50
Quan sat trang thai hé phi tuyén khi da biét trang thai dau 50
Xéc dinh xap xi trang thai dau theo tiéu chuan toiuvu 53
Thuat toan quan sat tirmg doan trang thai cho hé phi tuyén 55
2.2 Diéu khién dy bao phan hdi trang thai hé phi tuyén trén co s¢ sir dung

MO hinh dy bao tuyén tnh.........cc.coovereieerieeeeeeeeeee e, 56
2.2.1 Diéu khién hé SONg tUYEN.........cveveveeeerreerereceeeeee oo, 57
Dicu khién h¢ hop thirc khong chit 57
bicu khién hé hop thure chat 61
2.2.2 Dicu khién hé phi tuyen........ccovvveviuericeeececee e, 63
Diéu khién hé hop thirc khong chiit 63
Dicu khién hé hop thirc chat 66

2.3 Diéu khién dy bao phan hdi dau ra hé phi tuyén véi cac bo loc Kalman
L ATO i (0] 4V PP 67
2.3.1 Thuat todn diéu KRiln ..........cceeveveverereceieeeece e, 67
2.3.2 Tinh 6n dinh ISS cila bo diéu khién phan hdi dau ra.................... 70
2.4 K& TUAN CRUONE 2.....ovovvecee oo 73

CHUONG 3 THU'C NGHIEM KIEM CHUNG CHAT LUQNG CUA BQ
PIEU KHIEN PA PE XUAT 75

3.1 Diéu khién d6i twong con l4C NGUQC.......cvevveeveveeeeeereeieieeeeeeeeee e 75



3.1.1 Diéu khién dy bao phan hoi trang thai .........cccceveveeveeereevveceiennne, 77
Chi diéu khién bam 6n dinh goc lic 77
Dbicu khién bam on dinh goc lac va vi tri 88
3.1.2 Quan sat trang thai vdi loc Kalman mo rong.........coceeeveivveneennnnn. 89
3.1.3 Diéu khién phan hoi dau ra theo nguyén Iy tach................ccco........ 92

3.2 Kiém chimg chat lugng bo diéu khién du bao phan hoi dau ra trén mo
hinh thi nghiém con 14¢ NEUOC qUAY ..........ovveveveeeerereieiereceeees e 95
3.2.1 M6 hinh toan cila d6i tuong con lic ngUoC qUay..........c..c.cceeeeveee. 95
3.2.2 Két qua mo phong bo dicu khién phan hoi dau ra cho ddi twong con
JAC NEUOC QUAY ...cvvveveceeeeseeeeieeeeeeeees e s e es e e 105
3.2.3 M0 ta hé thong va két qua thi nghi8m ..........ccceveveveevvecrerrcennae, 107
3.2.3.1 MO ta h¢ thdng thi nghiém 107
3.2.3.2 Két qua thi nghiém 113
3.3 K&t TUAN ChUONZ 3...oeivvee e 120
KET LUAN VA KIEN NGHI 121
Nhing vAn d& @8 1am GUOC.......coveveveeeceeeeee e 121
Céc van dé con ton tai va huéng nghién ctru tiép theo.........co.cvcee...... 123
Cé4c cdng trinh khoa hec da cong b 124
Tai li¢u tham khao 125
PHU LUC 132
P1 Diéu khién dy bao phan hdi trang thai hé con lac nguoc............. 132
P2  Quan sat trang thai hé con 14¢ NGUOC ......cvevveveeeeeeeiee e, 143
P3  Diéu khién dy bao phan hdi dau ra hé con lic ngugc .................. 147

P4  Piéu khién du bao phan hoi dau ra cho hé con lic nguoc quay ...152
P4a  Quan sat trang thai EKF loai 3 hé con lic nguoc quay 152
P4b  Dicu khién dy bao phan hoi trang thai hé con lac ngugc

quay 156 o ,
P4c  Diéu khién du bdo phan hoi dau ra hé con lac nguoc quay
161
P5 M4 ngudn chuong trinh cia khéi NonlinPreControl.................... 166

P6 M4 ngudn chuong trinh cua khéi Nonlinear Estimate va EsUpdate171



Céc ky hiéu dwgce sir dung

Vi

x(KT,) €R"

Vector ciia n gid tri bién trang thai trong hé tai thoi

diém t =kT, véi T, 1a chu ky trich mau.

u, =u(kT,) eR™

la vector cia M gia tri cac tin hiéu vao (tin hiéu
diéu khién)

Y, =Y (KT,) eR"

la vector cua r gia tri cac tin hiéu ra.

Q. R,

la hai ma tran tham s duoc thay doi mot cach thich

hop cling véi ctra s6 dur béo

Ctra sO du bao

11>

Ky hi¢u dinh nghia ham

di(u): 2di (U, Uer - Uen-) =05 (U)

*= - J
u =argminJ (u)

Uy

Tra vé gia tri u, thoa mén diéu kién rang bugc u, €U

Jam cho ham J(u) dat gid tri nho nhat

Y, =Y (KT,) eR"

la vector cua r gia tri cac tin hiéu ra.

diag(M)

Ma tran duong chéo c6 cac phan tir trén duong chéo
chinh la M
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PHAN MO DAU

Tinh cap thiét cia dé tai luan an

Piéu khién du bao (MPC-Model Predictive Control), con duoc biét dudi tén
goi 1a diéu khién trugt doc trén truc thoi gian (RHC-Receding Horizon Control), 1a
mot k¥ thuat diéu khién dua trén nén tdi wu héa mang tinh tng dung cao trong thuc
té, nhat 1a dbi voi cac qué trinh nhiéu bién phirc tap, co thém diéu kién rang budc
cho bai toan diéu khién [18,51]. Piéu nay da duoc chimg minh qua hon 3000 ting
dung thanh cong caa k¥ thuat nay trong diéu khién qua trinh, cong nghiép héa chat,
dau khi, ché bién... [12,25,31,40,48,28]. Tuy nhién, néu so sanh véi s6 luong cac
tmg dung thanh cong cho cac qua trinh mang tinh tuyén tinh thuan tay thi khi &p
dung vao diéu khién cac ddi twong cong nghiép mang tinh phi tuyén, bi tac dong boi
nhidu, ca & bén trong hé théng va dau ra caa hé, ty 1& s6 luong ung dung cia ky
thuat nay con kha khiém tén [25,31,28]. Piéu ndy c6 nhiéu nguyén nhan cia né6 ma

cha yéu c6 thé ké dén nhu:

Thir nhéat: cac bién trang thai cia qué trinh phi tuyén bi nhiéu tac dong phan
I6n, tham chi 1 khong thé do duoc mdt cach du chinh xac, dé dam bao c6 duge mot

chét luong diéu khién tot [11,19,39].

Thi hai: véi cac qua trinh phi tuyén, khi sir dung tryc tiép mo hinh phi tuyén
cho ¢ong viéc du béo tin hiéu dau ra, cong thirc dy bao rat phirc tap v6i do phuc tap
nang theo ty 1& cap lily thira véi do rong cira s6 du béo, trong khi cira s6 du bao
cang nho, chat lugng dicu khién cang kém. Viéc sir dung truc tiép mo hinh phi
tuyén cho cong viéc du béo trong nhiéu truong hop 1a khéng kha thi, 1y do cho tinh
khdng kha thi ndy nam & viéc xac dinh cac vector ham i? (), i=12, ... ,N vaviéc
tim nghiém t6i vu u” cia ham muc tiéu IGc ndy c6 dang phi tuyén rat cao [31,40].

Thi ba: voi clra s6 du bao hitu han, k¥ thuat diéu khién dy bao ludn phai doi
hoi c6 thém ham chan trong ham muc tiéu, vi chi ¢6 nhu vay, chét lugng 6n dinh
méi duoc dam bao. Song véi qua trinh phi tuyén thi cu héi can phai lya chon ham

chin nhu thé ndo méi hop 1y, cho tdi nay van con bo ngo [12,40].



Chinh nhimg nguyén nhan ciing nhu khé khin co ban néu trén da cho thiy
dugc tinh cap thiét ciia dé tai luan an lién quan t6i viéc nghién ctru phat trién bd
diéu khién dy bao phan hdi dau ra mang tinh kha dung cao véi nhiing ddi tugng phi

tu yén.

Muc tiéu va nhiém vu cia luin an

Muc tiéu tong quat: nghién ctru thiét ké dugc bo diéu khién du bao phan hoi
dau ra theo nguyén ly tach mang tinh kha dung cao cho nhing ddi tugng phi tuyén.
Bo diéu khién dy bao nay sir dung mo hinh tuyén tinh héa tai timg thoi diém trich
mau dé 1am mé hinh du bao, sir dung loc Kalman m¢ rong dé quan sat trang thai

ctia dbi twong phi tuyén.

Dé vuot qua duge khé khin thir nhat d néu trong phan tinh cép thiét, luan an
dit ra nhiém vu s& st dung loc Kalman dé quan sét trang thai cta qua trinh, thay vi
ding cam bién do ma thuong d6i véi nhidu bién trang thai 1a khéng thé. Déi véi cac
qué trinh phi tuyén thi d6 s& 1a loc Kalman mé& rong, viét tat 1a EKF (Extended

Kalman Filter).

V6i kho khan tht hai, luan an dé xuét st dung mé hinh du béo tuyén tinh thay
cho viéc sir dung truc tiép mo hinh phi tuyén cua qua trinh vao du bao tin hiéu ra.
Cung véi viée sir dung mé hinh du bao tuyén tinh nay, khé khan thir ba ciing s&
duogc giai quyét, vi khi d6 ham muc tiéu tré nén thuan tiy 1a mot ham toan phuong
theo tin hiéu diéu khién, do d¢6 dang ham phat thich hop twong tmg, néu can phai bd

sung, thi theo ly thuyét ham Bellman, ciing s& chi 1a mot ham toan phuong [12].

Pham vi, d6i twong va phwong phap nghién ciru ciia luin 4n

Dé thyc hién nhiém vu d¢ tai yéu cau cho cac d6i twong phi tuyén, luan an dit
ra muc tiéu nghién ctru truéc mat 12 phét trién loc Kalman va diéu khién dy bao cho
d6i twong song tuyén (bilinear), roi tir 46 méi mo rong cho dbi twong phi tuyén tong
quat. Bén canh d6 luan 4n ciing s& nghién ctru chét lwong cia bo diéu khién du bao

phi tuyén phan hoi dau ra trén co sé ghép chung bo quan sat trang thai, ma ¢ day 1a



bo loc Kalman, cling véi b diéu khién du bao phan hoi trang thai vdi mé hinh du
b&o tuyén tinh roi rac hoa ting doan. Bo diéu khién d6 s& duogc luan 4n goi 1a bo

diéu khién du bao phan hoi dau ra theo nguyén Iy tach.

Dé thyc hién dugc nhiém vy nghién ctru va dat duge myc tiéu nghién ciu cia

dé tai, Luan 4n str dung cac phuong phap nghién ciru:

Nghién ctru 1y thuyét: Phan tich, tong hop cac kién thirc vé diéu khién du bao
phan hdi dau ra, vé cdc bd quan sat trang thai Kalman. Thiét ké thém bo quan sat
Kalman theo nguyén ly tdi wu. Thiét ké cac thuat toan diéu khién dy bao phan hoi
trang thai, diéu khién du bao phan hoi dau ra cho ddi twong song tuyén, phi tuyén
c6 mo hinh dang hop thtrc chédt va hop thirc khong chat.

Nghién ctru mé phong: St dung cong cu Matlab — Simulink dé mé phong

kiém ching cac nhan dinh 1y thuyét va céc thuat toan da dé xuat.

Nghién ctru thyc nghiém: Stir dung mé hinh thi nghiém dé kiém chung tinh

dung dan cac Iy thuyét d& nghién ctu duoc.

Y nghia khoa hoc va thwe tién ciia luan 4n

Y nghia khoa hoc

Y tudéng tuyén tinh roi rac hda timg doan mé hinh phi tuyén phuc vu cho cong
viéc diéu khién dy bao 12 khéng méi, nd dd duoc dé xuat boi tai liéu [12,1,57], song
diém khac biét & day 12 Luan an s& sir dung cira s6 du bao hiru han thay vi v6 han
nhu da 1am ¢ [12,1,57]. Piéu d6 s& tao ra thém kha ning cho bo diéu khién thu dugc
cac tinh chit sau:

Co6 thé dé dang xtr 1y duoc cac diéu kién rang budc nho cac thuat toan tdi wu
hoa [53].

Diéu khién dugc tin hiéu ra bam tryc tiép theo tin hiéu dat cho trudc ma khong

can phai chuyén qua bai toan diéu khién 6n dinh, gibng nhu d4 1am khi str dung bd
diéu khién t6i vu LQR [1,35,57].



Bang viéc dé xuat k¥ thuat méi trong thiét ké bo diéu khién du bao phi tuyén,
tong két lai bang cac thuat toan kha thi va dé cai dat, luan an c6 nhiing y nghia ly

thuyét khoa hoc nhu sau:

Khang dinh duoc chét luong va tinh ing dung cao vao thyc té cia cac bd didu

khién (céac thuét toan) vao thuc té diéu khién cac ddi twong cong nghiép.

DPong gop thém cac ung dung cua céc b loc Kalman m¢ rdng trong cac bd
diéu khién du bao phan hoi dau ra duoc thiét ké theo nguyén Iy tuyén tinh héa timg

doan mo hinh du bao.

Dé xuit va chiung minh dinh 1y 6n dinh, qua d6 khang dinh dugc tinh triét dé

cua cac bo di€u khién du bao dé xuat.

Y nghia thye tién

Nhu cau van dung céc kién thuc cta khoa hoc diéu khién ludn luén hién hitu
trong moi qua trinh san xuat. Chinh vi vay, muc tiéu ban dau cua luan an do la ung
dung dugc cac b diéu khién du bao cac ddi tuong phi tuyén trong cong nghiép.
Luan an d& dap ung duoc nhu cau thyc tién trén, v4i cac ¥ nghia thuc tién cu thé

nhu sau:

Cung cip duogc cac bo didu khién dyu bao (cu thé bang cac thuat toan) cho cac

dbi twong phi tuyén trong cong nghiép.

Thiét ké va kiém chung chat luong cac bo diéu khién dy bao phan hdi dau ra
trén co s tmg dung cac bo loc Kalman mo rong cho cac ddi twong: Con lic nguoc

va con lic nguoc quay bang mé phong va trén mé hinh thi nghiém.

B0 cuc cia luan an

Luén an ¢ bd cuc géom 3 chuwong. Sau chuong 1 trinh bay vé nhiing két qua da
c6 cua k¥ thuat diéu khién du bao phan hoi dau ra v6i cac y kién nhan xét phén tich
riéng vé timg phuong phap cu thé, trong chuwong 2 luan 4n trinh bay chi tiét cac ky
thuat cai tién dé nang cao kha nang ing dung cua k¥ thuat nay cho cic ddi tuong

phi tuyén trong cong nghiép. Trong chuong 3 luan 4n s& ching minh tinh kha dung



clia cac dé xut Cai tién nay trén mot sd ddi twong phi tuyén cu thé thong qua thuc
nghiém mo phong va thi nghiém trén hé thong thuc. Cudi cling, ludn 4n s& tong két
lai cac két qua co ban d4 dat duoc, nhitng van dé con ton tai, cac phuong hudng

khac phuc va nhitng van dé can duoc nghién ciru tiép sau nay dé hoan thién.

Nhirng dong gop ctia ludn an

Pong gop mai cua luan &n, tap trung chinh ¢ chuong 2 va chuong 3, bao gém

cac ndi dung sau:

1) Bén canh cac phuong phap loc Kalman mo rong (EKF) truyén thong
cho hé phi tuyén, luan an d4 dé xuit mot phuong phap khéc cling dé mé rong loc
Kalman tuyén tinh (KF) cho viéc ap dung vao hé phi tuyén trén co sé tuyén tinh hoa
ting doan md hinh phi tuyén caa hé doc theo truc thoi gian va dugce dich chuyén
trén truc thoi gian clng véi cira sé du bao ciia bo didu khién dy bao. Cu thé, ludn an

da xay dung duoc:
a)  Thuat toan 2.1 dé quan sat trang thai hé song tuyén.
b)  Thuat toan 2.2 dé quan sat trang thai hé phi tuyén.

Kha nang 4p dung cua hai thuat toan trén vao thuc té ciing dd dugc luan an

thuc hién md phong trén: Hé song tuyén theo tin hiéu vao (2.14), (2.15) & vi du 2.1

va vi du 2.2, két qua mo phong thu duoc da xac nhan chat lugng t6t cia b quan sat
nay.

2) Luan an da xay dung duoc phuong phap diéu khién dy bao phan hoi

trang thai hé phi tuyén trén co sé sir dung mé hinh dy bao tuyén tinh

timg doan Véi cira s6 du bao hiru han, ma cu thé 1a ¢4 xay dung dugc cac

thuat toan:

a) Thuat toan 2.3 va Thuat toan 2.4 dé diéu khién phan hdi trang thai hé

song tuyén.



b) Thuat toan 2.5 va Thuat toan 2.6 dé diéu khién phan hoi trang thai hé
phi tuyén.

Kha niang 4p dung cia cac thuét toan trén vao thyc té ciing da dugc luan 4n mo

phong véi: Hé con lic ngugc va con lic nguoc quay

Két qua mo phong thu dugc da xac nhan chat lugng t6t ciia bo dicu khién du
b&o phi tuyén sir dung mé hinh du bao tuyén tinh timg doan nay, dung nhu nhan
dinh tir ly thuyét.

3) Bo diéu khién du bao phan hdi dau ra theo nguyén ly tach trén co so
ghép chung bd quan sat trang thai Kalman va bo diéu khién dy bao phan
hoi trang thai do luan an dé xuét. Chi tiét cac budce 1am viéc cia bo didu
khién nay da duoc luan an thé hién & Thuat todn 2.7 va phién ban chinh

stra ciia n6 danh riéng cho hé song tuyén.

Kha niang 4p dung cia thuat toan trén vao thuc té ciing ¢4 dugc luan an mo

phong thanh cong trén: Hé con lac nguoc va con lic nguoc quay.

Két qua md phong thu dugc ciing d4 khang dinh tinh kha dung cao cua
phuong phép vao thuc té cong nghiép.

4)  Tién hanh thi nghiém kiém chung ly thuyét trén md hinh thuc: ddi twong
con lic nguoc quay tai Phong thi nghiém Do luong — Diéu khién cua
Truong Pai hoc Ky thuat Cong nghiép. Két qua thi nghiém d& kiém
chung tinh dung dan ciia cac thuat toan dé xut trong luan 4n dong thoi
khang dinh tinh kha dung vao thuc té ciia phuong phap dé xuat va hoan
toan phd hop v&i nhan dinh 1y thuyét.



CHUONG 1 TONG QUAN VE PHUONG PHAP PIEU KHIEN DU
BAO PHAN HOI PAU RA

Theo [25] thi dé phén biét diéu khién dy bao tuyén tinh va phi tuyén, ngudi ta
d4 sir dung khai niém diéu khién du bao tuyén tinh nhu sau: Mot hé diéu khién du

bao s& dugc goi 1a tuyén tinh khi n6 thoa mén dong thoi cac gia thiét sau:
M hinh dy béo 14 tuyén tinh.

Ham muyc tiéu danh gia chét luong hé thong ¢ dang toan phuong theo tin hi¢u
diéu khién.

Céc tap rang budc mé ta diéu kién gidi han vé tin higu diéu khién va trang thai
hé théng 1 nhitng tap 16i.

Tat nhién bén canh khai niém vira trinh bay trén ciing con nhiéu nhiing khai
niém khac khong twong dwong vé diéu khién dy bao phi tuyén, chang han nhu theo
[61] thi chi can ddi twong diéu khién 13 tuyén tinh thi hé diéu khién du béo ciing d
duoc goi 12 tuyén tinh. Trong sé nhiéu cac khai niém khac nhau d6, luan 4n s& nhét
quan str dung khai niém diéu khién dy béo phi tuyén néu trong [25].

B6 didu khién du !
bao

a) b)

Cika 56 dir bdo tiép thea
1

Phwong phap

< N,
'~ 7

. ! | t6i wu hdéa |
pti“a sé:du’ bdo hién tai ! : v |
A i i > {w, } 1€ | Ham muc | Uk | Quatrinh Yy
k k+1 k+N-1 t ! tieu |cdng nghiép >
R trang thai hodc d‘d:u ra Yy, . | M6 hinh [«- —i ————————— Xk
=Lkt do dupe ¢ thoi diém —k dw bao :

hientei LTI C__.

Hinh 1.1: Cdu triic hé diéu khién dw bdo

Hinh 1.1 m6 ta cau tric co ban ctia hé diéu khién dy bao phan hoi trang thai dé

diéu khién d6i tugng diéu khién (qué trinh) c6 md hinh khéng lién tyc:



{)Skﬂ = i()ik ! gk) (11)

Y, =9 Uy)
trong do:
— x, =x(kT,) eR" la vector cia n gi4 tri bién trang thai trong h¢ tai thoi diém
t =kT, vé&i T, la chu ky trich mau,
— u, =u(kT,) eR™ la vector cia m gid tri cAc tin higu vao (tin hiéu diéu khién),
va
-y, =y(KT,) eR" la vector cua r gia tri cdc tin hiéu ra.sao cho dau ra y, bam
theo dugc quy dao mau w, cho trudce. Bo diéu khién nay 1am viéc theo chu ky
lap. Do 16n cua chu ky lap d6 dung bang chu ky trich mau tin hiéu T, cuacac
tin hi¢u vao u(t) vara y(t) cta qua trinh, tirc la cla dbi tuong diéu khién. Tai
mdi thoi diém trich mau k =0,1, ... cua tin hiéu vao u(t) déco u, =u(kT,) va
ra y(t) dé co y, =y(kT,), bo diéu khién s& dya vao m6 hinh dy bao, thuong
duogc xay dung tryc tiép tir mé hinh toan (1.1) mo ta dbi twong diéu khién, ma
x4c dinh ddy cac gia tri tin hidu diéu khién trong tuong lai tinh tir thoi diém k
hién tai, tirc 1a day gia tri:
U={u U, o Unad
trong khoang thoi gian [k,N ), dwoc goi 1a khoang du bao hién tai (Hinh 1.1a), sao

cho vé6i nd ham muc tiéu duoc xay dung tir chit lwong hé thong:
N-1
J(l'_‘l)z ZO q] (L_Jk+i’¥k+i) (12)
=l

dat gi4 tri nho nhat. Noi cach khac bo diéu khién du béo cin x4c dinh nghiém tdi

uu:



u” =arg minJ u) (1.3)
véi U 1a diéu kién rang budc cua bai toan vé tin hiéu diéu khién. Thong thudng &
diéu khién qua trinh, tap rang budc ndy cé dang siéu dién, tirc 1a mot tap 10i.

Trong sb cac gia tri toi uu tim dugc tir (1.3) cua cira s6 dy bao hién tai:

Q* ={L_1E' H;+!: :H:+N—1}
gia tri dau tién 1a u, s& dugc dwa vao diéu khién ddi twong tai thoi diém k .

Hinh 1.1b biéu dién ciu triic bén trong cua bd diéu khién du béo. N6 gdom 3
thanh phan chinh, d6 1a [25,40,61]:

1. Khéi mé hinh du bdo. Khdi ndy ¢ nhiém vu xac dinh day tin hiéu ra tuong lai
y,,, trong cira s0 du bao hién tai [k,N) du6i dang cac ham phu thugc

U, U, ... Uy, lanhiing bién can tim trong cira s6 du béo hién tai:
Yioi =di Ui, Upyqs oov Unia)

Chang han, néu sir dung ngay mé hinh (1.1) cua ddi twong 1am mé hinh dy bao,

thi khi dé c6 trang thai x, do duoc & thoi diém k hién tai, ta s& co:

i = 9 Ugi) = 9_(1(&4-1’ Ugiioa)s Ui )

g i(i()ik+i—2’gk+i—2)'gk+i—1)'gk+i)

g(f (.. (U Upa) oo )i lUyi)
d; (U, Ugygs oon Uy g) =d;(U) (1.4)

II>

trong d6 = 1a ky hiéu dinh nghia ham d, (u).

2. Khoi ham muyc tiéu. Pay 1a khéi xac dinh ham muc tiéu (1.2) cho bai toan téi uu
hoa (1.3) théa mén yéu cau chat lugng cua bai toan diéu khién. Vi du dé diéu
khién dau ra bam theo dugc dy gia tri dat {w,} & dau vao thi mot trong sd cac

ham muc tiéu thich hop s€ la:
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N/ T N -1
Ju)= EO(V_VM _an) Qi (V_Vk+i _3_/k+i)+ Eo Uk iRiUy
= _%O(V_an —d; (H))T Qi (V_Vk+i —d; (Q)) + ’_\gQLiRi Uy i (1.5)

V6i q;, r, 1a nhitng hang s6 duwong tiy chon va N/ <N . T4t nhién ham muc tiéu
(1.5) luc nay 1a ham caa dbi s6 u ={u,, U, .;, ... .U,y o} T Cling c6 thé chon
N’ =N va khi chon cira s6 du bdao N cang Ion, chat lugng bam s& cang tot.

O truong hop N/ =N thi voi ky hiéu:

€ =Wii =Y, =Wiii —di (), =08y, ... ena) s @=diag(Q;)
va
R =diag(r;)
ham muc tiéu (1.5) trén sé& viét lai duoc thanh:

Ju)=e'Qe+u'Ru (1.6)
Nhu vy c6 thé thdy dé thoa man dugc mot yéu cau chat luong diéu khién dit ra
ta ¢6 nhiéu cach chon ham muc tiéu khac nhau. Do d6 dé tang tinh mém déo cho
viéc thiét ké bo diéu khién dy bao ciing nhu co hdi sau nay chuyén bai toan tdi
wu ¢6 rang budc (1.3) thanh bai toan t6i vu khong rang budc:

u” =argminJ (u) 1.7)
tai liéu [1] d& gidi thiéu cau tric ham muc tiéu ¢ tham sé bién doi nhu sau:

Ju)=e'Qe+u"Ru (1.8)
trong d6 Q,, R, la hai ma tran tham s6 dugc thay doi mot cach thich hop cling

Vi cira s6 dy bao, nham chuyén bai toan c6 rang budc thanh bai toan khong
rang budc.

. Khoi phwong phdp t6i wu héa. Pay 1a khéi thuc thi bai todn téi wu hoa co rang
budc (1.3) hodc khong bi rang budc (1.7) bang nhitng thuat toan dugc chon
trudc. Thudt toan thuong duoc 4p dung nhiéu cho bai todn tdi wu khong rang
budc 1a Newton-Raphson, Gauss-Newton, Levenberg-Marquardt... va cho bai
toan co rang budc 1a QP hay SQP... [53].
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Mot hé diéu khién du bao s& dugc goi 12 phan hoi dau ra néu tin hiéu phan hoi

vé khau mé hinh du bao chi 1a gia tri Y, dau ra do duoc cua hé, nguoc lai khi st

dung x, Nno s& dugc goi 1 hé diéu khién du bao phan hoi trang thai.

Dé co6 thé 1am rd duoc mot cach tot nhat nhimg doéng gép méi cia luan éan,
chuong nay s& trinh bay téng quan mot cich ngin gon nhat nhimg dic diém co ban

ctia phuong phép diéu khién du bao da c6 trong thoi gian qua.

1.1  Diéu khién du bio phan hoi diu ra hé c6 mo6 hinh tuyén tinh

Theo tong két cua [1] thi “diéu khién du bao 1a mot trong s cac phuong phap
diéu khién thu duoc nhiéu thanh céng trong tmg dung vao diéu khién cac qué trinh
cdng nghiép. Ra doi vao nhiing nam 70 cta thé ky trude, dudi dang ban dau chi 13
phuong phap bo sung cho viée ty chinh dinh thich nghi tham sb bo diéu khién cong
nghiép PID, song diéu khién du béo d& nhanh chdng cho thay tinh wu viét clia né so
véi cac phuong phap tr chinh thong thuong khac, chang han nhu phuong phap cuc
tiéu twong quan (minimum variance MV), du bao Smith (Smith predictor), cuc tiéu
tuong quan tong quat (generalized minimum variance GMV) ..., nhat 1a khi ap dung
vao nhitng qua trinh cong nghiép c6 tinh pha khong cuc tiéu”.

Ciing theo [1,25] thi vé mit tng dung thyc té didu khién du bao da duoc
nghién ciru, phat trién rat nhanh trong thoi gian qua. Ké tir thoi diém xuét hién bo
diéu khién dy bao dau tién do cac k¥ su cong ty dau khi Shell giéi thiéu nam 1977,
cho t&i nay da c6 kha nhiéu phién ban khac nhau cua diéu khién du bao phan hoi
dau ra duoc ra doi, khang dinh dugc vi tri trong ing dung vao diéu khién nhiéu doi
tuong cong nghiép khac nhau. Tuy vay chiing van chi méi dung lai chu yéu ¢ cac
d6i twong tuyén tinh. Cac phuong phép nay bao gdm [25]:

— Thuat toan diéu khién theo mo hinh MAC (Model Algorithmic Control).
— Phuong phap ma tran dong hoc diéu khién DMC (Dynamic Matrix Control)
— Phuong phép diéu khién du bao tong quat GPC (Generalized Predictive

Control).

— Diéu khién dy béo tuyén tinh phan hoi trang thai.
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Ngoai ra, dé c6 thé bién d6i mot by didu khién duy bao phan hoi trang thai
thanh bo diéu khién dy bao phan hdi dau ra, mot xu hudng rat tu nhién 1a s dung
thém bo quan sat trang thai. B quan sat trang thai dugc ludn an quan tam 1a bg loc
Kalman. Do d6 & phan tong quan nay luan an ciing s& trinh bay thém vé kha ning
diéu khién dy bao phan hdi dau ra hé tuyén tinh trén co s ghép ndi bo didu khién
du bao phan hoi trang thai va bo loc Kalman tuyén tinh, dugc goi ngan gon 1a bé

diéu khién phan hoi dau ra theo nguyén ly tach.

1.1.1 Phwong phap MAC (Model algorithmic control)

Phuong phap MAC nay duoc xay dung cho hé tuyén tinh LTI 6n dinh mot vao

mot ra. No st dung ngay mo hinh cia hé:
Yk :Eé)giuk—i (1.9)

lam mo hinh du bao, trong d6 {g,} la ddy cac gia tri cia ham trong luong, tirc la dap
g ctia hé g véi xung dirac & dau vao va y,, u,, g, 1a ky hiéu gia tri tin higu
y(t), u(t), g(t) tai thoi diém trich miu kT, voi T, 1a chu ky trich mau. Do khong
thé thuc hién duge tong vo han (1.9) nén gia tri du bao y,,; lay tir (1.9) dugc thay

bang tong hiru han:

M
Yirj = 2 Giliyji - (1.10)

i=0
Cung véi mo hinh dy bao (1.10) nay, ham muyc tiéu (1.6) tré thanh:

N-1

J=% [(Vkﬂ- —W, )2 +/1juk2+j} 4; >0 co tdy chon, (1.11)

j=0
trong d6 {w, } 12 quy dao mau ma dAu ra ciia hé can phai bam theo va N 1a do rong

clia cira s6 du bao. Tuong tng, nghiém t6i wu (1.7) & 1a [1]:

U =—(10, - ,0)(GTG, +A) "&b (1.12)
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T _
b=(Gyu, +&~W), &= (&8ss - Bin1) + Brj =Visj ~Wics]
Jo 0 .- 0 gM gz gl
e 0 0 ...
G=| & P Tle,e L % % Adingr)  (113)
Ona In—2 o Yo 0 -+ Ova On
Uy = (U Uemans - g ) W= (Wi, Wy oo s Win )

Mot cach tom tat thi phuong phap MAC duoc thé hién ¢ thudt toan sau:

Thuat toan 1.1(MAC [1,25,45])
1) Chon cira so quan sit N va M cho md hinh dy bao. Gan k =0 va u, =0.
2) Tinh u, theo (1.12) va (1.13)
3) Pua u, vao diéu khién dbi twong trong khoang thoi gian kT, <t < (k +1)T,.
4) Gan k:=k +1 va sap xép lai mang u, theo thu tu:

(U Uans - sUeg) <= Uy

roéi quay lai budc 2).

Ngoai ra, ciing theo [25,45] thi thuat toan MAC trén chi ap dung dugc cho cac
qué trinh SISO 6n dinh, chi c6 nhidu hang (nhiéu tai) tic dong & dau ra va co tinh

dong hoc di cham.

1.1.2 Phwong phap DMC (Dynamic matrix control)
Phuong phap DMC sir dung mé hinh dép mg budc nhdy ciia hé tuyén tinh
SISO 6n dinh:

Vi =_§1 hAU;, AU =U, —U, (1.14)
i=

lam mo hinh du bao, trong d6 {h,} la day cac gia tri cia ham qua d¢ (dap tng vai
ham buéc nhay don vi 1(kT,) & dau vao). Do mo hinh (1.14) c6 tong vo han, khong
thé xac dinh dugc bang cac phuong phap sd, nén md hinh dy bao duoc thay bang

tong hiru han:
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- M
Ysj = iz hiAuy, (1.15)

-0
Cung véi mo hinh dy bao trén, ham muc tiéu (1.6) cling tré thanh dang nhu d&
cho ¢ phuong phap MAC 1a (1.11) va bai toan ti wu (1.7) ¢6 nghiém [1,25]:

. =l
Ui =U s —(L0, ... ,0)(H[H, +A) "Hib (1.16)
trong do:
T _
b:(HzAb+e _W)’ e:(ek’ekﬂ' 'ek+N—1) €k = Yiaj — Wiy
T
Ay = (AU AU gy e AU ) W= (W Wegy oo W) (1.17)
ho 0 .- 0 hy -+ h, h
hy h, - 0 0 - hy h
H, = :1 :0 oo HaE :3 :2 , A =diag(4;)
hna e o g 0 - hya hy

Viy bo diéu khién duy bao DMC c¢6 cu tric nhu sau:
Thuat toan 1.2 (DMC [1,25])
1) Chon cira so quan sit N va M cho md hinh du bao. Gan k =0 va A, =0.
2) Tinh u, theo (1.16) va (1.17)
3) Pua u, vao diéu khién dbi twong trong khoang thoi gian kT, <t < (k +1)T,.
4) Gén k =k +1 va sap xép lai mang A, theo thir tu:

— (AU AU gy e AU ) < U —Uy

réi quay lai budc 2).

Theo [25,45] thi gidng nhu MAC, bo diéu khién DMC ciing chi thich tmg véi
hé LTI 6n dinh, pha cuc tiéu. Ngoai ra, so véi MAC thi n6 con c6 tinh bén vimg cao
hon, dé cai dat, song lai han ché 13 can phai c6 tham s6 M,N dua 1én khi c6 thém

diéu kién rang budc 14 tin hiéu diéu khién bi chan.
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1.1.3 Phwong phap GPC (Generalized predictive control)

Phuong phap GPC 4p dung cho d6i trong tuyén tinh tham s hang mé ta boi
ham truyén:

b +biz t+byz 4+ o +b 2 B Y
2 =

l+agz t+az P+ - +a, 27 AT

Ny

= A(q_l)YK = B(q_l)Auk—l

trong 6 A=1-q* va q la ky hiéu ctia phép dich truc thoi gian, tic 1a:
07X =X € AX =X =Xy = (1=0 ),
Tu mo hinh ham truyén trén ta c6 dugc mod hinh du bao [1,25,45]:
Yiij =F; @ i +G;( _1)Auk+j—1
trong d6 G;(@™"), F;(@") la hai da thtrc béc j-1 va n, duoc xac dinh tir phuong
trinh Diophatine:
1=G;@ MA@ +a'F@™) (1.18)
Cung véi mé hinh du bao (1.18) nay, ham muc tiéu (1.6) ban dau tro thanh:
J= ,—Na[(bi (V0 + 5[ ~wlk + ) + 4, (Au(+ —1))2}
=uf (G @G, +A)uy +2b" OGu; +b" Db

Véi ¢;, 4; 1a cac trong so duong. Do d6 bai toan t0i uu héa (1.7) s& ¢6 nghiém:

Uf = Uy + AU, =, —(10, ... ,0)(GT G, +A) T @b (1.19)

trong do:
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@ =diag(¢;), A =diag(4;), b =(G,u, +Fy, -w)
T T
w :(Wk+1,wk+2, oo 'Wk+N) y ub :(Auk_l,Auk_z, oo ,AUk_nb)

Yb :(yk,Yk—r ’yk—na)' U = (AU AU, oo Al )

010 0 -0 911 92 Y1,
G, - 9?,1 92:,0 O G, = 92.,2 92.,3 gz,r.\b+1
OMm-1 Imm—2 -+ Ompo Ovm Ivmma - Imnpema
flo f1 o T,
E_ f20 f.9:,1 f2,.na
fuo fui - fun,

vag;;, f;; lacaché sO cua hai da thirc nghiém phuong trinh Diophatine (1.18):

Gj (q_l) =0j.0 +gj11q_1 + - +gj,nb+j—1q_(nb+j_l)

Ny

. | (1.20)

Tir day ta ¢ bd diéu khién du bao GPC nhu mé ta ¢ thuat toan sau:
Thuat toan 1.3 (GPC [1,25,45])
1) Chon ctra s6 quan sat N va M cho md hinh du bao.
2) Tinh N cap da thuc G; Q™. F; @™, j=1 ... ,N la nghiém cua phuong trinh
Diophantine (1.18) va tir d6 1a cac hé s6 g, f;; cua ching theo (1.20).
3) Gan k=0.
4) Tinh u; theo (1.19) va dua u, vao diéu khién d6i twong trong khoang thoi gian
KT, <t <(k+1T,.
5) Gén k =k +1 rdi quay lai budc 4).
Khac voi MAC va DMC, phuong phap GPC ap dung duoc cho nhimg dbi
tuong, qua trinh khdng 6n dinh hodc pha khong cuc tiéu, va cho ti nay né duogc

biét 1a phuong phép diéu khién dy bao pho thong va &p dung nhiéu nhat trong thyc
té. Ngoai ra GPC ciing dé dang duoc mé rong cho ca hé MIMO.
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Nhuoc diém chinh 14 GPC can phai sir dung toi thuét toan tim nghiém phuong

trinh Diophantine.

1.1.4  Piéu khién dy bao phan hoi dau ra theo nguyén Iy tach cho hé c6 md

hinh tuyén tinh

nhiéu hé thong

l nhiéu ddu ra
w Y
—» Bodieu U [péitwong| ¥ %
»| Khiendw > didu khién ——>
bao
X | Quan séat
Kalman

Hinh 1.2: Biéu khién phan hoi dau ra theo nguyén Iy tach

Hinh 1.2 md ta hé diéu khién du bao phan hdi dau ra theo nguyén ly tach sir
dung bo loc Kalman dé xac dinh Xép X1 gia tri trang thai X, ~x, tir cac gia tri vao ra
u,., y, do duge tir doi twgng diéu khién roi dua vé by diéu khién dy bao phan hoi
trang thai. Néu mot bd quan sat trang thai noi chung, hay bd loc Kalman néi riéng,
Véi trang thai xap xi X, khong lam thay d6i chét luong hé thong ma bo diéu khién
du bao phan hdi dau ra mang lai khi sir dung trang thai thuc co x  Cuahé thong, thi
nguoi ta néi hé diéu khién phan hoi dau ra d6 da thoa man nguyén ly tach [19]
(separation principle).

Néu so sanh véi Hinh 1.1b) trude ddy thi khdi bg diéu khién dw bdo & Hinh
1.2 nay s& gom ca ba khéi con 1a khéi mé hinh du bdo, khéi ham muc tiéu va khoi
toi wu héa.

Pic¢u khién dw bao phin hdi trang thai

Diéu khién du bao phan hdi trang thai hé (1.1), nhung bay gio duoc gia thiét 1a

LTI, tic 1a hé ¢6 mo hinh:
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X,... =AX, +Bu
{_m Ak Yk (1.21)

Y, =Cx, +Du,

Khi d6, cung véi cac ky hiéu:

W:COI (V_vk 1V_vk+]_ LI | V_vk+N—1)
y =col ()_/k Y v oo )_/k+N—1)
u =col (Hk s Ui s oee s Hk+N—1)

ham muc tiéu (1.6) s& viét lai dugc thanh:
J(u)=e"Qe+u"Ru
= (0, +Pu-w)" Q(dx, +Pu-w)+u'Ru

(¥TQ¥ +R)u +2[ ¥TQ(@x, +w) ] u+(@x, ~w) Q(dx, ~w)

trong do:
C D 0 - ® O
CA CB D - ® O
o= . |, ¥= : : L (1.22)
CANT cAN-B cAVB ... CB D

va © la ky hiéu ma tran co tat ca cic phan tir bang 0. Suy ra bai toan t6i uu khong
rang budc (1.7) Iuc nay sé c6 nghiém Ia:

u = (¥TQ¥+R)WTQ(Dx, +w) (1.23)
Thuit toan 1.4 (diéu khién dy béo phan hdi trang thai hé tuyén tinh [12,31])
1) Chon cira s6 quan sat N va hai ma tran Q, R ddi xting xac dinh dwong c6 s6

chiéu twong mg. Xay dyng cic ma tran @, ¥ theo (1.22). Gan k =0.

2) Do x, vatinh u” theo (1.23).
4) Dua:

*

u.=(1,0, ... ,0)u’

vao diéu khién ddi tugng trong khoang thoi gian kT, <t < (k +1)T,.

5) Gan k =k +1 rdi quay lai budc 2).



19

Trong trudng hop bai toan diéu khién c6 rang budc u, U Vé tin hidu diéu
khién thi thay vi sir dung cong thirc (1.23) nguoi ta phai sir dung dén phuong phap
t6i wu QP (quadratic programming) d& duoc trinh bay chi tiét trong [53].

Phuong phap diéu khién dy bao phan hoi trang thai trinh bay trong Thuat toan
1.4 nhu trén d& duoc ching minh trong thyc té 1a mot bo diéu khién co tinh bén
viing cao véi cac nhiéu hang sé timg doan & dau ra [12,25,45]. Nhuoc diém cua
phuong phap niy 1a cic bién trang thai cia hé phai duoc gia thiét 1a do dugc truc
tiép.

Quan sat trang thai hé tuyén tinh véi loc Kalman

Dé str dung bo diéu khién duy béo trén cho trudng hop khong do dugce truc tiép
trang thai x, tir hé, ta s& sir dung thém bo loc Kalman dé xac dinh xap xi trang thai
tir cac tin hiéu do dugc khac ma ¢ day chinh 1a céc tin hiéu vao va ra (Hinh 1.3).

Cung véi b loc Kalman nay, bo diéu khién du bao phan hoi trang thai s& trg thanh

bo diéu khién dy bao phan hoi dau ra nhu da duge mé ta ¢ Hinh 1.2.

nhiéu hé thong

l nhiéu dau ra
u Dé6i twong diéu y
T—P khién
X Loc Kalman 4_‘
4—

Hinh 1.3: Xdac dinh xcfp Xi trang thai cua hé nho loc Kalman

Loc Kalman tuyén tinh (KF) d4 duogc trinh bay chi tiét trong [34,39], 12 bo loc
lién quan toi hé tuyén tinh tham sb bién doi theo thoi gian, bi nhiéu 6n tring tac
dong ca trong hé thong va dau ra, mo ta boi:

{)Skﬂ =AX +ByUy +¢

(1.24)
Y, =Cy Xy + Dy Uy TS,
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Véi & , g, la cdc nhiéu phan bb chuan, c6 ky vong bang 0 (nhiéu Gauss) Va:

x, €R", u, eRm,gk eR", Y, eR", S, eR", A eR™, B, eR™™,

C, eR™, D, eR™™ M{£ } =M g | =0, (1.25)

Mg & | =ak-DP, Mg ql | =Ak-i)o,
trong 46 M{} 12 ky hiéu phép tinh lay ky vong.

Chon khoang thoi gian quan sat T, dung bang chu ky trich mau. Khi d6 bo loc
Kalman khéng lién tuc c6 cau trac twong tu bd quan sat Luenberger [1]. O day ta sir
dung hai gia tri udc lugng trung gian x, (-) va x, (+) dé uéc lugng gia tri thuc cua
x, theo céac cong thuc sau:

X, (5) = AcaXa (H) + By Uy,

(1.26)
Xy (+) =%, (=) + Ky (Xk —C X (-) Dy, )

trong d6 K, chua biét, va can phai duoc xac dinh theo tiéu chuan tdi vu:
K, =argminM {()ﬁk —X, (+))2}
Néu so sanh véi cau triic bo quan sat Luenberger:
X =AcaXya + Bl + Ky ()_/k—l —Cy X1 =Dy L_Jk—l)
ta thiy ngay duoc 1 trong b quan sat Kalman (1.26) gia tri x, (+) ciing chinh 1a gia
tri trang thai quan sat dugc X, cua hé ¢ thoi diém k , tac 1a X, (+) =X, cling nhu
thanh phan Yi1 —CiXy 4 —Dyuy; nay dugc thay boi y, —C, x, (-) —D,uy nham tan
dung ludn cdp gié trj vao ra do dugc u,, y, & clng thoi diém k do.
Néu dinh nghia thém:
— Hai gia tri sai l¢ch: g, (+) =x, (+)— X,
e (=) =X (5) =Xy
— Gia tri hd twong quan cua sai cac léch do:
R(+) =M e, (+)ef (+)]

R()=M [ (i ()
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thi bai toan tdi vu trén rat gon duoc thanh:

X (1) =X, =X, () + K Cy ()ik —Xy (—))szgk —Xy

= (1 -KCyJe () +Kg, (1.27)
< g (1) =(1 -KCy)e () +Kyg, (1.28)
cling nhu:
Xy () =X =AC (X () %) =6,
< e()=Ata(H-¢ | (1.29)

Khi do, véi nguyén ly tryc giao [10] ta dugc:

M { (x4 =X, (+))°} > min

& 0=M {()ik — Xy (+))(Xk ~CiXic(5) =Dyl )T}
=M {[_(l -K,C\ )&y (_)_Kkgk}[ckgk(_)_gk ]T}
= (1 =K Cy )P (-)Cy — K, @,

Véi P (=) =M {gk (—)er (—)} . Do do, ta dugc:

K =P (-)Cy (Ckpk (-)Cy + ‘Dk)il

bé tim P (-) ta dya vao cong thirc sau:

R(+) =M e (+)ef (+)]
{[ chk)gk(—)mkgk}[(l—chk)gk(—)mkgj}
=M {(1 -K,Cei (e (1 =KL +Ks, 5T KT |
= (1 =K Cy )P (1 =K,y ) + K DK
S€ co:

P (+) = ( )Pk( )— ( KiCx )Pk( )Ck KT+K (DkKk
Ky @

= (' _Kka)Pk (—)
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Téng hop lai ta c6 thudt toan mo ta bo loc Kalman khong lién tuc cho hé tuyén tinh

khdng dimg nhu sau (duoc goi tat 1a KF [34,37,39]):
Thuat toan 1.5 (KF)

1) Tuy chon diéu kién dau X, =x,(+) VA Py(+). Gan k =1.

2) Tinh x, () =A X1 () + B gy
Pe(5) = AP (DA + Wiy
Ky =P(C{ CP(-)Cy + @)
P (+) = (' -KLCy )Pk )
Xy () =X, () + K, (Xk —C X, (=) —Dyuy )

3) Xuat x, (+) lam gia trj trang thai quan sat duogc ctia hé (1.24) & thoi diém k , ky
hiéu 1a x, .
Gén k =k +1 va quay vé 2.

Thuat toan KF trén duoc xay dung téng quat cho hé tuyén tinh khong dimg
(1.24) nén tat nhién no ciing 4p dung duoc cho ca hé tuyén tinh dimg (1.21).

Sir dung KF vao diéu khién dy bao phin hdi diu ra cho h¢ tuyén tinh

Noi dung nguyén ly tach trong diéu khién phan hoi ddu ra néi chung va diéu
khién du bao phan hoi dau ra noi riéng ma & d6 bo loc Kalman duoc str dung nhur
mot khau quan sat trang thai d& dugc trinh bay ¢ Hinh 1.2. C4c tai liéu [1,11] cling
d4 khang dinh rang trong hé phan hoi dau ra ndy, bo loc Kalman véi viée xap xi
trang thdi x, ~X, S& khong lam thay doi chat lugng ma bo diéu khién phan hoi

trang thai ¢& mang lai cho hé thong.

1.2 Phwong phap diéu khién dy bao phan hoi dau ra cho hé c6 md hinh phi
tuyén
Nhitng phuwong phap diéu khién du bao phan hoéi dau ra duoc ap dung nhiéu
trong thuc té van chi dimg lai 1a diéu khién du béo tuyén tinh [25]. Ly do 12 vi phan
I6m cac két qua nghién ciru vé didu khién du bao phi tuyén chi tip trung vao phan

hoi trang thai [31,40]. Boi vay viéc tmg dung diéu khién dy bao vao nhimg qua
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trinh phi tuyén trong céng nghiép ma & d6 nhiéu bién trang thai khong do duoc l1a
rat han ché.

Dé ¢ thé chuyén do6i duoc cac bd diéu khién du bao phan hoi trang thai thanh
b diéu khién phan hoi ddu ra, mot xu hudng rat ty nhién I st dung thém bo quan
sét trang thai nham xac dinh x4p xi trang thai ciia ddi twong diéu khién tir nhiing gia
trj tin hiéu do dugc khac ma & day chinh 1 céc tin hiéu vao ra caa ddi twong (Hinh
1.2). Bé co thé thyc hién duoc diéu nay trudce tién nguoi ta phai xac dinh dugc cap
bo diéu khién phan hoi trang thai va bo quan sat trang thai phd hop nhau, tirc 12 khi
dugc ghép chung véi nhau chiing sé tao ra cling mot chét lugng hé thong gidng nhu
khi chi sir dung mot minh bo diéu khién phan hoi trang thai [31]. Trong truong hop
nhu vay chung s& duoc goi 1a cip bd diéu khién phan hoi trang thai va quan séat
trang thai thoa mén nguyén ly tach [11].

Trong khudn kho nghién ctru xay dung b dicu khién du bao phi tuyén phan
hoi dau ra theo nguyén ly tach nhu trén, luan an sé& tap trung nghién ctru str dung bo
loc Kalman 1am bd quan sat trang thai hé phi tuyén va khao sat, xac dinh 16p
phuong phap diéu khién du bao phi tuyén phan hoi trang thdi mang tinh thoa man

nguyén ly tach cung vai bo loc Kalman.

1.2.1 Diéu khién dy bio phan hoi trang thai
Xét hé phi tuyén c6 md hinh trang thai khong lién tuc dang tong quat:

{)Skﬂ = (X, Uy)

1.30
Y, =9() (1.30)

Gia sir ¢ thoi diém k hién tai gi4 tri trang thai x, 1a do dugc. Khi d6 dau ra dy

bao cia no Y 1=12, .. N, xac dinh theo mo hinh (1.30) s¢€ 1a:

Khii=1:y, =91 =9(f&Uo))=(g°F ) (X, (1.31)

=11 (% Uy)

voi f) =gof laky hiéu cua tich ciia haiham g va f .
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Khii=2:y, = (goi) Xi1oUps1) = (Qoi) (F (2 Uy ) Uy ) (1.32)
=(g°£°£)()£k£k’9k+1)
= fg Xy, Uy, Ugg)

trong d6 f7 1a ky hiéu ctia tich ciiaba ham g,f va f .

Khii=N:y, =@cfofo - of)(Xy,Up,Uegs - Usn) (1.33)
N
321?\, X Ug s Upsrs v 3 Ukna)

véi f7 1a ky hi¢u cua tich ciaham g va N ham f .

Tir ddy ta co vector ham sai léch du bao e dau ra trong ham muyc tiéu (1.8) la:

( V_Vk+1_£§] ()ik’gk) \
g _ V_Vk+2 - ig ()ik ' gk ' gk-%—l) (134)
V—VN _i?\l ()ik,gle_Jk+1l e !Qk-%—N)

Do x, la d4 c6 nén vector ham sai léch du bao e cho boi (1.34) thuc chét 1a
ham cia N bién so:
U={u U, o Unad (1.35)
Bai vay ra c¢6 thé viét nd gon lai thanh:
e=e()
va trong tng ham muc tiéu (1.8) tro thanh:
Ju)=e)" Qe)+u'Ru (1.36)
Viy bo diéu khién du bao phan hoi trang thai cho hé phi tuyén (1.30) s& 1am
viéc theo céu trac cua thudt toan sau:
Thuit toan 1.6 (diéu khién dy bao phan hdi trang thai hé phi tuyén)
1) Gan k:=0. Chon cira s6 quan sat N va xay dung N vector ham 20,

i=12, ... ,N theo cac cong thic (1.31)-(1.33).
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2) Chon hai ma tran d6i xtmg xac dinh dwong Q,, R, .
3) bo x, vatinh e(u) theo (1.34).
4) Tinh nghiém t6i wu u” ctia ham muc tiéu (1.36).

5) Dua:

*

u =(1,0, ... ,®)u
vao diéu khién ddi tugng trong khoang thoi gian kT, <t < (k +1)T, .
6) Gan k =k +1 rdi quay lai budc 2).
Nguyén tac chung 14 nhu vy, song viéc cai dat Thuat toan 1.6 trén hoan toan
khong don gian, tham chi trong nhiéu truong hop 1a khong thé. Ly do cho tinh

khong kha thi nay nam & viéc xéc dinh cac vector ham f°(), i=12, ... ,N va viéc
tim nghiém t6i vu u” caa ham muc tiéu (1.36) lic nay c6 dang phi tuyén rat cao.

Pé tranh nhugc diém néu trén cia Thuat toan 1.6, sau ndy, trong chuong 2,
luan 4n s& dé xuat mot hudng di khac dé xdy dung bo diéu khién dy bao phan hdi
trang thai hé phi tuyén trén nén tuyén tinh hoa timg doan mo hinh phi tuyén (1.30).
thuat todn ndy s& mang tinh kha thi cao va dé cai dat hon rat nhiéu so v&i Thuat toan

1.6.

1.2.2 Loc Kalman mé rong (EKF-extended Kalman filter)

Bo diéu khién du bao phan hoi dau ra theo nguyén ly tach cho hé phi tuyén Ia
bo diéu khién du bao c6 s dung bd quan sat trang thai. Trong khudn kho dé tai cua
luan 4n, bo quan sat hé phi tuyén nay s& 12 bo quan sat Kalman ap dung cho hé co
mo hinh phi tuyén, hay con goi 1a loc Kalman mé rong.

Loc Kalman mé rong, viét tit 1a EKF, dugc hiéu 1a nhitng tmg dung ctia Thuat
toan 1.5 (loc Kalman tuyén tinh) vao hé phi tuyén khong lién tuc, mé ta bai:

X1 = B XU +6,
{)_/k = gk()ik,gk)Jrgk k=12, ... (1.37)
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trong d6 & , ¢, la nhidu Gauss c6 hai ma tran twong quan ¥, ® va duoc gia thiét
thém:

x, €R", u, eR™, §k eR", Y, eR", S eR", A, eR™, B, eR™™M,

Cy eR™", D, eR™™, M ¢ | =M /g | =0,

Mg & =5 Mg, o | = @5
trong d6 6, ; la ky hi¢u ham ciua Kronecker.

Pé tmg dung dugc Thuat toan 1.5, von duoc xay dung cho hé tuyén tinh
khong dimg (1.24), vao hé phi tuyén (1.37), tit nhién truéc d6 ta phai thuc hién
tuyén tinh hoa. V6i gia thiét cac vector ham f, (), g, () lakha vi, ta s& co 3 phuong
phap tuyén tinh hoa co ban thudng duge dung trong EKF 1a [12,35,61]:

— Tuyén tinh héa nho phép d6i bién vi phoi.
— Tuyén tinh héa xung quanh qu¥ dao tién dinh (norminal trajectory)
— Tuyén tinh hoa cac budc tinh bén trong Thuat toan 1.5.
Tuy thudc vao dang ciia md hinh phi tuyén (1.37) ma ta c6 thé ap dung cac

cach khac nhau dé tién hanh tuyén tinh hoa.
A) EKF logi I: Tuyén tinh héa nho phép doi bién vi phéi

Gia sir ton tai phép doi bién vi phoi (&nh xa mot-mot va kha vi):

Z=m, (%) < X =M (z,) (1.38)
chuyén hé (1.37) vé dugc dang tuyén tinh (1.24):

Zia = AZ+Bug+&
Y, Ckzy +DyU +¢, , k=12, ... (1.39)

Voi:
Zyyg = Micpn (Xyig) =My (ik Xk Uk) + ¢, )
:mku(fk (mlzl(lk)'gk)"'ék):'okz_k +By Uy +§|/(

Y, =0, XU +5, =0, (M @) u) +g,

=Cyz +Dy Uy TSy
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thi Thuat toan 1.5 s& ap dung dugc dé xac dinh trang thai X, cho h¢ (1.37) nhu sau:
Thuét toan 1.7 (EKF loai 1, [12,35,61])
1) Tuy chon diéu kién dau x, va P,(+).
Tinh zo(+) =mg(X,) .
Gan k =1.
2) Tinh z; (=) = A1z, 4 (+) +By 4y 4
P (5) =AP (DAL + P
Ky =P (-)Cx CP(-)Cy +Dy)™"
P (+) = (1 =KCy )P (-)
zy (+) =x (5) + K (Xk —Cyzy () —Dyuy )
3) Xuat x, =m,*(z,(+)) la gid tri trang thdi quan sat dugc ctia hé (1.37) & thoi diém
k. Gén k :=k+1 va quay vé 2.
Tat nhién dé str dung dugc Thuat toan 1.7 cho hé (1.37) ta can phai x4c dinh
duoc phép d6i bién (1.38) thoa mén cac diéu kién (1.39), tic 1a:

mk+l(£k (m;l(z_k),uk)+§k) =AZy + By +§ﬁ
gk(mil(Z_k),ukFCkZ_k +Deuy

va diéu nay phu thudc rat nhiéu vao cau tric mé hinh (1.37) caa hé phi tuyén.

B) EKF logi 2: Tuyén tinh héa xung quanh quy dao tién dinh

nor

Néu & hé phi tuyén (1.37) ton tai quy dao tién dinh (x[°",uf®"), dwgc hiéu 1a
quy dao thoa man:

Xion = % u") (1.40)
thi khi xap xi f, (x,.u,) va g, (x,,u,) xung quanh quy dao tién dinh (1.40) nho

phan tich chudi Taylor, ta s& dugc:



28

of
nor . nor _k nor —k nor
iU ) = f, 00 0 ) +—== Xj =Xy )+_au Uy —Uy )
Ak >£L\or ’gEor “k >£Eor ’gEor
nor nor nor
=X FAX, =X )+ B (U —uy )
va:
o9 a9
nor . nor Ik nor Ik nor
9, XU ) =g, (XU )+ = X =X )+E Uy —Uy )
2k >£L\or ’gEor 2k >£L\or YgEor
nor nor nor
=Y, TG =% )+ D (U —uy )
trong do:
_ aik B, = aik = ag_k = ag_k
a)ik 1L\or Yggor agk >£L\or ,Qﬂor a)ik &Eor'ggor agk &Eor'gﬂor
va
nor nor . nor
Yo =9, U ) (1.41)
hé phi tuyén (1.37) ban dau tré thanh:
/ _ / B /
X = AXe+Bu+¢,
/ / /
Yo = CXe+Deug+g,
. / nor / nor ,a «,/ _ nor
VoL X =Xy =Xy s U =Ug U vay, =y, -y, (1.42)

Tu day ta c6 duoc:
Thuat toan 1.8 (EKF loai 2, [12,35,61])
1) Xac dinh quy dao (x°",uy”") thoa mén (1.40). Tir d6 tinh cac ma tran va vector
A By, Cy, Dy, y°" theo (1.41) ciing nhu x, uy, y, theo (1.42).
2) Tly chon diéu kién dau X, va Py(+).

Tinh x4 (+) =X, —x0°". Gan k =1.



29

3) Tinh Xi (=) =Ac1Xia (+) + B Uy 4
P (2) = AR AL + W4
Ky =P (-)Cx CiPc(-)Cy + @)™
P () = (1 =KCy )P ()

Xi (+) =Xj () + K, (X{( ~CyeXy (=)~ Dyuy )
3) Xuat X, =x; (+)+x[° 14 gia tri trang thai quan sat dugc cia hé (1.37) & thoi

diém k . Géan k =k +1 va quay vé 3.

C) EKF logi 3: Tuyén tinh héa cdic bwde tinh bén trong Thuat toan 1.5.

Tuong ty nhu céng thic (1.27) cua KF, thi ¢ ddy, voi hé phi tuyén (1.37) ta
ciing dinh nghia hai gia tri uéc luong trung gian x, (=), x, (+) cho x, nhu sau:

X (5) = ik ()ik—1 (+), Hk—1)

1.43
Xi () =X, () + Ky [ Y =0, ()0 )] -

trong d6 ma tran K, dugc xac dinh tu:
K, =argminM {()ﬁk — Xy (+))2}
C6 thé thay (1.43) c6 cau trac gan giéng nhu b quan sat Luenberger mé rong:
Xy = fk (Xk—b Hk-1) + Ky [Xk—1 -9, (Kk—li Qk—l)]
véi mot chinh stra nhé 12 thanh phéan Vi =9, (Xk_l,L_Jk_l) nay dugc thay boi
Yi =9, (X ()., ) dé tan dung gié tri dau u,,y, vira do dugc & thoi diém hién tai.
Khi d6, cung véi cac dai lugng e, (=), e, (+), P.(-), P.(+) da co cua KF, ta

thay ngay dugc rang dé ap dung dugc Thuat toan 1.5 cia KF cho hé phi tuyén
(1.37), can thiét phai tuyén tinh héa hai cong thirc (1.43).

Str dung phan tich chudi Taylor cho (1.43) xung quanh x,_,(+), x, (-) ta cd:

e () =X (=) =X = L( (lk—1(+)' Qk-1) - ik (X-1:Ug1)

5 of, (Xy_1,Uy 1)

ox, ()ik—1 _)ik—1(+)) -5 = —F 1€ (+) -4 (1.44)
Xk-1

X1 (+)
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VOi:
of (Xy_1,Uy 1) R
1 =" B S va ey (+) =X (+) — X,
X1 Xy —1(+)
va:
Vi =9, (X () Uy ) =9, (X, Ui) +6, =9, (Xi () Uy )
ag, (X,,uy)
s - () +¢, =Gt () +¢,
OX
Xy (=)
VOi:
o9, (X, ,u
G, - 9, (%i,Uy)
a)ik X =Xg (=)
Suyra:

e (1) =X, () X, =%, () + Ky [y =9, (% ) |-x4

~e () +K[-Ge () +¢, |= (1 -KGy e () +Kys,

(1.45)

(1.46)

(1.47)

(1.48)

Tir ddy, qua so sanh (1.44) véi (1.29) ciing nhu (1.48) véi (1.28) ta thay vai trd
cua A, trong (1.29) da dugc thay boi F,_, ¢ (1.44) va G, trong (1.48) chinh la C,

trong (1.28). Vay ta di dén duoc:
Thuat ton 1.9 (EKF loai 3, [12,35,61])

1) Tuy chon diéu kién dau X, =xy(+) Va Py(+). Gan k =1.

2) Tinh x, ()= ik ()ik_l("‘),gk_l)
G, theo (1.47), F _, theo (1.45) va:
P (2) =R aPa (PR + Wiy
Ky =P (-G GkP (5K + @)™
Pc(+) =(1 -KiGy )P ()
Xic (+) =Xy () + Ky (¥, ~Gixic )

3) Xuit X, =x, (+) 1a gia trj trang thai quan sat dugc ctia hé (1.37) & thoi diém k .

Gan k =k +1 va quay vé 2.
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1.23 UKEF - Unscented Kalman Filter
Loc UKF (Unscented Kalman filter) 1a bo loc Kalman dugc phat trién cho 16p
hé phi tuyén ma & d6 cac nhiéu hé thong va dau ra S Se nam an trong md hinh phi
tuyén ciia h¢, tirc 1a bo loc phat trién cho 16p hé phi tuyén:
X1 = B (X8 0Ux)
Yo = 9,(&5.u), k=12 ... (1.49)
trong d6, ciing giong nhur (1.25), hai vector nhiéu $r 6, duoc gia thiét 12 on trang,
Phuong phap UKF dugc xdy dung trén co sé nhan dinh tryc quan rang néu gia
tri hiép phuong sai ctia nhiéu, vén dugc xac dinh theo cong thirc tuyén tinh, bi lan
truyén trong mé hinh quan séat phi tuyén, két qua quan sat s& khong tét [44, 45]. Boi
vdy, tai liéu [44] 44 dé xuat chi sir dung nhimg dir liéu ngiu nhién tap trung xung
quanh gié tri ky vong cho cong viéc quan sat (goi 1a diém sigma), thay vi str dung
tat ca cac dit liéu dé co.
Tir day, néu nhu ky hiéu lai:

xi =col(x, , & s )eR™™

trong 6 n, v, s lan luogt 12 s6 chiéu coa x,, .+ 6, thi noi dung cua phuong phap
UKF tap trung vao diém sigma, s& c6 dang nhu sau [44, 45]:
Thuat toan 1.10 (UKF- theo tai li¢u [45])
1) Chon cac tham s6 £>0, 0<a <1, >0 va N >0 (cang lén cang tot). Tly chon
day 2N +1 gid tri ngdu nhién xo[0], Xo[1], ... , Xo[2N] lam diém khéi phat.
2) Xac dinh cac gia tri khoi phat (Ung voi k =0):
Xo =M{xo}, P, =M {()So —X)(Xo —Xo)" }

Xo =M{xg}=M{eol (X, , 0, 0)}

P © ©
RS =M {5 X)) -X§)" | =| © P. ©
® 0 P

S

V6i P, P, P, 1a cac ma tran con c6 sb chiéu twong ung n, v, s cua x,, $r Sy
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Gan k =1.

Tinh 2N +1 vector:

xg, khi i=0
Xf=1Xka+7S; khi i=1 ... N
Xg . —7S; khi i=N+1, ... 2N
trong d6 S; la vector cot thir i cia matran S = Va ¥ =+Ja’(N +K).

Sap xép lai X7, 4, i=0,1, ... ,2N thanh:

Xk =col (xix,k—l X s xig,k—l)

V6i X1, Xi g0 Xfjy €O 86 chidu lan lugt1a n, v, s giong nhu x,, &, g, -
Tinh:

Xiger = F(Xiea Xealla ), i =04, ... 2N

va tu do la:

X —ZW x.k\k 1

2N ) T

- — (i) X e X o
P _E)Wc (xi,k\k—l Xy )(xi,k\k—l )ik)
V&i cac trong sb W(') W(' ,1=0,1 ... ,2N duoc xac dinh nhu sau:

A A

0) _ 0) _ 2
wO=—"_ w®=—"_1(1-a*+

mON+A Y N+4A ( ﬁ)
wO=w®=—1 12 . 2N cingnhu i=a?(N +K)-N

2(N+2)

Tinh:

Yl,k‘k—l = g(xlx,k—l’ xig,k—l’gk—l)’ i = 0,1, o ,2N
va tur do la:
N
= _Z(:)Wr(r:)Yi,k\k—l
i=
N B T
= _Z(:)Wc(l) (Yi,k\k—l Yy )(Yi,k\k—l Yy )
=l

2N i T Ve . .
P, =>w®h (Xixlk‘k_l —X;)(Yi Kkt —)ZIZ) (c&c ma tran hiép phuong sai)

e 5
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7) Xac dinh hé s6 Kalman:
K, =P, P, roi tr do 1a X, =X, +K(y, -¥,) V& P, =P, KkukKkT :

Xy Xk Xk 2k -

Xuat X, 1am gia tri quan sat dugc cua hé tai k . Gan k :=k +1 va quay vé 3).

Vé chat luong ciia bd loc UKF thi ciing theo nhan dinh cia tai liéu [45], Thuat
toan 1.10 (UKF) cho ra chat lugng quan sat chinh xac hon cac thuat toan EKF
(Thuat toan 1.7 - Thuat toan 1.9), nhat 1 khi hé co tinh phi tuyén cao va nhiéu lan
truyén phi tuyén trong mé hinh quan sat. Hon nita trong Thuat toan 1.10 ta khdng
can phai xac dinh dao ham ciia cac ham phi tuyén f()va g() nhu ¢ EKF loai 2 va
loai 3 (Thuat toan 1.8 va Thuat toan 1.9). Tuy nhién ¢ phuong phap UKF nguoi st
dung can phai chon lya duoc cac tham sb >0, 0<a <1, B>0 trong khi goi ¥ cho
viéc lya chon mot cach hop 1y lai chua c6 va tat nhién didu nay anh huéng khong
nho ti két qua quan sat. Boi vay, theo nhan dinh cta tac gia luan an, véi 16p hé phi
tuyén c6 nhiéu ¢, 6, mang tinh cong tinh v&i m6 hinh va cac vector ham f(-), g()
la kha vi nhu mo ta & cong thic (1.37), thi don gian hon ca trong diéu khién theo

nguyén ly tach van 1a cac thuat toan quan sat EKF.

1.2.4  Piéu khién dy bao phan hoi dau ra theo nguyén Iy tach véi bd loc

Kalman phi tuyén

Bo diéu khién dy bao phan hoi dau ra theo nguyén ly tach cho hé phi tuyén
(1.37) bi tac dong bai nhiéu Gauss, nhu mé ta & Hinh 1.2, dugc xay dung trén nén
Thuat toan 1.6 (diéu khién du bao phan hdi trang thai hé phi tuyén) va cac bo loc
Kalman mé rong (Thuat toan 1.7 - Thuat toan 1.9) hoac UKF (Thuat toan 1.10).

Tuy nhién, nhu da phan tich & muc 1.2.1 vé tinh khong kha thi trong viéc cai
dat cua Thuat toan 1.6 nén xu hudng ghép chung dang tong quat trén hién méi chi
dirng lai & mot s6 truong hop don gian, chang han nhu tinh phi tuyén cia hé tong

quéat (1.37) chi nam & dau ra, hoic hé (1.37) chi ¢ dang song tuyén.
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1.3 M@t s cong trinh ciia cdc tac gia trong va ngoai nwée thoi gian gan day

nghién ciru vé diéu khién dw bao phan hoi dau ra

Nhu da trinh bay trong phan mé dau va cac muc 1.1, myc 1.2, diéu khién dy
bo v&i nhitng wu diém ciia né dang ngay cang duoc cac tic gia trong va ngoai nude
nghién ctu Gmg dung vao thuc té cong nghiép. Tuy nhién, khi st dung diéu khién
du bao thi mot s can nhic quan trong d6 1a: tinh bén virg cua bo didu khién, do
chinh xac cua mé hinh dy bao, sy anh hudng cua nhiu dau vao va nhidu do dén hé
théng. Pé giam bot cac van dé vé sy khong chic chan, nhiu va cac réi loan trong
hé thong thi MPC thuong duoc thiét ké kém theo gia thiét phan hdi ddy du (hoan
toan) cAc trang thai. Trong thuc té, toan bo trang thai ciia dbi twong thudng khong
thé do dugce va khdng phai 1a ¢ san, diéu nay thuc day cac tac gia trén thé gidi
nghién ciru vé diéu khién du béo phan hoi dau ra, trong d6 sir dung mot thuat toan
doc lap dé ude luong trang thai. Thuat toan doc 1ap dé ude lwong trang thai ndy co
thé 1a: cac bd quan sat, cac bo loc, cac bo wdc lwong... Mot sé cong trinh luan 4n cia
cac tac gia trén thé gisi thoi gian gén day nghién ctru vé diéu khién du béo phan hoi
dau ra cho hé phi tuyén trén co s& st dung cac by quan sét trang théi [29,59,42,62],
trong do:

Luan an cua tac gia David A. Coop (2016)[29]: Thyuc hién nghién curu Ung
dung thuat toan udc lugong trang thai cua by udc lugng Moving Horizon trong bd
diéu khién MPC phi tuyén.

Luan 4n cua tac gia Rafat Noga. (2015)[59]: Bo diéu khién du bao phan hoi
déau ra cho hé phi tuyén & day duoc tac gia thiét ké dva trén viéc tuyén tinh hoa mo
hinh d6i tuong va s dung bd quan sat Hybrid Luenberger va Moving Horizon
Estimation dé quan sat trang thai.

Luan 4n cta tac gia Huiping Li. (2013) [42]: Téc gia tién hanh thiét ké bo
quan sat trang thai dya trén sai léch dé ung dung cho b¢ diéu khién MPC phi tuyén.

Luan an cua tac gia Rui Huang (2010)[62]: St dung bo udc lugng Moving
Horizon Estimate (MHE) va sau d6 1a bo quan sat EKF dé quan sét trang thai. Két

qua dimg lai & md phong cho ddi twong cu thé 12 hé thdng diéu khién qué trinh.
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Cac cong trinh trén dimg lai ¢ viéc thiét ké thanh cong cac bo diéu khién du
b&o phan hdi dau ra cho hé phi tuyén trén co sé sir dung cac by quan sat trang thai
cho mét sb cac dbi tuong cu thé. Cac két qua mo phong dugce st dung dé kiém
chirng.

Ngoai ra con mot sé cac cong trinh cua cac tic gid nudc ngodi khac
[49,17,38,65...] ciing d& cong bb nghién ciu thiét ké bo diéu khién dy bao phan hoi
dau ra cho hé phi tuyén trén co so sir dung cac bd quan sét trang thai nhu: high gain
observer, EKF, UKF tuy nhién ciing chi dirng lai & viéc thiét ké cho cac d6i tugng
cu thé. Véan dé tong quat hoa phuong phap, dua ra nhitng thuat toan dé cai dit, ciing
nhu ching minh tinh 6n dinh cta hé kin bang 1y thuyét va kiém chimg phuong phap
bing mo phong, thuc nghiém ciing chua duoc thyuc hién.

Cung véi xu huéng nghién ciu trén thé gidi, thoi gian gan day céc tac gia
trong nude cling d& cong bé mot s6 cong trinh nghién ciru vé diéu khién du béo
phan hdi dau ra [12,57,1,41,4]:

Trong tai liéu [12], tAc gia d& dé xuét ¥ tuong vé tuyén tinh hoa timg doan mo
hinh du bao Véi cira s6 du bao vo han trong thiét ké bo didu khién dy bao hé phi
tuyén. Phuong phap dé xuat nay chi co thé ap dung diéu khién 6n dinh, muén diéu
khién bam thi phai thém phép chuyén doi trung gian. Viéc xir Iy cac diéu kién rang
budc kém theo phai xir 1y gian tiép thong qua chon cic tham s6 Q,,R, trong ham
muc tiéu. Trong tai liéu [57], tac gia ciing str dung ¥ tuong tuyén tinh hoa timg doan
trong viéc thiét ké bo diéu khién phan hoi dau ra cho hé théng song tuyén. Ctra sb
dy bao & day van 1a v6 han.

Trong tai liéu [1], tAc gia luan 4n d4 cu thé hoa y tudng tuyén tinh héa timng
doan mo hinh dy bao cho 16p ddi tuong phi tuyén c6 mé hinh dang song tuyén
khong lién tuc. Trong tai liéu nay, tac gia da cd nhiing dong gop mai, do la:

- Sir dung m6 hinh tuyén tinh hoa timg doan 1am md hinh du bao trong thiét ké
bo diéu khién du béo.

- Thiét ké duoc bd diéu khién dy bao phan hoi trang thai cho hé phi tuyén va

diéu kién dé hé kin thu duoc 12 6n dinh tiém can.
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- Thiét ké dugc bd quan sat trang thai t6i wu cho hé phi tuyén va diéu kién dé
bo quan sat do tré thanh bo quan sat ¢6 thoi gian hitu han.

- Pua ra diéu kién du dé bo diéu khién dy bao phan hoi dau ra theo nguyén ly
tach, sir dung b quan sat trang thai toi vu RHO 14 6n dinh tiém can.

Tuy nhién, & ddy van c6 mot sb han ché:

- Chi 4p dung cho hé song tuyén khong lién tuc.

- Ctra s6 dy bao ¢ day dugc day dén vo han din dén khong cho phép sir dung
cac phuong phap quy hoach phi tuyén dé xir Iy cac diéu kién rang budc.

- Chi ¢6 thé ép dung diéu khién 6n dinh, muén diéu khién bam thi phai thém
phép chuyén doi trung gian.

- Sir dung bd quan sat RHO dé quan st trang thai nén bo diéu khién khé co
kha nang loc nhidu on trang.

Trong tai liéu [41,4], tAc gia d& dé xuat chuyén doi phuong phap cua tai lidu
[1] sang cho hé song tuyén lién tuc, qua d6 loai bo dugc sai sb xap xi trong qua
trinh diéu khién. Tuy nhién van gip phai nhimg han ché gidng nhu tai liéu [1], d6 1a
ctra s6 du béo 1a vd han nén khdng cho phép sir dung cac phuong phap quy hoach
phi tuyén dé xur 1y diéu kién rang budc, khong diéu khién duoc truc tiép hé bam
theo quy dao mau cho trudc ma phai thong qua diéu khién 6n dinh, khong xur ly
duoc truc tiép cac diéu kién rang budc.

Ngoai ra, c6 mot so tai liéu, luan an khac gan day nhu [6,14,5] nghién ctu vé
diéu khién du béo, tuy nhién cac tai liéu nay déu khong di sau vao nghién ciu diéu
khién du bao phan hdi dau ra. Tai liéu [6] dé xuat phuong phap thiét ké bo diéu
khién du bao dya hé phi tuyén dwa vao md hinh mo. Luan an [14] di sau vao nghién
ctru xay dyng mé hinh thich nghi tham sé truc tuyén trén co s& u6ce lwong tham sé
mo hinh mo cho ddi twong phi tuyén ¢ thanh phan bat dinh 1a ham sé. Luan 4n [5]
dé xuat phuong phap nhan dang nhiéu cho hé thdng c6 tré trong diéu khién trén co
s& mo hinh song song, trong d6 cac mang noron RBF duoc sir dung dé xap xi cac
ham nhidu phi tuyén bt dinh boi mang nay cd ciu triic don gian va c6 kha niang xap

xi hau hét cac ham phi tuyén voéi do chinh xéac tly y.
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1.4  Pinh hwéng nghién ciru ciia luin an

Thong qua Viéc tong hop cac két qua nghién ctru vé diéu khién dy bao phan
hoi dau ra trén thé giGi va cila cac tac gia trong nudc thoi gian gan day, co thé thiy
dugc mot sb ton tai, han ché can duoc tiép tuc nghién ciru vé diéu khién du bao
phan hdi dau ra, d6 la:

— Can phai c6 bd quan sat trang thai phl hop cho cac ddi tuong phi tuyén, co
kha ning giam thiéu anh huong cia nhiéu tac dong, dic biét 1a cac nhiéu on
tréng, dé dam bao co duoc mot chét lugng diéu khién tét.

— Can thiét phai c6 mot thuat toan diéu khién dy bao phan hoi trang thai khac dé
cai dat hon so v&i Thuat toan 1.6 dé mang lai kha ning cai dat don gian song
van dam bao duogc chat lugng cho hé diéu khién dy béo phan hoi dau ra cho
hé phi tuyén.

— Bo diéu khién du béo phan hoi dau ra trén co s& két hop giira bo quan st
trang thai va b diéu khién du bao phan hodi trang thai can phai dugc nghién
ctru va kiém chimg chat luong dé co thé ap dung truc tiép vao thuc té ddi voi
cac dbi tuong phi tuyén c6 cac trang thai 1a khong do truc tiép duoc hodc ¢6
thé do nhung véi chi phi rét cao.

— Can phai téng quat hoa phuong phap thanh cac bude ciia thuat toan va ching
minh tinh 6n dinh ctia hé kin déng thoi kiém ching bang moé phong va thuc
nghiém.

Tur day, luan én dua ra dinh hudng nghién ctru d6 la:

— Nghién citu phat trién bé diéu khién dw bdo phan hoi dau ra mang tinh kha
dung cao Vdi nhitng doi twong phi tuyén.

- Sir dung md hinh tuyén tinh héa tirng doan d@é 1am mo hinh dw bdo thay cho
Viéc sir dung tree tiép mé hinh phi tuyén trong thiét ké bg diéu khién du bdo.
Nhung sur dung cua s6 dw bao hitu han dé co thé sir dung truc tié'p cdc
phuwong phdp quy hoach phi tuyén dé xir Iy diéu kién rang budce (néu c6).

— Sir dung loc Kalman mé rong (EKF) dé quan sat trang thdi, qua dé giam

thiéu anh huong cua nhiéu on trang.
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— Thiét ké diéu khién bam triee tiép theo tin hiéu dau ra mau ma khdng can
chuyén vé bai todn diéu khién én dinh.

—  Ung dung vao diéu khién doi tirong cé6 mé hinh phi tuyén.

— Kiém chirng chat leong ciia bé diéu khién bang mé phong va thiee nghiém.
Tinh méi trong dinh hudng nghién ciru cia ludn an so vdi cac tac gia khac do
la:

— Sir dung mé hinh tuyén tinh roi rac hda timg doan.

— Sir dung cira s6 du bao hiru han: cho phép str dung truc tiép cac phuong phap
quy hoach phi tuyén dé xur 1y cac diéu kién rang budc.

— St dung bo Loc Kalman mé rong (EKF) dé quan st trang thai.

— M0 rong phuong phap cho hé phi tuyén tong quat.

— Piéu khién bam tryc tiép dau ra mau.

— Tong quat hoa phuong phap diéu khién du bao phan hoi dau ra, dua ra cac
thuat toan dé cai dat.

— Chutng minh tinh 6n dinh cua hé kin bang 1y thuyét va kiém chtmg phuong

phap bang mo phong va thyc nghiém.

15 Kétluan chwong 1

Trong chuong I luan 4n d4 trinh bay téng quan nhimg phuong phap diéu khién
du bao phan hoi dau ra, bao gdm ca nhimg phuong phap phan hoi dau ra tryc tiép
don gian nhu MAC, DMC, GPC (Thuat toan 1.1 - Thuét toan 1.3), chii yéu cho hé
SISO, cho dén phuong phap phan hoi dau ra gian tiép, hay con goi 1a phan hdi dau
ra theo nguyén ly tach, dung dugc cho ca hé¢ MIMO.

Tat ca cac phuong phap diéu khién dau ra duogc trinh bay trén déu chi yéu 1a
xay dung cho hé tuyén tinh (Thuat toan 1.4), con ddi v6i hé phi tuyén, né méi chi
dirng lai & phuong huéng. Ly do 1a vi thuat toan diéu khién du bao phan hoi trang
thai (Thuat toan 1.6) rat kho duoc cai dat va néu nhu cai dat duogc, sai sb tinh toan
I6m cta né 1a khdng tranh khoi boi tinh phi tuyén cao cia ham muc tiéu (1.36) tinh
theo tin higu diéu khién u xac dinh theo cac cong thirc (1.34) va (1.35).
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Do muc tiéu cta luan an 1a su dung loc Kalman nhu mot by quan trang thai,
phuc vu bai toan dicu khién du béo hé phi tuyén bang phan hoi dau ra theo nguyén
ly tach, nén & chwong I, luan 4an ciing d4 trinh bay tém tit ndi dung vé bo loc
Kalman tuyén tinh (KF - Thuat toan 1.5) ciing nhu cac dang mé rong cuia no (EKF -
Thuat toan 1.7 - Thuat toan 1.9) va UKF (Thuat toan 1.10) cho hé phi tuyén. M&i
dang mé rong ndy cua loc Kalman déu c6 nhitng wu nhugc diém riéng va ciing chi
nén ap dung cho mot 16p cac hé phi tuyén dic biét.

Thong qua viéc tong hop cac két qua nghién ciru trong va ngoai nudc, phan
tich nhimg diém han ché can tiép tuc duoc nghién ciru, luan an ciing da dua ra dinh
huéng nghién ciru trong phan cudi chuong.

Trén co s& két qua phan tich vé kha ning cai dat it thanh cong ciia Thuat toan
1.6 dung cho diéu khién du bao hé phi tuyén, nén sau day, trong chuong 2, luan an
s& dé xuat mot phuong phap diéu khién dy bao phan hdi trang thai khac mang tinh
kha thi cao hon, ding dugc cho hé phi tuyén MIMO néi chung va hé song tuyén noi
riéng. T4t nhién, clng voi phuong phap diéu khién dy bao phan hoi trang thai phi
tuyén dugc dé xuit méi ndy, bo loc Kalman mé rong ciing sé& duoc cai tién mot
cach phl hop hon dé co thé tuong thich véi phuong phap d6 trong diéu khién phan

hoi dau ra theo nguyén ly tach.
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CHUONG 2 THIET KE LOC KALMAN PE QUAN SAT TUNG
POAN TRANG THAI THEO NGUYEN LY TOI UU VA
UNG DUNG VAO PIEU KHIEN DU BAO PHAN HOI
PAU RA HE PHI TUYEN THEO NGUYEN LY TACH

Trong chuong nay luan an s€ trinh bay mdt phuong phap mo rong loc Kalman
cho hé phi tuyén trén co so tuyén tinh timg doan mé hinh phi tuyén cta hé duoc
quan sét, sau d6 xac dinh xap xi trang thai ctia hé trong doan d6 theo mdt tiéu chuan
t61 wu, s& duoc luan an goi 12 quan sat Kalman tirng doan. Néu so sanh véi nhitng
bo loc Kalman mo rong da coO trude day (EKF loai 1-3), thi bo quan sat Kalman
tirng doan nay s& phl hop hon khi sir dung cling voi bo diéu khién dy bao phan hoi
trang thai c6 mé hinh dy béo ciing & dang tuyén tinh timg doan (optimal receding
horizon control). D6 ciing 1a bo diéu khién phan hoi trang thai duoc luan an st dung
chinh trong b diéu khién du bao phan hoi dau ra dé diéu khién cac ddi twong phi

tuyén trong céng nghiép.

2.1  Xay dung b quan sat Kalman tirng doan cho hé phi tuyén

2.1.1 Quan sat Kalman tirng doan cho hé song tuyén
M6t hé phi tuyén véi mé hinh:

{)Skﬂ:i()ik’gk)"'ék 2.1)
Y =90+,
duoc goi 1a song tuyén (bilinear), néu hai vector ham F(X,Uy ), 9(x,u,) €O tinh
chat [11]:

— khi x, lahang s6 chlng sé& tuyén tinh theo u, va ngugc lai

— khi u, 1a hang s6 chling s& tuyén tinh theo x, .

Thyc chat khai niém tuyén tinh & trén khong mang dugc tinh chit ché cia mot anh

Xa tuyén tinh ma chi dimg lai 1a d0 thi ctia chung chiéu theo hai truc toa do X, va
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u, €O dang duong thang (c6 thé khong di qua gdc). Hon nira, trong nhiéu tai liéu
ngudi ta con quan niém rang hé song tuyén 13 hé ma md hinh ciia né chi can thoa
man mot trong hai diéu kién & trén 1a du, tic 14 hai vector ham F (X, Uy )s (X, Uy)
chi can tuyén tinh theo u, khi x, la hang s, hodc tuyén tinh theo x, khi u, la

hang so.

Xuiat phat diém ciia phwong phap

Phuong phap dé xuat ciia luan an c6 xuét phat diém 14 tuyén tinh hoa timng
doan hé phi tuyén, sau d6 xay dung bo loc Kalman tuyén tinh cho timg doan nay
trén co s 12 gia sir da biét gia tri trang thai xap xi ¢ dau doan tuyén tinh hoa do.
Khoang thoi gian tuyén tinh hoa timg doan s& chinh 1a khoang thoi gian trich mau
ctia hé phi tuyén khong lién tuc (2.1).

Pé minh hoa tu tuéng thiét ké bo quan sat Kalman timg doan cho hé song
tuyén cia luan an, trudc tién ta xét hé song tuyén khéng dimng c6 dang tuyén tinh

theo u, khi x, lahang s6 nhu sau:

{’Sku = AXy, KX, +B (X, K)uy (2.2)

Y, =C Xy, k)X + D (X, k),
trong d6 A(x, k), B(X,.k), C(x.k), D(x,,k) dugc gia thiét 12 cAc ma tran ham lién
tuc theo trang thai x, va thoi gian k, cling nhu chu ky trich mau T, la khong qua
I6m dé co thé xap xi dugc thanh:

A =AK k) 2 Ay k), B =B(X, . k) = B(x,.k) 2.3)
Cy =C (X .k) =C (x,.k), D =D (X, k) =~ D(x,.k)
V6i X, ~x, lagid tri trang thai da quan sat duoc & thoi diém k .
Nhu vay, ¢ thoi diém hién tai t, =kT, va trong mot khoang thoi gian ngan
ngay sau d6 kT, <t < (k +1)T, hé song tuyén ban dau (2.2) s& dugc xap xi bang mo
hinh tuyén tinh tham s6 hang (mé hinh LTI):

{)Sku =AX, +Bu + &,

(2.4)
Y, =CiXx +Dexy +¢,
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Tat nhién hé LTI (2.4) nay chi c¢6 y nghia xap xi trong khoang thoi gian ctia mot chu
ky tricha mau kT, <t < (k +1)T, . O khoang thoi gian tiép theo, ta s& c6 mot mo hinh
LTI khac véi cic ma tran hang A ,, B, ;, C,.;, D,,; khac, dugc tinh theo (2.3)
nhung véi gia tri trang thai madi bay gio 1a x, ., .

Cung véi mo hinh tuyén tinh timg doan (2.4) cua hé song tuyén (2.2), ciing
nhu cung voi cac gia thiét vé nhidu & , ¢ dé cho o (1.25), thuat toan KF (Thuat
toan 1.5) ciing s& ap dung dugc cho hé (2.4) trong khoang thoi gian ngan
KT, <t <(k +1)T, dé xac dinh x4p xi X, trén co sé dd cO X, , ~x, ; trudc do, véi
mot sira d6i nho 1a & ngay dau cac vong lap ta can phai xac dinh lai bon ma tran

A, B, C,, D, theo cong thic xap xi (2.3).

Ngoai ra, c6 thé thidy ngay duoc rang dé ap dung thanh cong thuat toan KF
(Thuat toan 1.5) mot cach chinh xac, ta can phai c6 gia tri trang thai xap xi ciia hé ¢
thoi diém dau cua doan d6, duoc ky hiéu 14 X, , ~x,_,. Tuy nhién, tir (2.3) ta con
thay ngay duoc rang tinh chinh xac cua két qua thu duoc phy thudc rat nhiéu vao do
chinh xé&c ciia cong thire xap xi ndy, nhét 12 ¢ ngay budc dau tién. Boi vay dé co
dugc X, =X,(+) du chinh xéc, ta can phai c6 moét thuat toan con phuc vu cho viéc
do trude khi su dung KF (Thuat toan 1.5), thay vi chon ndé mot cach vo dinh nhu da
lam & Thuat toan 1.5 trudc day. Noi dung cua thuat toan con nay ciing nhu d6 phirc
tap ciia nd phu thudc vao do phi tuyén cua hé (2.1) d4 cho. Boi vay, dé don gian,
trudce tién luan an sé xay dung thuat toan con d6 cho trudng hop hé phi tuyén (2.1)
6 cau triic gan tuyén tinh nhéat va d6 1a hé song tuyén (bilinear), sau d6 méi mo

rong cho hé phi tuyén bat ky.
Xay dung bd quan sat Kalman tirng doean cho hé song tuyén

Dé thuén tién cho viéc xdy dung thuat toan xac dinh X, =x,(+), trudc tién ta
s& xét truong hop don gian 1a hé (2.2) con cd thé chuyén ddi duge vé dang:

{)ikﬂ =AUy K)x, +B (U K)uy + &,

(2.5)
Y, =C U KXy +D Uy KX, +g,
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Dé ¢co Xo tat nhién can phai c6 mot khoang thoi gian quan sat. Néu ky hiéu
khoang thoi gian quan satnay la i =0,1, ... ,M thi gia tri trang thai quan sat dugc 1a
Xy S€ dugc xem nhu gia tri khoi phat x, cho Thuat toan 1.5.

Sau day ta s& xac dinh X,, cho hé (2.5) theo tiéu chuan tdi wu 12 sai léch quan
sat trong mot cira so qua khtr ciand 12 i=0,1, ... ,M dat gia tri nho nhat. Thuyc ra,
noi dung quan st trang thai X, theo tiéu chuan t6i wu tong quat cho h¢ (2.5) d&
duogc xay dung & tai liéu [1], song thuat toan nay lai chwa c6 kha ning loc nhiéu. Do
d6, dbi voi hg c6 nhidu £ , ¢, tac dong, ta s& ket hop loc Kalman va thudt toan
quan sat téi wu do cua tai liéu [1] bang cach chi sir dung nguyén tic quan sat t6i uu
nay cia [1] mot lan dé xac dinh X,, tir cac gia tri vao ra do dugc trong qua khir
u, y,, =01 ... M-1, roi sir dung X,, lam gié tri khoi phat X, cho viéc ap dung
Thuat toan 1.5 vao quan sat trang thai h¢ (2.5) sau nay.

Pé tién cho viéc trinh bay, sau day ta s& sir dung céc ky hiéu:

_)>>

A, i), é =B(,,i),

va C(u;,i), D, =D(u;,i), i=01, ... ,M (2.6)
Do u;, i=0,1, ... ,M la d4 biét nén tat ca cac ma tran A, B,, C;, D, tinh theo cong
thirc (2.6) & trén véi i=0,1, ... ,M ciing da biét. Tir day ta suy ra duoc sy phu
thuoc cua cac bién trang thdi x,, i=1,2, ... ,M VAo trang thai dau x, can xac dinh

VA CAC gid tri tin hi¢u dau vao do duoc u;, i=0,1, ... ,M nhu sau:

X3 z'&o)io + IgoL_Jo :'&o)io +d,
X, =AX; +Bju; :A&(Ao)io +q0) +BU; =AAX, +Ad, + élgl

z'&iﬁb)io +d;
=ALX  +Biu _A—I(A—ZA—S""&O)SO +qi—2)+éi—lgi—l
'8\ A A 5 AXo +di

'8M—1AM —2""&0)10 +dym 4

XM
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trong do:

do= I§oL_Jo
d, = '&1(10 + élQl

L _ (2.7)
di;=A4d; ,+B; Ui 4
Ay = 'EM BUIVIPES I§M aUma

déu 1a nhimg vector d& biét, tirc 1a xac dinh dugc tir nhimg gia tri vao ra do duoc
trude do.

Viy céc sai léch quan sat trong cira s6 quan sat i =0,1, ... ,M & Ia:

& =Y, _(61)11 + I5191) =Y, _[61 ('&o)io +Qo)+ 51H1}

€m =Yy _(CM)SM +Dy Uy ):XM _[CM ('&1\/|—1'&M—2""&0)£o +QM—1)+6M HM]
=Ywu _CMQM-1_|5M Uy _CM'&r\A—y&M—z“"&b&o =0\ _CM'SM—l'&M—z“"&o)io
V6i cac vector hang g, i=12, ... ,M da biét, vi ching dugc xac dinh duoc tir
nhiing gia tri ciing d4 biét u;, i=0,1, ... ,M, nhu sau:
g, =Y, ~Cdo ~Dyuy

92 :XZ _62(11 _62g2 (2 8)

Iv =Ywm ~C0y 1~ Dy Uy

Viét chung tAt ca sai léch quan sate;, i =12, ... ,M lai thanh vector hop:



45

(e) [9) (  ¢cA )
HF TV
Em I CM'EM—YEM—Z Ay

=g -GX,

() (  CA )
6o O (2.9)

O Crulu A2 Ay

ta s& c6 tong binh phuong cac sai léch quan sat trong todn bd cira so quan sat, dudi

N

dang ham sb cua X, la:

I (xo) =€ Ae = (g ~Gx,) A(g-Gx,)

=g" Ag —29" AGX, +X¢G " AGX, (2.10)

trong 6 A 1a ma tran trong s6. Ta c6 thé chon ma tran trong s nay c6 dang dudng
chéo:

A =diag(4), 4 >0 (2.11)
Khi d6, dé uu tién mot sai léch quan sit e; nao d6 trong s6 M céc sai léch quan sat
e, i=12, ... ,M taséchon mot hang sb A, twong ng 16n hon cac hang s6 con lai.

Nhiém vy tiép theo s& 1a xac dinh x, sao cho tong binh phuong céc sai léch
quan sét (2.10) 1a nho nhét. Lic nay, do ham J(x,) ¢ dang toan phuong, nén ta c6
ngay dugc nghiém ti uu:

X =argminJ (x,)
Xo
nhu sau [12]:
Xg = (GTAG)_lGTAg

va cung vai nd 1a:
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X = A 1A o AXo +dy 4
= Ay Ay 2 A(GTAG) 'GTAg +dy (2.12)
Sau khi dd c6 duogc gia tri trang thai x;, theo cong thic (2.12), ta s& str dung
n6 nhu gid tri trang thai xuat phat X, =x,(+) trong Thuat toan 1.5 dé quan sat trang
thai t6i wu cho hé (2.5).
Toan bd ndi dung thuat toan nay s€ nhu sau:
Thuit toan 2.1: Quan sat Kalman timg doan hé song tuyén (2.5).
1) Chon ctra s6 quan sat khéi phat M >2 va ma tran trong s6 A theo (2.11).
2) Do cac gia tri vao ra u;, y,i=01 ... .M.
a) Xac dinh tat ca cac ma tran A, B;, C;, D;, i=0,1, ... ,M tir m6 hinh (2.5)
cua hé theo cong thurc (2.6).
b) Tinh M cac vector d;, i=0,1, ... ,M-1theo (2.7)vag, i=12 ... ,M theo
(2.8). Xay dyng vector hop g vamatran G theo (2.9).
c) Tinh x,, theo (2.12). Gan X,, =Xy, Ay =Au. By =By, Vva xuat x,, lam gia
tri trang thai quan sat duoc cia hé (2.5) & thoi diém M .
3) Gan x,, (+)=X,, vachon P, (+) tlyy. Gan k =M +1.
4) Do uy, y, . Xac dinh C =C (U, k), D, =D (U, k).
5) Tinh x, () =A X1 () + B gy
P (5) = AP (DA + Wiy
Ky =P (-C¢ CR(-)Cy +@,) ™
P (+) = (' -KLCy )Pk )
Xi () =X, (5) + K, (Xk —Ci X () -Dyu, )
6) Xuat X, =x, (+) 1am gid tri trang thai quan sat duogc ciia hé (2.5) & thoi diém k.

Tinh A =A(u, k), B, =B(u,.k). Géan k =k +1 va quay Vé 4).

Néu so sanh v&i bo quan sat trang thai da dugc gidi thiéu o tai liéu [1] ma & do

C4cC gia tri trang thai tiép theo X,, k =M +1,M +1, ... cling dugc xac dinh lip gidng
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nhu X,,, thi & bd quan sat Kalman trén (Thuat toan 2.1), chdng lai dugc xac dinh
theo KF (Thuat toan 1.5). Nho d6 kha ning khang nhiéu & , g, cuano chac chan s&
tot hon.

Hon nita, do thuat toan quan sat Kalman timg doan ma luan an dé xuit ¢ trén
(Thuit toan 2.1) duoc xay dung cho hé song tuyén khong ding (2.5) nén tat nhién

no ciing ap dung duoc cho ca hé song tuyén dimg, md ta boi:

Xy = AUOX +B U Uy + &,
Y, =CUX, +DU )X +5,

trong d6, cac ma tran A éi, (fi, Iji, i=0,1, ... ,M thay vi dugc xac dinh theo

cong thue (2.6), bay gio s€ la:

=D(y;), =01, ... ,M

Cubi cling, ta cd thé nhan thay thém dugc rang Thuat toan 2.1 do luan an dé

Xuat trén ddy con &p dung duoc cho ca nhimng hé song tuyén tong quat:

(2.13)

Xpo1 = Ay 1, Ui KX +B (X g, Uy KUy + 8
Y, =C (Xy_1,Up KXy +D (X g, Uy K)Xy +6,

€O cac ma tran A(x, ;,U,.k), B(x, 5,U,.k), C (X, 1,U,.k), D(X,_4,U,.k) lién tuc theo
X, 4, VI Khi d6 cac ma tran A I§i, (fi, Iji, i=01 ... ,M & budc 2 cua thuat toan,
thay vi dugc xac dinh theo cong thire (2.6), bay gio sé duge xac dinh xap xi boi:

A ~ AR 1, Ui0), By = B(X;;,U;,0)

C; ~C(X;_3,U;,i), D, *D(X; 4, ;i)
Vi du 2.1: Minh hoa bé quan sat Kalman ting doan

Xét ddi twong c6 mo hinh song tuyén:
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0,5 uk -1
2
et = 1 3 (2.14)
05 u. -5
_[o 0 01 0]x,

trong d6 x, = (X [K] X,[k] X[K] x4[k])T 14 véc to trang thai cia hé, u, 14 tin hiéu

dau vao diéu khién, y, 1a tin hiéu dau ra. Néu so sanh véi mé hinh (2.5) thi:

05 u 05 -1
o 1 1 -2 s

A k) = 0 05 1 -3 , B(u,k)=0vacC(u,k)=(0 0 0.1 0)
1 05 u -5

Chon ctra s6 quan sat M =10, ma tran trong s6 A =0.05*eye(M). Tiép tuc
thuc hién theo cac budce ciia Thuat toan 2.1 véi tin hiéu dau vao u, =5sin(kT,) tasé
tinh dugc gid tri X 13 gid tri quan sat dugc tai thoi diem M. Tiép tuc gén
Xy (+) =X, Va chon P, (+)=1, gan k=M +1, thyc hién cac buédc tiép theo ciia
thuat toan. Két qua so sanh giira cac trang thai quan sat duoc va trang théi thyc cua
hé st dung b quan sat Kalman ting doan theo Thuat toan 2.1 dugc thé hién trén
Hinh 2.1. O Hinh 2.1 ndy, duong nét lién biéu dién cic trang thai thuc cia hé,
duong nét dut biéu dién trang thai quan sat duoc bang bd quan sat Kalman ting
doan. Nhidu dau vao va nhidu dau ra c6 ky vong bang khong. Quan sat dap tng cho
thay, trang thai quan sat duoc bam rat sat voi trang thai thuc cia hé dudi tac dong

ctia nhiéu chimg t6 bd quan sat Kalman timg doan 1am viéc tot.
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Hinh 2.1: Trang thdi quan st dwoc va trang thai thue cia doi twong khi

¢6 nhiéu dau vao va nhiéu dau ra cé gid tri ky vong u=0

Vi du 2.2: Minh hoa bé quan sat Kalman timg doan

Tuong tu, ta ¢ thé xét dbi twong song tuyén:

y 20,25 Uy x+2u
Ty, -0,5)7F (-1 K (2.15)

Yo =[1 1x

Chon cira sd quan sat M =10, ma tran trong s6 A =0.05*1 (M), nhiéu dau vao
va nhidu dau ra 1a nhidu Gauss c6 ky vong bang 0. Tiép tuc thuc hién cac budc cua
Thuat toan 2.1, ta c6 dugc két qua quan sat trang thai cia hé nhu mé ta & cac Hinh
2.2 va Hinh 2.3. Két qua mo phong cho thdy, sau mot vai budc tinh dau tién thi
trang thai quan sat dugc d& bam sat theo gid tri trang thai thuc cua ddi twong va sau
do6 1a hoan toan trung khdp vdi cac gia tri trang thai thyc nay trong qua trinh quan
sat. Cac két qua mo phong da khang dinh thém tinh ding dan ciia thuat toan quan

sat Kalman timg doan duoc luan an dé xuét.
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Hinh 2.2: Bién trang thdi x,[k] khi c6 nhiéu dau vao va nhiéu dau ra c6

gia tri ky vong u=0

1
0.5 ‘\.

]
06

Hinh 2.3: Bién trang thdi x,[k] khi c6 nhiéu dau vao va nhiéu ddu ra cé
giatri ky vong u=0

2.12 Thiét ké by quan sat Kalman tirng doan cho h¢ phi tuyén

Quan sat trang thai hé phi tuyén khi da biét trang thai diu

Ciing tir tu twong chung d& dugc trinh bay, sau day ta s€ xay dung bd quan sat
Kalman timg doan cho hé phi tuyén tong quat mé ta boi mé hinh (2.1), trong d6 cac
vector ham f(x,,u, ), g(x,,u,) duoc gia thiét 1a tron theo cd x, va u, . Cac tin hiéu
nhiéu ¢, 6, cungdugc gid thiét 1a nhidu Gauss, phan bd chuan, c6 ky vong bang 0,

va théa man (1.25).
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Ta phan tich vector ham f(x,,u,) thanh chudi Taylor tai diém qua khu
X, U, nhu sau:

FX ) = F (X Uy ) +A ()ik _KE)JF By (U —Uy4)+ &

=Acey +B Y + (X U )+ G = A +BY + X + 9

(2.16)

trong do:

va gy =Xy =X, Vi = U —Uy

Xy Uy 1

Xy U1
va g la sai sb sinh ra tir viéc bé qua cic thanh phan dao ham bac cao trong chudi
Taylor. Hién nhién v, 1a dai luong dé biét, vi & thoi diém k  hién tai ta d4 co cac
gi tri ¢au vao do dugc u, ,, u, . Nguoc lai g 1a mot dai lugng bat dinh.

Thay (2.16) vao phuong trinh thir nhat trong mé hinh phi tuyén ban dau (2.1)

cua h¢, ta s€ duoc:

€ = A& +B Y + &, + & =Ag +ByY +u (2.17)
trong do €4 =Xy — X0 =&, + .

Hoan toan twong ty v&i phuong trinh thir hai cua (2.1) ta co:

00 U) * 951Uy 1) +Cp Xy ~Xy )+ Dy (U Ui 1) + 74

=Cyey + DV + Vi 7k (2.18)
VOIL:
g o9 .
C,=— D =—= va y, ;=90 Uyy)
a)i < ag Xy Uk 1 o

Xy U1

la nhitng dai lwong xac dinh duoc tir cac gia tri da c6 ¢ thoi diém trude d6 1a k —1.
7 la sai s6 sinh ra tir viéc bo qua cac thanh phan dao ham béc cao trong chudi

Taylor. Suy ra:
AY, =Y, Yy =Ci + DY+ 6, + 7 =Ciei + D+ 44 (2.19)

Ghép chung (2.17) va (2.19) lai voi nhau ta duoc mé hinh xap xi tuyén tinh
cua (2.1) trong doan (k -1)T, <t < (k +1)T, nhu sau:
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{QM =Acky + By Yy +uy (2.20)

AY, =Y\~ 3 =Cri + Dl + 14
Trong md hinh tuyén tinh trén, hai thanh phan bat dinh o, g4 14 tong cua
nhiéu Gauss $or Si (nhidu phan bd chuan, co ky vong bang 0) véi sai 1éch xap xi
. ¥ sinh raboi da bo qua cac thanh phan bac cao trong chudi Taylor. Do c4c sai
léch 9,, y, nay la tién dinh nén tong v, 14, Cua ching ciing 1a nhiéu phan b
chuan, song co thé co ky vong khac 0. Boi vay khi c6 gia thiét thém rang ky vong
cia 9, 7, 1a rat nho dé c6 thé bé qua dugc thi véi mé hinh tuyén tinh (2.20) nay,
gia tri trang thai €, ~e, hoan toan dugc xic dinh tir tin higu dau ra Ay, va gia tri
trang thai dau e, , nho thuat toan KF (Thuat toan 1.5) ciia hé tuyén tinh. Gia thiét
bo sung rang ky vong cta 9, , Y rat nho 1a chap nhan duoc, vi cac phan tich Taylor
luén dugce thyc hién trong lan can nho cia x,, u, .
Vay khi d& biét trang thai dau X, =X, Cua hé, ta s€ c6 dugc cac gia tri trang

thai x,, k =1,2,... tiép theo ciia h¢ (2.1) nhd thuét toan sau:

Thuit toan 2.2a: Xac dinh trang thai hé phi tuyén khi da co trang thai dau x,.
1) Do uy, y,. Gan X=X, ¥, =Y, €o(+) =0 va k=1. Tuy chon P,(+).
2) o uy_y,uy,y, - Tinh:

_a _a %

i~k T
Xy1Uk1 -

3
D=

Xk-1Uk1 =

A By

Xy1:Uk 1 =

Ay =Y Y Y = U
LI

3) Tinh:
e () =Ae () +BVi,
P () = AP (A +Wi 4
K =P (-)C¢ CP (e + @)™
P (+) = (' -KCy )Pk )
e (+) =€ () + Ky (A, ~Ci& () -Dyw )

4) Tinh X, =e, (+) +X,_; VA XUt ra 1am gia tri trang thai quan sat dugc ctia hé.
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5) Tinh y, =g(X,.u,). Gan k:=k+1 va quay vé 2).

Xac dinh x4p xi trang thai dau theo tiéu chuan t6i wu

Nhu cac gia thiét ¢& néu trong qua trinh xay dung thi thuat toan 2.2a vira dé
Xuit & trén chi 1am viéc tot khi d4 co trang thai dau x,. Dé xac dinh dugc x, ta sé
4p dung nguyén ly t6i vu nhu da thyc hién cho truong hop hé song tuyén (2.5),
nhung bay gio 12 v6i hé phi tuyén (2.1).

Pé xac dinh dugc x,, tit nhién ta cAn mot khoang thoi gian quan sat ky hiéu 1a
MT,, tirc 1a dé c6 dugc x,, ta can co duge M +1 CAc gid tri vao ra do duge. Ta s& ky
hiéu cac gia tri nay la u;, y,i=01 ... .M. Vi cac ky hiéu do, thi tir moé hinh phi
tuyén tong quat ciia hé 1a (2.1) va khi xem sy anh huéng cia ciia nhidu 12 nguyén
nhan gay ra su sai léch ¢ dau ra, ta sé co:

Xi =f(Xi_1,Ui4) (2.21)
trong d6 X; la trang thai ctia hé khi khong c6 nhiéu &, tac dong vao hé thong. Tt
nhién ¢ thyc té gitra X . Vva trang thai thuc x; ton tai mot sai 1éch. Sai 1éch nay s&
duoc xir Iy nhd nguyén ly hiéu chinh téi vu sau nay.

T mo hinh (2.21) ta dugc:

Xi =f(Xiuiy)= i(i(&i—Z Ui o), Hi—l)

=fo E(Xi—Zigi—Z)'Qi—l) = iz (Ki—z ) Hi—z)vHH)
trong do ky hiéu iz () laky hi¢u ciaham hop fof(). Chr tiép tuc nhu vay ta co:

(Xi_2:Ui_p:U; 1)

f
- £3 ()ii—sigi_g,gi_z,gi_l)

:ii (X UgiUys -+ 4Uj4) (2.22)
véi f'() latich cia i cac ham f(). TAt nhién ham nay chi c6 mot bién s6 1a X, Vi
Ug,Uy, ... ,U;, la d4 biét nén chi dugc xem nhur tham sé caa ham.

Thay (2.22) vao phuong trinh dau ra cia (2.1), ta co:
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:9(:i'gi):g_(£i (Xo,Ug: Uy, ... :Hi—1)19i)

=gof (Xo.Ugoly, - 2Ujg,Uy) (2.23)
va ham nay ciing chi c6 mot bién s6 1a x,,. Suy ra ham mo ta sai léch quan sat:

& =Y, Y, =Y, —g_oii (X Ug Uy, - Uiy, i) (2.24)
cling chi phu thudc x,. Nhiém vu tiép theo 1a xac dinh X, sao cho tong binh
phuong cac sai léch quan sat trong todn bo ctra s6 quan sat i =0,1, ... ,M 14 nho
nhét.

Viét chung lai tat ci cdac ham md ta sai léch quan sat trong cira so quan sat
thanh vector sai léch:

e(Xo) =col ey, €, ..., €y) (2.25)

thi nhiém vu xac dinh X, theo tiéu chuan t6i wu néu trén s& chinh 1a:

Xo =argmind (Xo) VOi J(X,) =e(Xo)" Ae(X,) (2.26)

trong d6 A 1a ma tran ddi xtimg xac dinh dwong tly chon, dugc goi 1a ma tran trong
s6. Vi ham muc tiéu J (x,) cho béi cong thire (2.26) & trén c6 cac vector ham e(x,)
dinh nghia theo (2.25), (2.24) va (2.23) la phi tuyén, nén dé tim dugc nghiém t6i uu
X, Clia no ta can phai c6 cac phuong phap quy hoach phi tuyén. Nhirng phuong
phap quy hoach phi tuyén, tir co ban dén nang cao, dd duoc trinh bay chi tiét trong
nhiéu tai liéu t6i wu hoa, chang han nhu [12,53].

Vay thuat toan xac dinh gia tri trang thdi ddu x, cho hé phi tuyén (2.1) tir

M +1 cac gia tri vao ra do dugc u;, y,, i=01, ... ,M s&€co cau trac nhu sau:
Thuit toan 2.2b: X4c dinh trang thai dau x,.

1) Chon ctra so quan sat M > 2.

boM+lcacgiatrivaora u;,y,i=01 ... , M.
2) Xay dung cac vector ham hop f OF goii (),i=1 ... ,M theo (2.22) va (2.23).

3) Lap ham muc tiéu J(X,) theo (2.24), (2.25) va (2.26).



95

4) Tim nghiém t6i wu X, ctia bai todn (2.26) nhd phuong phap quy hoach phi
tuyén.

Thuit toan quan sat tirng doan trang thai cho hé phi tuyén

Nghiém x, tim dugc nho thuat toan 2.2b chinh 13 gia tri xap xi toi wu cua
trang thai dau x, ciia hé. Nhung vi dé co X, ta phai do dugc tat ca M +1 cAc gia tri
vaora u;, y, =01 ...,M ciahg¢ nén lic ndy x; khdng con la gid trj trang thai
tirc thoi cua hé. Gia tri trang thai trc thoi bay gio phai 1a x,, va gia tri nay hoan
toan co thé xac dinh dugc tir X, theo cong thire 1ap (2.22) nhu sau:

X :iM (XB’QO’L_M’ 'HM—l) (2.27)

Ghép chung hai thuat toan 2.2a va thuat toan 2.2b cung véi cong thire (2.27) ta
c6 duoc thuat todn quan sat timg doan cho hé phi tuyén (2.1) gom cac budc nhu
Sau.

Thuit toan 2.2: Quan sét trang thai hé phi tuyén.
1) Chon ctra s0 quan sat M > 2.

a) boM+lcacgiatrivaora u;, y,,i=01 ... , M.

b) X&y dung cac vector ham hop f OF goii (),i=1 ... ,M theo (2.22) va
(2.23). Tur @6 1ap ham muc tiéu J(X,) theo (2.24), (2.25) va (2.26).
c) Tim nghiém t5i vu X, cila bai toan (2.26) nho phwong phap quy hoach phi
tuyén.
d) Xéc dinh cac gié tri trang thai X,, i =1,2, ... ,M tir X, theo (2.27).
2) Ganey, (+)=0, k=M +1.

Tuy chon Py (+) vatinhy =g(Xy,uy) -

3) Do Uy, Uy, y, - Tinh:

_of
A<_ax

0

a9

_9

Dy =—= va AY, =Y, _zk—1

o u
Xy—1:Uk—1 -

l Bk -
Xk-1Uk-1

' k
o X
Xy—1:Uk—1 -

Xg-1dk1
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4) Tinh:
e () = A (+H) + BV 4
P (=)= A<Pk—1(+)A<T +¥
Ky =F (—)CkT CyP (—)CkT +O, )_1
P (+) = (' -KCy )Pk )
e (+) =e, () + Ky (Ay, ~C8 () -Devy )

5) Tinh X, =e, (+)+X,_, V& XUt ra 1am gi4 tri trang thai quan sat duoc cua hé.

6) Tinh y, =g(x,.u,). G4n k =k +1 va quay vé 3).

Tuy nhién, ciing gidng nhu Thuét toan 1.6 vé b diéu khién dy bao phan hoi
trang thai hé phi tuyén, bd quan sat trang thai vdi Thuat toan 2.2 dé xuat trén day s&
kho cai dit duoc do phai xac dinh cac vector ham hop (2.23) & budc dau tién. Bai
vay, chi nén sir dung thuat toan quan sat nay khi c6 thé xap xi dugc gan dung gia tri
trang thai X, dau tién. Trong truong hop nhu vay Thuat toan 2.2 s& tr thanh thuat

toan 2.2a.

2.2 Diéu khién du bao phan hoi trang thai hé phi tuyén trén co sé sir dung

md hinh du bao tuyén tinh

Trudc day, 6 muc 1.2.4 thudc phan tong quan, luan an da trinh bay nguyén tic
cua diéu khién du bao phan hdi dau ra theo nguyén ly tach 1a ghép chung bo diéu
khién dy bao phi tuyén, dugc xdy dung trén nén Thuat toan 1.6, va bd quan sat
trang thai, ma & day, trong khuon kho luan an, sé& chinh 1a cac bo loc Kalman.

Nguyeén tic diéu khién nay ciing da dugc minh hoa & Hinh 1.2.

Cika s6 du bdo tiép theo

1,
Ctta $6 dw bao hién tai

|_|.k Hk+l H |

k+N

Hinh 2.4: Nguyén Iy diéu khién dw bdo phan héi trang thdi phi tuyén

trén co s sir dung mé hinh die bdo tuyén tinh
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Tuy nhién, nhu d4 phan tich & muc 1.2.1, viéc cai dat truc tiép Thuat toan 1.6
cho bo diéu khién phan hoi trang thai phi tuyén mot cach tong quat 1a hoan toan

khéng kha thi do & d6 ta phai xac dinh dugc tudng minh cac cong thirc ham hop:

fg]()ikigklgkﬂ' oo Ugymog) =(@ofofo - of)(Xy Uy Uyyg, -on Upim)
m
véi m=12, ... ,N. Boi vy, sau day luin an s& gioi thiéu mot phuong phap diéu

khién du bao khac cho hé phi tuyén mang tinh img dung cao hon. Phurong phap nay
dugc xdy dung trén nén tuyén tinh héa timg doan hé phi tuyén doc theo truc thoi
gian va s& dugc thuc hién dong thoi cling véi bude dich chuyén cua cira s6 du bao
c6 do rong hiru han nhu minh hoa ¢ Hinh 2.4, trong d6 H, la ca&c mo hinh tuyén

tinh dugc st dung dé du bao tin hiéu dau ra i cho hé phi tuyén (2.1) thudc cira sb

du bao hién tai [K,k +N], thclavdi 0<i<N.

2.2.1 PDiéu khién h¢ song tuyén

Pié¢u khién hé hgp thirc khong chit
Xét hé song tuyén theo cac bién trang thai (2.2):

{&m = A, K)x, +B (X, k),

2.28
Y, =C Xy, k)X + D (X, k), (2.28)

H¢ trén cO tin hi¢u ra y, phu thudc tin hi¢u vao u, & clng thoi diém nén dugc goi
la hé hop thic khong chat. Tén goi nay dugc bat ngudn tir hé (2.28) khi & dang
tuyén tinh tham s6 hang s& c6 ma tran ham truyén voi cac phan tir 1a thuc-hiru ty c6
bac da thirc tir s6 bang bac da thirc mau sd, dugc goi 1a ham hop thic khong chit
(not strickly proper).

V6i bai toan diéu khién phan hoi trang thai, tirc 12 véi gia thiét trang thai x, &

thoi diém t =kT, 1a d4 biét, hé cling & thoi diém d6 sé tro thanh:

X =AX, +B.u
Hk: {—k+l A(-k k 2k (229)

Y, =Cyxy +Duy
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trong do:

A=Ay k), B =B k), C=C(x,.k), D, =D(xy.k) (2.30)
lGc nay tré thanh cac ma tran hang. Ta s& sir dung mo hinh tuyén tinh (2.29) nay dé
du bao cac tin hiéu ra Yiii thudc cira s6 du bao hién tai. Y tudng st dung mé hinh
du bao tuyén tinh (2.29) dé dy bao tin hiéu dau ra Y,.; ¢ho hé song tuyén (2.28) da
dugce dé xuat boi tai liéu [1,57]. Tuy nhién khac voi phuong phap diéu khién gidi
thiéu & d6 véi viéc st dung Cita s6 dw bdo vé han, trong luan an nay tac gia sé xay
dung bd diéu khién dy bao véi cita s6 duw bdo hitu han nhu md ta trong Hinh 2.4,
tirc 1a chi véi cac dau ra du bao Y. 0<i<N. Viéc nay s& kéo theo khdi luong
tinh toan trd nén nhiéu hon, song bu lai ta lai c6 thé d& dang xu 1y duoc cac diéu
kién rang budc u, €U néu co, ciing nhu truc tiép diéu khién dé hé bam theo duoc
tin hiéu ra mau {w, } cho trude, thay vi chi diéu khién on dinh.

Tir m6 hinh dy bao tuyén tinh (2.29) ta suy ra duoc:

Xisi = AXisia Bl = A (Ak Xiri-2 T By Qk+i—2) +By Uiy

= AlXyii s FABUi 2 + By iy
=A (A<)ik+i—3 +By Hk+i—3) +AB UL TB Uiy

3 2
= AXksi-3 FAB U3 FAB Ui o + Bl iy

= A Xy +A:_1Bkgk + o FABUG o B
va tur do la:
Yioi =CiXusi T DUy
=Cy (Ai)ik + I_lBk U, + ... +ABU ., +By Qk+i—1)+ Dy Uy
=C Ak +CkA1_lBk U+ ... +CAB U2 +C B Ui +DUy;
Boi vay, néu st dung ky hiéu:
p =col (U, Uy, - Uy (2.31)

thi toan bo gia tri dau ra du bao Y. 0<i <N s&duge viét chung lai thanh:
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(y.,) (c. ) ( D

Yion C A CA B CA B, -+ CyBy Dy
=Ex, +Fp (2.32)

trong d6 © 1a ky hiéu ciia ma tran co tat ca cac phan tir bang 0 va

C C.B D e 0 C)
E= k:A( L k: k :k . : : (2.33)
CA CA By CA By - CB¢ Dy

Do x, 1a da biétnén y trong (2.32) chi con la ham phu thudc p trong do6 chira
u, . Pé xac dinh tin hiéu dau vao u, & thoi diém hién tai t =kT, sao cho hé bam
theo dugc tin higu ra mau {w, }, ta xay dung ham sai léch bam trong toan bo ctra s6

du bao hién tai nhu sau:

(W ) [ wy ) [ wy )
w w , w
e=| 7 |-y= _f” ~Ex, —-Fp=z-Fp Vvoi z= _'§+1 —~EXx, (2.34)
Wyin Wiin Wi N

la mot vector da biét.

Tir day, v6i muc dich cyc tiéu héa ham muc tidu vé sai léch du bao:

.
J(E)zeTAkeJrBTLkE:(z—FE) Ak(z—FE)+ETLkE
=zTAkz—22TAka+pT(FTAkF+Lk) — min

- = =~ p

=N J’(p):—ZZTAka+pT(FTAkF +Lk)p — min
- - - —p

c6 hai ma tran trong s6 A,, L, ddi xting xac dinh duong la tly chon, ta s& c6 dugc
nghiém tdi uu cho truong hop khong c6 rang budc u, U nhu sau [12]:
« 1
P =(FTAF +L ) FTAz

Suy ra tin hi¢u diéu khién u, can tim & thoi diém hién tai t =kT, sé 1a:
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u =(1,0, - ,0)p =(1,0, - ,G))(FTAkF +Lk)_lFTAkz. (2.35)

Vay thuat toan diéu khién du bao phan hoi trang thai cho hé song tuyén khong
lién tuc (2.28) dé tin hiéu dau ra cia n6 bam theo dugc day tin hiéu mau {w, } s&
gom cac budc nhu sau:

Thuit toan 2.3: Diéu khién bam tin hiéu dau ra mau cho hé song tuyén (2.28) bang

bo diéu khién dy bao phan hoi trang thai.

1) Gan k =0. Chon d6 rong ctra s6 du bao N > 2.

2) Do trang thai x, (hodc quan sat) va tor d6 xac dinh cac ma tran A, B,, C,, D,
theo (2.30), E, F theo (2.33), vector z theo (2.34). Chon hai ma tran trong s6
Ay, L, d6i ximg xac dinh duong.

3) Tinh u, theo (2.35) rdi dua vao diéu khién hé (2.28) trong khoang thoi gian
dung bang chu ky trich mau T, .

4) Gan k =k +1 rdi quay vé budc 2).

Trong thuat toan trén, néu Ay, L, dugc chon khong phu thudc vao k thi
chlng sé& 1 hai ma tran hang va viéc chon A = Ay, L=L, s& dugc thuc hién ngay tir
bude 1. Ngoai ra, do két qua u, tai budc thir k chi 1a phan tir dau tién ctia nghiém
toi wu p~ co lién quan t6i thanh phan e, =w, —y, ma & do u, co tac dung, nén khi
chon A, ta c6 thé chon n6 dang ma tran dudng chéo A, =diag(A¥) véi cac phan tir
trén duong chéo théa man Af >ljk >0,j=2,3, ... ,M, trong &6 M 14 s6 phan tir
cua vector sai 1éch du bao e, tirc 18 M =dim(e).

Hon nita, khi bai toan c6 thém diéu kién rang budc u, €U thi thay vi sir dung
truc tiép cong thirc xac dinh nghiém t6i wu (2.35) ta sé sir dung phuong phap quy
hoach phi tuyén QP (khi U dugc md ta bang cac bat phuong trinh tuyén tinh), hodc
SQP [12,53]dé tim p” vatirdo 1a u, €U .
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Pic¢u khién hé hgp thirc chit

Tiép theo, ta xét trudng hop dic biét, khi ma ddi twong dicu khién (2.28) ¢4 tin

hiéu ra Y, khdng phu thudc truce tiép tin hiéu vao, mo ta boi:

{&M = Ay, KXy +B (X, K)uy (2.36)

Y, =C Xy k)X

Lép hé trén duoc goi 1a hé hop thirc chat. Tén goi nay duoc suy ra tir hé tuyén tinh
turong mg ma ¢ d6 c6 ma tran ham truyén véi cac phan tir bac dang thuc-hiru ty c6
bac da thirc tir s6 ludn nho hon béac da thirc mau s6 (strickly proper).

Khi d6, twong tmg md hinh dyu béo tuyén tinh twong tmg (2.29) caa ctra s6 du
bao hién tai [k,k +N ) ciing s& tré thanh:

Xk =AX By
Hk .
Y, =CiXy

va hai matran E,F trong (2.33) sé dugc rut gon lai thanh:

E:{ |, F= : : R (2.37)
CLA CA By CATBe - CBy

cling nhu vector p dinh nghia trong (2.31) bay gio s€ la:

p =col (L_Jk’L_Jk+1' ’L_Jk+N—1)'

Vé vector sai léch e cho boi (2.34), nhung khi chi tinh riéng trong cira s6 du béo

hién tai Y. LSi<N, sé la:

(V_vk+1\\ (V—vk-%—l\\ (V_vk+1\\

e=L : J—y=£ : J—E)ﬁk—ngz—FEv(yiz=L : J_E)ik (2.38)
Wyin Wyin Wyin

Viy thuat toan diéu khién du bao phan hoi trang thai cho hé song tuyén mang
tinh quén tinh thuan tay (2.36) dé tin hi¢u dau ra cia n6 bam theo duoc day tin hiéu

mau {w, } s& dugc chinh stra lai v6i cdc budce nhu sau:
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Thuit toan 2.4: Diéu khién bam tin hiéu dau ra mau cho hé song tuyén (2.36) bang

bo diéu khién dy bao phan hoi trang thai.

1) Gan k =0. Chon d6 rong ctra s6 du bao N > 2.

2) Do trang thai x, (hodc quan sat) va tir d6 xac dinh cac ma trén A, B,, C, theo
(2.30), E, F (2.37), vector z theo (2.38). Chon hai ma tran trong s6 A,, L, ddi
Xtng xac dinh duong.

3) Tinh u, theo (2.35) rdi dua vao diéu khién hé (2.36) trong khoang thoi gian
dang bang chu ky trich mau T,.

4) Gan k =k +1 rdi quay vé budc 2).

Tuong ty nhu & trudng hop hé hop thirc khong chat, trong thuat toan trén, néu
Ay, L duoc chon khong phu thuge vao k thi chidng s€ la hai ma tran hang va viéc
chon A=A,, L=L, s& dugc thuc hién ngay tir budc 1. Ciing nhu vay, do két qua
u, tai bude thr k chi 1a phan tr dau tién ciia nghiém t0i vu p~ ¢o lién quan téi
thanh phan e, =w, -y, Ma ¢ do u, co tac dung, nén khi chon A, taco thé chon n6
dang ma trin dudng chéo A, =diag(AX) Vi cac phan tir trén duong chéo thoa mén
A >4 >0,j=23 ... M, trongdo M =dim(e).

Ngoai ra, khi bai toan c6 thém diéu kién rang budc u, U thi thay vi sir dung
truc tiép cong thirc xac dinh nghiém t6i wu (2.35) ta sé sir dung phuong phap quy
hoach phi tuyén QP (trong truong hop U dugc mé ta bang cac bat phuong trinh
tuyén tinh), hoac SQP [12,53], trong trudng hop U md ta boi cac bat phuong trinh

phi tuyén, dé tim p” vatr d6 1a u, eU .
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2.2.2  Diéu khién h¢ phi tuyén

Pic¢u khién hé hgp thirc khdng chit
Ciing theo tu tudng str dung mé hinh du béo tuyén tinh dé diéu khién bam cho

hé song tuyén nhu & muc trén, sau ddy luan an s& mo rong sang cho ca hé phi tuyén

hop thirc khong chat, mo ta boi:
{)Skﬂ = (X, Uy)

2.39
Y, =C X, U)Xy + DXy, Uy Uy (2:39)

trong d6 C (x,,U,_,), D(x,,u,_,) 1a c&c ma tran phu thudc trang thai & thoi diém hién
tai x, va tin hiéu dau vao & thoi diém trude d6 u,_y, cling nhu f(x,,u,) la vector
ham tron, kha vi hai 1an. Ciing giéng nhu & hé song tuyén trudc day, tén goi hop
thirc khong chit duoc bat ngudn tir hé tuyén tinh c6 ma tran ham truyén véi cac
phan tir 14 ham phire, thuc-hiru ty c6 bac da thire tir s6 bang bac da thirc mau so.

Pé xay dung md hinh dy béo tin hiéu ra dang tuyén tinh cho hé phi tuyén
(2.39) ¢ thoi diém k hién tai trudc tién ta phan tich vé phai caa thanh phan tha nhat
trong (2.39) thanh chudi Taylor tai diém qua khir x,_,,u,_, ta dugc:

FXs U ) = F (X, Uy ) +A ()ik _)ik—l) +B (Qk _L_Jk—l)
=AXy +Byuy +d,

trong do:
of of
A :8_)? By :x e =T Xy, Ukg) = AXs =Byl (2.40)

Xy-1:Uk-1 Xg-1:Uk-1

Hién nhién & thoi diém k hién tai thi cic gia trj qua kha x, ,, u,, la da biét
nén hai matran A, B, vavector d, la nhitng dai lugng 0 (xac dinh duoc).

Suy ra thanh phan tht nhat trong mé hinh phi tuyén 1a:

Xpor = F (X, Uy )
s& thay thé dugc boi:x, ,; = A X, +B,u, +d,

va md hinh dy bao du ra dang tuyén tinh ¢ thoi diém k hién tai cho hé phi tuyén
(2.39) bay gio sé 1a:
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Xy1 = AXg +Byuy +d, (2.41)
Y, =CiXy +Dyuy .
trong do:C, =C(x,,U,_;), D, =D(X,,U,_4) (2.42)

Vi mo hinh dyu bao trén ta c6 dugc cac gia tri trang thai du bao:
)ik-%-i’ i :1,2, e ,N

thudc ctra s6 du bao hién tai s& la:
Xisi = AXurioa +ByUyig +dy

=A (Ak)ik+i—2 +By Uy, o +d, ) +By Uy, g +d,

= A% ABU o+ o B +Ad, +d,

= A i s FABU s+ -+ +BU, i A, +Ad, +d,

:Ai)ik + i_lBka T oo +Bk9k+i—1+Ai_le + - +Ad, +dy

Suy ra dau ra du béo twong (mg Y. 1=12, ... N la

Yii zckAi)ik +CkAi_lBk U+ - +CBuyig +DUy,; +Cy (Ai_lQK + - +Ad, +Qk)

zckAi)ik +CkAi_lBk U+ o +CByUy,ig + DUy, +Qli<
trong do:
dy =Cy (Ai_lgk + - +Ad, Hlk)
Gidng nhur (2.31), van ky hiéu:
E=C0|(QK,L_JK+1, ’gk+N) (243)
thi toan bo cac tin hiéu ra du bao Yeqr =12, ... N thudc ctra s6 du bao hién tai

dugc viét chung lai thanh:

Y, C, D, ® . ® © dp
Yiu _ Cih . + CyBy Dy 0 ® D+ Qi
: Dok : : R N N B X))
YN CA CA B, CA' B, -+ CB, D, QL\'
véi d? =d,.

Gidng nhur (2.33), lai ky hiéu tiép:
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Y, C, D, ® . ® © dy
C C.B D e 0 ® 1
y=| Tt | E- k:A* =] TN T T d=| % | 2as)
Yiin CA CA By CA B, - CB D, dy
thi cong thirc dur bao trén s& dugc viét ngan gon lai thanh:
y =Ex, +Fp+d (2.46)
Véi céc tin hiéu dau ra dy bao nhu trén, ta s& co dugc sai 1éch dau ra du bao:
Wy Wy Wy
w w w
e=| *|-y=| " |-Ex -Fp-d=| ~" |-Ex,-d-Fp=z-Fp (2.47)
Wiin Wyin Wyin
trong do:
(W, )
w
Z= _'§+1 —-Ex, —-d (2.48)
Wiin

Pén day thi hoan toan twong ty nhu & truong hop hé song tuyén, ta cling & c6
dugc tin hiéu diéu khién u, tinh theo cong thirc (2.35) véi cac tham s6 z cho boi
(2.48) va E, F cho boi (2.45).

Vay thuat toan diéu khién dy bao phan hoi trang thdi dé ddu ra y cua hé phi
tuyén (2.39) bam theo dugc day tin hiéu mau {w, } cho trudc s€ c6 dang nhu sau:
Thuit toan 2.5: Diéu khién bam tin hiéu dau ra mau cho hé phi tuyén (2.39) bang

bo diéu khién dy bao phan hoi trang thai.

1) Ganu , =0, x , =0, k=0. Chon d0 rong ctra s6 du bdo N >2.

2) Do trang thai x, (hodc quan sat) va tor d6 xac dinh cac ma tran A, B, theo
(2.40), C,, D, theo (2.42), E, F theo (2.45) va vector z theo (2.48). Chon hai
ma tran trong so A,, L, d6ixing xéac dinh duong.

3) Tinh u, theo (2.35) rdi dua vao diéu khién hé (2.39) trong khoang thoi gian
dang bang chu ky trich mau T, .

4) Gan k =k +1 rdi quay vé budc 2).
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Ciing giéng nhu ¢ hé song tuyén (Thuét toan 2.3 va Thuat toan 2.4), trong
Thuat toan 2.5 néu trén, néu Ay, L, duogc chon khong phu thudc vao k thi viéc
chon A=A,, L=L, s€ dugc thuc hién ngay tir budc 1. Ngoai ra, do két qua u, tai
budce th k chi 1a phan tir dau tién cua nghiém t0i uvu p” ¢6 lién quan toi thanh phan
& =W, —y, Ma ¢ do u, co tac dung, nén khi chon A, ta co thé chon n6 dang ma

tran duong chéo A, =diag(Af) c6 cac phan tir A > >0, =23, ... M.

Pic¢u khién hé hgp thirc chit

Hoan toan trong tu nhu, ¢ trudng hop d6i tuong didu khién (2.39) c6 dau ra
khong phu thudc tryuc tiép tin hiéu vao (tirc 12 hé tuong tmg & dang tuyén tinh tham
s6 hang s& c6 ma tran ham truyén voi cac phan tir 12 ham thuc-hiru ty hop thirc
chat):

{)Skﬂ = (X, Uy)

2.49
Y, =C Xy Uy _1)Xy (249

thi cong thirc (2.45) dé tinh E, F s& duoc thay bai cong thire gidng nhu (2.37):

Yy CA CBy @ - © d;
y=| ¢ |E=| ! | E= : : o | d= (2.50)
¥k+N -1 CkAkN CkAkN _1Bk Ck N _ZBk Tt CkBk QIL\I

va cong thirc (2.48) dé xac dinh z bay gio s& 1a:

V_vk+1
z=| : |-Ex,-d (2.51)
V_vk+N
Khi d6 thuat toan Thuat toan 2.5 dé diéu khién du bao phan hdi trang thai dé
dau ra y cua h¢ phi tuyén (2.39) khi 4p dung cho hé (2.49) bam theo duoc day tin
hiéu mau {w, } cho truéc s& dugc chinh stra lai nhu sau:
Thuit toan 2.6: Diéu khién bam tin hiéu dau ra mau cho hé phi tuyén (2.49) bang
bo diéu khién dy bao phan hoi trang thai.

1) Ganu_, =0, x_, =0, k=0. Chon d6 rong cira so du bao N >2.
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2) Do trang thai x, (hodc quan sat) va tor d6 xac dinh cac ma tran A, B, theo
(2.40), C, theo (2.42), E, F theo (2.50) va vector z theo (2.51). Chon hai ma
tran trong s6 A, L, doi xtmg x4c dinh duong.

3) Tinh u, theo (2.35) rdi dua vao diéu khién hé (2.49) trong khoang thoi gian
dang bang chu ky trich mau T, .

4) Gan k =k +1 rdi quay vé budc 2).

Ciing giéng nhur & Thuat toan 2.5, néu A,, L, dugc chon khong phy thudc vao

k thiviéc chon A=A,, L=L, s€ dugc thuc hi¢n ngay tir budc 1.

Ngoai ra, do két qua u, tai budc thi k chi 1a phan tir dau tién ciia nghiém t6i
wu p° c6 lién quan toi thanh phan e, =w, -y, ma ¢ d6 u, cd tac dung, nén khi

chon A, , taco thé chon né dang ma tran duong chéo:
Ay =diag(4f)

c6 cé&c phan tur:
M >A>0,j=23 ... M

Vo1 M =dim(e).

2.3 Diéu khién du bao phan hoi diu ra hé phi tuyén véi cac by loc Kalman

mMé rong

2.3.1 Thuit toan diéu khién

Céu triic diéu khién dyu bao phan hdi dau ra theo nguyén Iy tach cho hé phi
tuyén duoc md ta & Hinh 2.5. Nhu vay sau khi dd c6 cAc phuong phap quan sat
trang thai bang bo loc Kalman va bd diéu khién dy bao phan hdi trang thai thi bo
diéu khién dy bao phan hoi dau ra s& chinh 12 sy méc nbi tiép ciia hai bo diéu khién
nay (bo quan sat trang thai va bo diéu khién phan hoi trang thai).

Vé quan sét trang thai Kalman luan 4n d trinh bay tong cong tat ca sau thuat

toan, trong do cé bdn thudt toan co ban gém ba thuat toan EKF m¢ rong (Thuat toan
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1.7 - Thuat toan 1.9), mdt thuat toan UKF (Thuat toan 1.10) ¢ chuong 1 (chuong
tong quan) va hai thuat toan dé xuat thém dugc xay dung trén nén tuyén tinh hoa
ting doan & chuong 2 1a Thuat toan 2.1 cho hé song tuyén va Thuat toan 2.2 cho hé
phi tuyén.

Vé bo diéu khién dyu bao phan hoi trang thai luan an ciing da dé xuat & chuong
2 hai bo diéu khién dugc xay dung trén nén tuyén tinh hoa timg doan mé hinh du
béo phi tuyén. 6 1a bo diéu khién ¢ Thuat toan 2.3 hodc Thuat toan 2.4 cho cac hé
song tuyén (2.28), (2.36) va bo diéu khién ¢ Thuat toan 2.5 hodc Thuat toan 2.6 cho
hé phi tuyén (2.39), (2.49).

'B§ diéu khién phan hdi | nhidu hé théng

i daura l nhiéu ddu ra
W Bo6 dié u y
— . | Bodiéu u Déi twong i

| khién dy diéu khién —

X | Quan séat |¢
Kalman |

béao '

Hinh 2.5: Cdu tric hé diéu khién phan héi dau ra theo nguyén Iy tach

Nhu vay, vé nguyén tic ta s& c6 tong cong bdn bd didu khién du bao phan hoi
déau ra theo nguyén ly tach cho hé song tuyén (2.28) va bén bo didu khién cho hé phi
tuyén (2.39).

Pé minh hoa, thuit toan sau ddy s& mé ta cac budc 1am viéc cta bo diéu khién
du bao phan hoi dau ra theo nguyén ly tch duoc xay dung trén co s ghép chung
bo quan sat trang thai EKF loai 3 (Thuat toan 1.9) va b diéu khién dy bao phan hoi
trang thai phi tuyén (Thuat toan 2.5 hoic Thuat toan 2.6) cho hé (2.39) c¢6 dau ra

khong phu thudc u, ,, tuc la:

{’Skﬂ =fXeu)+¢ (2.52)

Y, =C X +D XUy +¢,

hoac:
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(2.53)

Xiar = F (X U ) + §k
Y, =C XX +¢,

Thuat toan 2.7: Diéu khién du bao phan hdi dau ra theo nguyén Iy tach cho hé phi

tuyén (2.52) hoic (2.53) véi bo loc Kalman EKF loai 3.

1) Tuy chon diéu kién dau X, =x,(+) Va Py(+). Do u,, Y, Gan k=1.

2) Doy, . Chon hai ma tran trong s0 A, L, ddi ximg xac dinh duong.

3) Tinh:

4)

5)

X (=) =F, (X 1(+):Uy 4), Gy theo (1.47), trong d6 g(x,,uy) =C (X, )X, +D (X, )uy
khi doi twong diéu khién 1a hé (2.52) hodc g(x,,u,) =C (x, )x, khi doi twong diéu
khién 1a (2.53). Tinh F,_, theo (1.45) va:

P () =F P (DR + ¥

Ky =P (-)Gg GyPy(-)Gy + D)™

P (+) = (1 -KGy )P ()

Xic (+) =Xy () + Ky (¥, ~Gixu ()

Gan x, =x,(+) va xac dinh cac ma trdan A, B, theo (2.40), C,, D, theo cbng
thirc twong ty nhu (2.42) nhung bay gid dugc sta doi thanh C, =C(x,),
D, =D(x,), hai ma tran E, F theo (2.45) néu dbi tuong diéu khién 1a (2.52)

hoac theo (2.50) néu ddi twong diéu khién 1a (2.53) va vector z theo (2.48) hoic
theo (2.51).

Gan k =k +1.
Tinh u, theo (2.35) roi dua vao diéu khién hé (2.52) hoic (2.53) trong khoang

thoi gian ding bang chu ky trich mau T, rdi quay Vé budc 2).

Thuat toan diéu khién dy bao phan hoi dau ra theo nguyén ly tach ¢ trén hoan

toan c6 thé chuyén doi dugc mot cach tuong tu cho hé song tuyén (2.28) va (2.36)

bang cach thay vi sir dung Thuat toan 2.5 hodc Thuat toan 2.6 tai budc 4) va 5) ta sir

dung Thuat toan 2.3 hoac Thuat toan 2.4.
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2.3.2 Tinh 6n dinh ISS ciia by diéu khién phan hoi dau ra

Tat ca cac bo diéu khién du bao phan hoi trang thai xay dyng trén nén quy
hoach phi tuyén trong luan 4n déu st dung moé hinh dy béo khong lién tuc tuyén
tinh hoa timg doan (2.29), (2.41) c6 cira sd du béo 1a hiru han dé dy bao tin hiéu ra
cho hé phi tuyén. Do ciing 1 diém khac biét so voi phuong phap da dugc trinh bay
trong céc tai liéu [12,1,57]. Ngoai ra, mot diém khac biét nita cua bd diéu khién du
b&o phan hdi dau ra cia luan 4n so voi bo diéu khién da gisi thicu o tai licu [1] 1A
luan an sir dung bo loc Kalman phi tuyén dé quan sat trang thai thay vi bd quan sat
RHO t6i wu (optimal receding horizon observer).

Tiép theo, luan 4n s& khang dinh tinh 6n dinh cua bd diéu khién du bao phan
hoi dau ra theo nguyén Iy tach d& duoc dé xuat & Thuat toan 2.7.

Trudc tién ta ky hiéu:

uy = K" (x,) (2.54)
la bo diéu khién dy bao phan hoi trang thai 1am hé (1.1) 6n dinh tiém can todn cuc
theo nghia Lyapunov, tirc 12 v&i né ton tai ham hop thic:

71 (|)£k |) <V (X . K) <7, (|>$k |) (2.55)

thoa mén:

AV =V (4 k1) =V (-4, K) =V (05,000 K +1) -V (x4, K)

=V (£ (4, KM (x100) K +2) =V (4, K) < =75 (] (2.56)

trong d6 y,(r), i =1,2,3 la ky hiéu cua nhitng ham thudc 16p K, tac 1a nhiing ham
thuc ciia bién thuc r >0, don diéu ting va y;(0) =0, thi bai toan xét tinh 6n dinh hé
phan hdi dau ra theo nguyén Iy tich ¢ day twong dwong véi bai toan xét tinh 6n dinh
cua hé:

Xg1 = i()ik’}CMPC (X )) = i()ik'}CMPC (Xk +§k)) (2.57)

trong d6 e, =x, —X, laky hiéu cua sai léch quan sét tai thoi diém k .
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V& bai toan vira phat biéu, cac tai liéu [31,60] ciing d& chimg minh duoc rang
Véi cac hé (2.1) c6 f(x,,u,) la vector ham Lipschitz, chang han nhu hé tuyén tinh,
thi quy dao trang thai {x, } cua hé kin (2.57) s€ luén thoa mén:

|>£k| < ﬂ(|)£o|'k) + 7(|§k |)
trong d6 y(e,) e £ va B(x,|.k) e KL, tirc 1a ham thyc don diéu tang theo |x,| va
don diéu giam theo k . M& rong hon nita, tai liéu [1] ciing d& chi ra ring néu bo diéu
khién phan hoi trang thai 1am hé 6n dinh tiém cén va bd quan sat ludn co sai léch
quan sét hitu han thi bo diéu khién dau ra twong g dugc xay dung theo nguyén ly
tach s& on dinh ISS (input to state stable), tirc 1a day gié tri {x, } s& ludn tién vé mot
lan can nho xung quanh gbc toa d6. Khai niém 6n dinh nay con dugc biét dén dudi
tén goi 12 6n dinh thuc té (practical stable).

Tuong tu, sau day luan 4n ciing s& ching minh tinh 6n dinh ISS ciia bo diéu
khién phan hoi dau ra cho boi Thuat toan 2.7, tuc 1a khang dinh tinh 6n dinh ISS
ctia hé khi sir dung b diéu khién phan hdi dau ra u, = KM*°(x, ), trong d6 x, la gia
tri trang thai quan sat dugc ctia hé nho cac bg loc EKF/UKF.

Pinh ly: Néu cac bg diéu khién duw bdo phan hoi trang thdi cho ¢ Thudt todn 2.3 -
Thudt todn 2.6, ky hiéu bai (2.54), 1a ham Lipschitz, hé phi tuyén (2.1) c6 vector
ham f(x,.u,) Ciing /& ham Lipschitz, thi bg diéu khién du bao phdn héi dau ra
Cuia ludn dn (Thudt toan 2.7) sé 1am hé 6n dinh ISS.

Chitng minh:

Do c6 gia thiét rang by diéu khién phan hdi trang thai (2.54) thoa mén diéu
kién Lipschitz nén ta ludn co:

[P (%, ) — KM )| < L e |

trong d6 x, la gia tri trang thai quan sat duogc, e, =X, —x, la sai Iéch quan satva L,
la hang s6 Lipschitz cta u; = KM (x, ).

Ngoai ra, do bo diéu khién (2.54) 1am h¢ 6n dinh tiém cén, nén phai c6:
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I (i 7 0,0 < (o] K)
Véi B eKL 1a ham khong am, don diéu ting theo |x,| va don diéu giam theo k .
Vay, khi vector ham f(x,,u,) ciing théa man diéu kién Lipschitz, tirc 1a:
[F 0 B0) = F (4 U )| < Ly Jay —uy
trong d6 L, la hang s6 Lipschitz twong tmg cua f(x,,u,), thi quy dao trang thai cua
hé kin dugc diéu khién béi bo diéu khién du bao phan hoi dau ra (Thuat toan 2.7) sé
phai thoa mén:
(10 K (R4) = [F (10 7 () = (10, K7 ()) + £ i, K7 ()|
<8 (x40 7 (1) = (150, 7 00 )| [F (40 7 (1))
<L, [P () = KM 60| +F (50, K () )|
<L+ (o] k)

Diéu ndy noi rang véi bd quan sat co e, =X, —x, bi chin thi quy dao trang thai {x,}

cta hé kin s& ludn tién vé mot mién D bao gdc va co dudng kinh d khdng 16n hon:
d <L,L, supjey| (2.58)
k

Ngoai ra, néu day le| 1a don diéu giam thi ban kinh cua D ciing s& nho dan nhu

dugc minh hoa nhu & Hinh 2.6 va d6 1a diéu phai chimg minh. u

Hinh 2.6: Tinh on dinh ISS ciia hé kin phan hoi dau ra theo nguyén ly tach

Nhu vy, voi dinh 1y vira chimg minh, tinh 6n dinh ISS cta hé kin phan hoi
dau ra da duoc khang dinh, ngay ca khi khong c6 dugc X, =X, trong mot chu ky

dich chuyén cua cira so du bao.
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Ta con c6 thé nhan thay ring két qua trén (dinh 1y) khéng nhiing chi ding véi
bo quan sat Kalman (khong lién tuc), la ndi dung nghién ctru cia luan an, ma con
dung voi moi bo quan sat khac, ké ca quan sat phi tuyén. Hon thé nira, khi b quan
sat thoa man thém don diéu giam cla sai léch e, =X, —x, , Mién hap din cho bai
(2.58) cling s€ co kich thude don diéu giam twong ing. Trong truong hop tinh tiém
can klljl e, |=0 dugc thoa mén thi hé kin phan hoi dau ra sé& con 13 6n dinh tiém cén
ban toan cuc (semiglobal asymptotic stable), tirc 1a moi quy dao trang thai ctia hé
Xuat phat tir diém trang thai dau x, thugc mot mién compact (déng va bi chan) sé

lubn tiém can dugc vé gdce toa do.

2.4  Két luan chwong 2
Trong chuong 2 luén an d trinh bay cac noi dung sau:

1) M& rong loc Kalman tuyén tinh (KF) dé ap dung cho hé phi tuyén trén co so
tuyén tinh hoa timg doan mé hinh phi tuyén cia hé doc theo truc thoi gian va
duoc dich chuyén trén truc thoi gian cling véi cira s6 du bao cua bo diéu khién
du béo. Cy thé, luan an d4 xay dyng duoc:

a) Thuat toan 2.1 dé quan sat trang thai hé song tuyén.

b) Thuat toan 2.2 dé quan sat trang thai hé phi tuyén.

Kha nang 4ap dung cta hai thuat toan trén ciing da dugc ludn &n mo phong voi
d6i tuong song tuyén theo tin hiéu vao (2.14), (2.15) ¢ vidy 2.1 va vi du 2.2.

2) Phuong phap diéu khién du bao phan hdi trang thai hé phi tuyén trén co so sir
dung mé hinh dy bao tuyén tinh ting doan ma cu thé 1a hai thuat toan:

a) Thuat toan 2.3 va Thuat toan 2.4 dé diéu khién phan hoi trang thai hé song
tuyén.

b) Thuat toan 2.5 hodc Thuat toan 2.6 dé diéu khién phan hoi trang thai hé phi
tuyén.

3) Bo diéu khién du bao phan hoi dau ra theo nguyén Iy tach trén co so ghép chung

bd quan sat trang thai Kalman va bo diéu khién dy bao phan hdi trang thai do
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ludn 4n dé xuat. Chi tiét cac budc 1am viéc ciia bd diéu khién nay da duoc luan
an thé hién ¢ Thuat toan 2.7.

4) Mot diéu kién du dé bo diéu khién phan hdi dau ra 1a Thuat toan 2.7 1am hé on
dinh ISS (6n dinh thuc té).
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CHUONG 3 THU'C NGHIEM KIEM CHUNG CHAT LUQNG CUA
BO PIEU KHIEN PA PE XUAT

Trong chuong nay, cac thuat toan diéu khién dy bao duoc ludn an dé xuit s& duogc
g dung vao thiét ké diéu khién cac ddi tugng phi tuyén. Trong thoi gian gan day thi cac
nghién ciru tmg dung MPC d¢ ap dung cho 16p cac d6i tugng dong hoc bién ddi nhanh
ngay cang trd nén phd bién nho sy phat trién ciia nén tang didu khién sb. Vi sy da dang
ctia 16p cac dbi twong ndy, luan an lya chon trinh bay chi tiét phan thiét ké diéu khién cho
d6i tuong con lic nguoc (1a d6i twong c6 md hinh phi tuyén thuong duoc sir dung dé kiém
chirmg cac thuét toan diéu khién moi) va phan thi nghiém kiém chimg trén md hinh thi
nghiém hé thong con lic ngugce quay. Ngodi dbi tuong con lic nguoc, cac dbi tuong cong
nghiép khac (van cdng nghiép, dong co khong ddng bo 3 pha) ciing 4 duoc thiét ké diéu
khién thanh cong bang cac bo diéu khién du bao dé xuat va dugc tac gia thé hién trong cac
cong trinh da cong bé (tir cdng trinh s6 3 dén cong trinh s6 7) trén cac tap chi khoa hoc k§
thuat.

3.1  Piéu khién ddi twong con lic ngwoc

Xét hé con lic nguoe ¢6 mo hinh lién tuc trong khong gian trang théi, theo tai

liéu [11], nhu sau:

X, 0
_ (g cosx; —Ixg)m sinx, 1
2 P
dx m, +m,, sin®x m, +m, sin“ X,
— = c h 3 + C u (31)
dt X4 0
(g —IxZ cosx4)m;, SinX; +gm, sinx B COSX3 .
Im,, +Im;, sin®x Im +Im, sin®x;
trong do
J dye de
X=Xy Xg 4 X3y Xg) 4 X =Yg, Xy EIPTER Rl AR e

la céc bién trang thai, y, la quang duong dich chuyén ciia xe duéi tac dong luc day
u & dau vao, m, la khdi lugng cia xe, m, 1a khdi lugng clia qua cau gan véi xe qua

mot thanh d& c6 chiéu dai |. Thanh d& nay xoay quanh duoc truc ga vao xe. Khi xe
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dich chuyén khong déu, thanh d& qua cau bi léch so v6i phuwong thang ding mot
goc lic 12 ¢ . TUy theo timg nhiém vu diéu khién duoc dit ra khac nhau ma tin hiéu
dau ra s& dugc quy udc khic nhau. Chang han néu nhiém vy diéu khién chi 13 6n
dinh goc lic ¢ caa vat thi tin hiéu dau ra sé 1a:

y=x3=(0,0,1, 0)x (3.2)
hodc néu nhiém vu diéu khién 1a vira 6n dinh goc lic ¢, vira on dinh vi tri y, , thi tin
hiéu dau ra s& 1a:

(1 0 0 0)

lo 0 1 0% (3:3)

XZ(Y1 ' YZ)T :(Xl ’ Xs)T =

Hinh 3.1: Cdu triic vt Iy hé con lic
nguoc.

Nhiém vu diéu khién dugc dat ra bay gid 1a xay dung bd diéu khién du bao
phan hdi dau ra theo nguyén Iy tach sao cho tin hiéu ra ciia hé bam theo duoc tin
hiéu miu cho trude. Hinh 3.1 mé ta cu trac vat 1y hé con lic nguoc.

Két qua mo phong sau day duoc thyuc hién véi cac thdng s6 cu thé ctia mo hinh
hé con lic nguoc nhu sau:

— Chiéu dai thanh d&: | =0,27[m]

Khéi lugng con lac: m,, = 0,1[kg]

Khéi lugng ciia xe: m, =1,2[kg]

Gia tdc trong truong: g =9,8[m/s?]
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3.1.1 Piéu khién dy bao phan hdi trang thai

Chi diéu khién bam 6n dinh goc lic

Khi nhiém vu diéu khién chi 1a bAm 6n dinh goc lic, thi tin hiéu ddu ra y cua
hé s€ dugc xac dinh theo cong thirc (3.2).

M6 hinh trang thai lién tuc ctia hé con lic nguoc (3.1) 1a mot hé phi tuyén
affine SISO.

Dbi véi md hinh phi tuyén ndy caa con lic nguoc, ta c6 thé thiét ké bo didu
khién phan hoi trang théi theo cac budc ctia Thuat toan 2.6 hoic tim céach viét lai
md hinh con lic nguoc sang dang song tuyén theo trang thai dé sir dung Thuat toan
24. 0 day, luan an sé thuc hién lan lwot theo ca hai thuat toan dé so sanh chat
lugng, tir 46 Iya chon bd diéu khién phan hoi trang thai cho chat luong diéu khién

mong mudn va dé cai dat hon.

Sir dung trwc tiép mé hinh phi tuyén dé thiét ké bé diéu khién dw bdo phdin héi
trang thdi déi twong con lic ngwoc theo Thudt fodn 2.6

Pé thiét ké diéu khién theo Thuat toan 2.6, ta s& phai sir dung phép phan tich
Taylor d6i v6i mé hinh (3.1) va cac cong thire tinh dao ham riéng dé xac dinh cac

ma tran A ,B, theo cong thac (2.40).
Su dung céac ky hicu:

2 .
T, =(-g cosx; +Ix;)m, sinx; =T,; T,
T,y =g C0SX5 +1x]
T, =m, SinX,
fa2
M; =m, +m;, sin” X,
T, = (g —Ix3 cosx;)m,, SinX, +gm. SinX; =Ty, Tpy +Tys
2
T,, = (9 —Ix; cosxs)
T,, =m;, sinX,
T, =gm, sinX,

M, =Im, +Im, sin®x,

M® hinh con lac nguogc (3.1),(3.2) viét lai thanh:
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X, 0
Ly L
dx | My M,
at | x, || o [Tiew (3.4)
T, COSXj
M) LM,
Y =X3

Luong tir hda mé hinh lién tuc trén theo thoi gian véi chu ky trich miu T,

chon trudc, ta s€ dugc mo hinh khong lién tuc twong Gng dang (2.49):

{)ikﬂ = f (X, Uy)

3.5
Y, =C Xy, U g)X, (39)

Phan tich vé phai ciia thanh phan thir nhét trong (3.5) thanh chudi Taylor tai

diém qua khtr x, ,,u,_, ta duogc:

FX ) = F (X p,U, ) +A ()ik _)ik-l) +By (Hk _Hk—l)
=AXy +Byuy +d,
trong do

A=
0

Xy —1:Ug—1

Va  d =X g0 Ueg) A — Bl

Lay dao ham riéng cia f(x,,u,) theo x, :

(0,1,0,0) 0
m, 0T 7, M, oM,
0X, O0X, OXy
of _ M, M, N M, M, '
%, (0,0,0,1) 0
oT oM . oM
M Z-T 2 M, (-sinx 0,0,1,0)) — COSXgy — 2
2 X, 2 0%, ) 2( 3(k)( ) 3(k) X,
M, M, M, M,
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(0,1,0,0)
M, oy -T M, M,
OXy OXy + 2. u X
i _ Ml'Ml Ml'Ml = S
%, (0,0,04) °
. S
MZ@—TZ aMz Mz(_5|n)(3(k) (O,O,_']_,O))—COSX?’(k)al\/li2
OX, 25 X
MM, M, M,
Véi:
X, Oy OX 0%y
2
0Ty _ 0(-gC0sXyq) +1X44))
Xy X

=g5siNX,4)(0,0,1,0)+ 2Ix 44, (0,0,1,0)

0Ty, _ o(m;, sinXg4y)
OXy OXy

=M}, C0S(X3y)(0,0,1,0)

oM, _ o(m +my, sinXg) SiNXg)

= 2m;,c05(X5) (0,0,1,0)

OXy OX,
oT, _ a9 _Ixi(k) COS(X3x) )My SIN(X3)) +9M; SIN(Xz) )
oX OXy
_ 0(T51T5,) " OTys _ Ty T, +Ty Ty, n 0Ty
OXy OX,  OX OX,  OXy

0Ty _ o@g-I (Xj(k))cos(xs(k)))
OXy OXy

Ty _ o(m;, sin(Xz))

=M}, C05(X3()) (0,0,1,0)

Xy Xy
o(gm, sin(x
%Tzs _ (gm; sin(X ) :ngCOS(X3(k))(0,0,1,O)
X, Ky

oM, o(lm, +Im,, sin(x3(k))sin(x3(k))
OXy OX,

= 2Im;, sin(X3())C0S(X ) (0,0,1,0)

iy

N

w

N
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S, =(0,1,0,0)
M~ 1T, =t 0L
0% Xy 0X,
S, = + "
MM, M,.M,
S,=(0,0,0,1)
oT oM _ M
M, aTZ—Tz p 2 |\/|2SIn(Xs(k))(O,O,Zl.,O)—COS(XS(k))aT2
S, = =k X 5y,
) M, M, MM,
0
1
4 am riéng ci of M,
Lay dao ham riéng cua f(x,,u,) theou, :—=
ou, 0
cos(xs(k))
MZ

Suy ra, tai thoi diém t =kT, hién tai, mo hinh con lac ngugc biéu dién boi hé phi

tuyén khong lién tuc (3.5) 1a xp xi dugc boi

)Sk+1:Ak)ik +Bkgk +(_jk (3 6)
Yy =Cy X .
trong do:
0
A S g O M,
= — f— , k g —
a_ Xy—1:Ug 1 83 aL_J Xg-1:Uk-1 0 (37)
Se hanes _ C0S(X30)
M,

Xy-1:Uk-1

X = f(Xp1, Uy 1), G =C (%, U 1) =(0,0,1,0)

dy = F (X0 U 1) =AcXy —ByUy 4

C6 thé thay, viéc tuyén tinh hoa timg doan ciia mé hinh phi tuyén ma tai do,

giita hai thoi diém chu ky trich mau cac gia trj x,, X, & hang s, tic 1a giita hai chu
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ky trich mau luén co x, =%, =0;x, =%; =0. Vi Vay, tai thoi diém giita hai chu ky

trich mau, S, =S, =(0,0,0,0).

u,=0;x,=0; k=0; N>2

J

Do x, ;
Tinh A ,B,,C, theo (3.7)
Tinh E,F theo (2.50);

Tinh z theo (2.51);
Chon A,L doi xtirng xd duwong.

A 4

u,=(1,0, - ,0)p" .
—(1,0, - O)FTAF +L ) FT Az

Uy

\ 4 k=k+1
Pura t6i diéu khién doi twong (3.1),(3.2)
trong khoang thoi gian T, =107[s]

Ping

Hinh 3.2: Lieu d6 thudt todn thiét ké b diéu khién DBPHTT bam theo gia tri dau

ra ddt cho con ldc ngiege theo Thudt todn 2.6 véi t <1, 1a thoi gian mé phong.
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Str dung md hinh (3.6) dé thiét ké diéu khién cho con lic nguoc theo cac bude
ctia Thuat toan 2.6. Chon cac gia tri dau: u,=0,x,=0k=0,N =10, do trang thai
X, Vva tu d6 xac dinh cac ma tran A ,B,,C, theo (2.40),(2.42). E,F theo (2.50),

vector z theo (2.51). Chon cac ma tran trong s6

N 0 - 0
0 N-1 .- 0

A=l N e (3.8)
0 0 - 1

Cac nhiéu on trang dugc dua toi dau vao va dau ra. Luu d6 thuat toan thiét ké
bo diéu khién phan hoi trang thai cho con lic nguge theo Thuat toan 2.6 dugc trinh
bay nhu & Hinh 3.2. Thyc hién 1an lugt cac budc tinh toan dé x4c dinh cac ma tran
A, B,, C, theo trang thai ctia d6i twong trong mdi budc tinh roi dua tin higu diéu
khién xac dinh dugc vao diéu khién ddi twong lién tuc trong khoang thoi gian trich
mauT, =107[s], gia tri vi tri goc dau ra dat gia sir 14 ¢ =7/6, ta thu duoc két qua

mo phong nhu trén Hinh 3.3.

0.7 :
-o- MPC phan hoi trang thai

——gia tri vi tri goc dat

e 2 ofo 00008.0 0 o096 oo S Ooooma™
05 AR 2 T v ( ] L g 4 o -2 T 0.g b

0 10 20 30 40 50

Hinh 3.3: So sanh goc ldc thuc c6 véi géc lic dét trude khi sie dung truec
tiép mé hinh phi tuyén dé thiét ké bé diéu khién duw bdo phdn
hoi trang thdi theo Thudt todn 2.6
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Két qua mo phong cho théy gia tri goc lac thue bam 6n dinh theo dugc gia tri
dat, ngoai trur hién tugng dao dong nhd xung quanh gia tri dat. Hién tugng nay sinh
ra boi goc dat trudc ¢ = /6 khdng phai 1a mot diém can bang ciia hé, nén dé giir hé
tai diém dat trude do, tin hiéu diéu khién 1a khac khong. N6 ludn thay doi tao ra
hién tuong dao dong twong ing xung quanh gia tri dit. Bién d6 dao dong rat nho,
khoang 0-0,02(rad) ~ (1-2)°
Sir dung mé hinh song tuyén dé thiét ké bg diéu khién dw bdo phdin hoi trang thdi
cho doi twong con lic ngwoc theo Thudt todn 2.4

Tiép theo, véi md hinh phi tuyén cia con lic nguoc, luan an s& bién doi sang
dang song tuyén theo trang thai dé c6 thé thiét ké diéu khién theo Thuat toan 2.4 .

Viét lai m6 hinh (3.1) vé dang song tuyén nhu sau:

‘;—f = AGOX +B()u

(3.9)
y =C(x)x

ta s& ¢ nhiéu phuong an xac dinh A(x), B(x), C (x) tir (3.1), chang han nhu:

(01 0 0 )

0 0o 0 _ (gcosx, —IxF)m, sinx,
. (mC +m, sin2x3)x4

. [(g ~Ix3 cosx,)m,, Jrgmc}sinx3 .

(ImC +Im, sin? x3)x3
( 0 )
.
R m, +m, sin?x -
Bx)=| ° g * lvacx)=(0,0,1,0) (3.11)
COSXj4

Im, +1m,, sinx,
la mot phuong an.
Luong tir héa md hinh lién tuc trén theo thoi gian véi chu ky trich mau T,

chon trude, ta s€ dugc mo hinh khéng lién tuc twong Gmg:
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{&M = AX )X +B (X, )u (3.12)
y =C (X, )X, |
trong do
Al =1 +TAR), By ) =T,B (), C ) =C(x,). (3.13)

va day cling 1a m6 hinh roi rac ciia hé con lic nguoc duoc ta sir dung cho viéce thiét
ké bo diéu khién dy bao phan hoi trang thai theo Thuat toan 2.4 sao cho ddu ra cia
no la vi tri géc y = ¢ bam theo gi tri dat trudc.

Tai thoi diém t =kT, hién tai, m6 hinh con lic nguoc biéu dién bai hé song tuyén

khong lién tuc (3.12) 1a xap xi dugc boi :

Xia1 = AcXy + By Uy
H, : 3.14
k {)_/k =Ck)£k ( )
Vél A( ZA()Sklk)l Bk = B()Skik)’ Ck ZC()ikik)r Dk = D()ikik) (315)

Tuong tu, ta cling c6 luu db thuat toan thiét ké bo diéu khién dy bao phan hoi
trang thai theo Thuat toan 2.4 cho dbi tuong con lac nguoc nhu trén

Hinh 3.4. Thuyc hién lan luot cac bude tinh toan dé x4c dinh cac ma tran A, B,, C,
theo trang thai ciia ddi tugng trong mdi budc tinh roi dua tin hiéu diéu khién xac
dinh dugc vao diéu khién doi twong lién tuc trong khoang thoi gian trich mau
T, =107[s], gid tri vi tri goc dau ra dat gia sir 1a ¢ = 7/6, ta thu dugc két qua md
phong nhu trén Hinh 3.5.

Két qua trén cho thay gia tri goc lac thuc c6 chua bam theo duogc gia tri dat.
Phan tich nguyén nhan c6 thé nam & cong thire x4p xi moé hinh song tuyén (3.12)
Véi cac gia tri uée luong (3.13), nén ta c6 thé chinh stra lai mé hinh song tuyén
(3.12) bang cach thay (3.10) boi:
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00 0 0
00 0 _(QCOSX3—|X§)mh sinx,

N (mc+mh sin2x3)x4

AD=10 0 0 0 (3.16)

[(g ~IxZ cosx;)m, +gmc]sin X,

12
(Imc+lmh sin x3)x3

Viéc chinh sira ndy ciing xuat phét tir phan tich rang do tuyén tinh héa ting
doan ctia mo hinh song tuyén ma tai d6, gitra hai thoi diém chu ky trich mau cac gia

tri x,, X 1a hang s, tirc 12 giita hai chu ky trich mau luén c6 X, =%, =0.

u,=0;x,=0; k=0, N>2

J

Do x, ;
Tinh A ,B,,C, theo (2.30)
Tinh E,F theo (2.37);

Tinh z theo (2.38);
Chon A,L theo (3.8).

¥

Uy =(1.0, -+ ,@)p" M
~(1,0, - 0)(FTAF +Li ) FTawz

Ky
Pura téi diéu khién doi twong (3.1),(3.2) k=k+1
trong khoang thoi gian T, =107[s]

Piing
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Hinh 3.4: Liueu d6 thudt todn thiét ké b diéu khién DBPHTT bam theo gid tri dau
ra dat cho con lic nguoc theo Thudt toan 2.4véi t <1, 1a thoi gian mé phong

Hinh 3.6 1a két qua mé phong thu duoc v6i ma tran A(x) Iy tir (3.16), cac ma
tran B(x), C(x) duoc giit nguyén theo cong thirc (3.11). N6 cho thiy gié tri goc lic
thuc bay gio bam 6n dinh theo dugc gia tri dat, ngoai trur hién tuong dao dong nhd
xung quanh gia tri dat. Hién tuong nay sinh ra boi goc dat trude ¢ = /6 khdng phai
la mot diém can bang cua hé, nén dé gilr hé tai diém dat trude do, tin hiéu didu
khién 1a khac khong. N6 ludn thay ddi tao ra hién twong dao dong twong ing xung
quanh gia tri dat. Pac biét hién tuong nay s& con nhan biét duoc 18 hon nira khi gia
tri dat truéc ma hé can bam theo vira 1a gc, vira 12 vi tri cia xe nhu duge mé ta &
Hinh 3.8 va Hinh 3.9.

Trén Hinh 3.7 1a so sanh két qua diéu khién vi tri goc theo gia tri dat khi sir
dung 2 bd diéu khién theo Thuat toan 2.4 (sir dung mo hinh song tuyén) va Thuat
toan 2.6 (str dung truc tiép mo hinh phi tuyén). Puong nét dut 1a vi tri goc khi sir
dung bo diéu khién theo Thuat toan 2.4, dudng nét it co cham trdn 14 vi tri goc khi
st dung bo diéu khién theo Thuat toan 2.6 .

0.7
o-0—0-0-0—0-0"" 04
- L o-0-bg0-0-g 0~0-0-0-0-0-0-0-0-0—0-0-0"0"0~¢

0.5
g0.4 —~MPC phan hoi trang thain
) —gia tri vi tri goc dat
=0.3

0.2

0.1

0 10 20 30 40 50

Hinh 3.5: So sanh goc ldc thuee ¢6 véi géc lic dat trude khi sie dung mé
hinh song tuyén (3.10).
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©
\'

---MPC phan' hoi trang thai
—gia tri vi tri goc dat

o
o))

AN - - —— 2 -
<> ==

I CT4 v

o
3]

o
~

Vit goc (rad)

o
(V)

o
w
i T B

o
'_\

Hinh 3.6: So sanh goc ldc thuee c6 véi géc lic dat trude khi sie dung mé
hinh song tuyén (3.16).

0.7
0.6
O 3-‘\..&4"‘\ o o - ~ SN PR P
05T D, I 20 A A AL St S
= 1
g,o 4 ' =o=-MPC phan hoi trang thai (Thuat toan 2.6)
g — gia tri vi tri goc dat
203 ,: ---MPC phan hoi trang thai (Thuat toan 2.4) -
b= 1
s
~0.20
|
Il
0.14
1
0 10 20 30 40 50
k

Hinh 3.7: So sanh két qua diéu khién vi tri géc theo gid tri dat khi sir
dung 2 bé diéu khién theo Thudt todn 2.4 va Thudt todn 2.6

So sanh cho thay, trong ca hai trudng hop, goc lac déu bam theo gia tri dat dap
tmg muc tiéu diéu khién, bién do sai léch trong ca hai truong hop 1a rat nho
((1-2)°). Tai mot s6 thoi diém thi bién do sai 1éch cua goc lac khi st dung bo diéu
khién theo Thuit toan 2.6 ¢6 I6n hon mot chut so véi bo diéu khién theo Thuat toan

2.4. Nguyén nhan co thé duoc giai thich rang, khi ta sir dung truc tiép mo hinh phi
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tuyén theo Thuat toan 2.6 thi trong budc tuyén tinh hoa timg doan da c6 sir dung
cac cong thirc xap xi, vi vay dan dén sai léch mo hinh, nhung sai léch nay ciing 1a
rat nho, khong dang ké.

Nhén xét:

Qua viéc thiét ké diéu khién va so sanh chat lwong diéu khién vai 2 bo diéu
khién theo Thuat toan 2.4 (stir dung md hinh song tuyén) va Thuat toan 2.6 (str dung
mo hinh phi tuyén), cé thé thiy ngay rang, vdi cac d6i tuong phi tuyén c6 mé hinh
c6 thé chuyén d6i vé dang song tuyén thi ta nén str dung Thuat toan 2.4 dé thiét ké
diéu khién do viéc cai dat theo Thuat toan 2.4 1a don gian hon va khéi lugng tinh
toan it hon so v&i Thuat toan 2.6, dong thoi chat luong diéu khién ciing tot hon so
Vvéi viée sir dung Thuat toan 2.6, do trong Thuat toan 2.6 ¢6 sir dung cong thirc xap
Xi c6 thé din dén sai léch mo hinh. Chinh vi vay, véi nhitng d6i tuong phi tuyén c6
mo hinh bién d6i dugc vé dang song tuyén thi ta nén sir dung mé hinh song tuyén
dé thiét ké diéu khién theo Thuat toén 2.4.

Toan bo chi tiét phan ma nguon chwong trinh cai dat trén MatLab dé diéu
khién du bao phan hoi trang thai hé con lic nguoc theo Thuat toan 2.4 va Thuat

toan 2.6 dugc trinh bay ¢ phan phu luc P1.

Pic¢u khién bam 6n dinh goc lic va vi tri

Khi nhiém vu diéu khién vira 12 bAm 6n dinh goc lac, vira 12 bam o6n dinh vi tri
thi hai tin hiéu dau ra y cua h¢ s€ dugc xdc dinh theo cong thuc (3.3).

Lai sir dung mo hinh song tuyén (3.9) nhung bay gio v6i hai dau ra (3.3) va
ma tran A(x) theo (3.16), hai ma tran B(x), C(x) con lai theo (3.11), cing v&i chu
ky trich mau T, =10%s gidng nhu & trudng hop mot dau ra, ta thu dugc két qua cho
& Hinh 3.8 va Hinh 3.9. Hai hinh biéu dién két qua moé phong nay cho thay chat
lugng bam on dinh t6t cia bo didu khién du bao phan hoi trang thai (Thuat toan

2.4), pht hop v&i nhan dinh 1y thuyét.
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Toan bo chi tiét phan ma nguon chwong trinh cai dat trén MatLab dé diéu

khién dy bao phan hoi trang thai hé con lic ngugc theo Thuat toan 2.4 duoc trinh

bay & phan phu luc P2.

2 ‘
-e-MPC phan hoi trang thai
—vi tri xe dat

Sf20.9.

e an g 4 A e 0 - an

1.5 gre-e-orvro-ofio-t-o0=tg-o-n oo

Vi tii xe(m)

0.5

50

0 10 20 30 40

Hinh 3.8: So sanh vi tri thuc co voi vi tri dat trude

0.7 ,
-e-MPC phan hoi trang thai
0.6 —gia tri vi tri goc dat
0.5%‘%?@%@“@;"%&&&:
I
0.4 }I
i |l
$0.3H
I
|
0.2}
]
]
0.1i
0 10 20 ) 30 40 50

Hinh 3.9: So sanh goc ldc thuc c6 véi goc ldc ddt trude

3.1.2 Quan sat trang thai véi loc Kalman mé rong
Tiép theo, ta s& thiét ké bd quan sat Kalman m¢ rong loai 3 (EKF loai 3) theo

céc bude ciia Thuat toan 1.9 cho ddi twong con lic nguoc c6 md hinh trang thai lién

tuc (3.1).
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Van tiép tuc chuyén mo hinh (3.1) vé dang song tuyén theo trang théi (3.9)
va dang khong lién tyuc 1a (3.12), véi hai dau ra (3.3) va:

0 1 0 0
o @ cosx, —IxZ)m, sinx, 0 0
Ab) = (M, +m, sinx,;)X,
- 0 0 0 1
0 0 (g —IxZ cosx5)m;, Sinx; +gm, Sinx
(m, +Im, sin®x,)x,

dé sir dung vao viéc thiét ké b quan sat trang thai theo Thuat toan 1.9.
Véi mo hinh dang khong lién tuc nay, ta thuc hién tinh G, va F_, lan lugt
theo cac cong thure (1.45) va (1.47) cta EKF loai 3 1a:
G, =C(x,) va F; =A(x, ;) (3.17)
va trang thai udc lugng ban dau gid st duge chon 1a:
Xeo=(1,2,27,2)

Lan luot trén cac Hinh 3.10 va Hinh 3.11 1a két qua mo phong thu duogc, so
sanh giira cac bién trang thai quan sat dugc bang EKF loai 3 (dudng nét dirt) va bién
trang thai thuc (dudng nét lién) cta hé con lic nguge (3.1). Két qua cho thay, dudi
sy tac dong ciia nhidu on tring ca bén trong hé théng va dau ra thi cic bién trang

. , A d
thai quan sat dugc gom: x; =y,, X, :i,

e X, %, :‘jj_‘f ddu tring khép véi chc
gia tri ciia bién trang thai thyc. Diéu nay cho thay bo loc Kalman mé rong loai 3
lam viéc tot dé quan sat trang thai cho ddi tugng con lic ngwoc c6 mo hinh phi
tuyén.

Toan bo chi tiét phan mad nguon chuong trinh cai dat trén MatLab dé quan sat

trang thai hé con lic nguoc theo Thuat toan 1.9 duoc trinh bay ¢ phan phu luc P2,
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uoc luong quang duong xe di duoc

25
E 2 r—'/ —
B / —yc true
// ===yc estimate
e
l'50 10 20 30 40 50 60 70 80 90 100
k
uoc luong van toc
20 I
—V true
15 -=-v estimate |
/—
E
= " —
5 //
—
0 10 20 30 40 50 60 70 80 90 100
k
Hinh 3.10: Gia tri trang thai x5, X, quan sdt dwoc so sanh voi gid tri
thuec khi c6 nhieu hé thong va nhieu dau ra la on trang
uoc luong goc lech Phi
1 T
= Phi true
0 T — === Phi estimate f
\\
£a ——
o \
-2
_30 10 20 30 40 50 60 70 80 90 100
k
uoc luong van toc goc
20 ‘ I
——van toc goc true
- 0 ===van toc goc estimate j
3 \\\ [¢]
% 20 T —
> -40 —
-60
0 10 20 30 40 50 60 70 80 90 100

Hinh 3.11: Gia trj trang thai x,, x, quan sat dwoc so sanh voi gia tri

thuee khi 6 nhiéu hé thong va nhiéu dau ra |a on tring
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3.1.3  Piéu khién phan hdi diu ra theo nguyén ly tach
Bit dau

Tuy chen X, =X,(+) va Py(+)
Do uy, y s k=1

<
<

A 4

bo y, ;
Chon A,L theo (3.8).
!
Tinh x, (=) =1, (Xea ()4 4)
Gy, R, theo (3.17);
P (5) =RPa (DR + Wi
Ky =P (-)G¢ G(Py (-)Gy +®y) ™
P (+) = (1 =K, Gy )P ()
X (+) =Xy () + Ky (Xk —Gy Xy (—))

v
X =Xy (+)
Tinh A ,B,,C, theo (3.15),

(3.16);
Tinh E,F theo (2.37);

Tinh z theo (2.38);

A 4
u =10, - ,0)p"

i -1
~(1,0, - ,G))(FTAkF +Lk) FT Az

5 ]

Pura t6i diéu khién doi twong (3.1),(3.3) k=k+1
trong khoang thoi gian T, =107[s]

Pung

Hinh 3.12: Luu do thudt toan thiét ké bo PKDB PHDR bdm theo gid tri dau ra ddt
cho ddi tieong con ldc ngueoe theo Thudt toan 2.7 véi t <1, 1a thoi gian mé phong
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Tiép theo, ta s& thiét ké bo diéu khién dy bao phan hdi dau ra theo nguyén ly
tach cho d6i tuong con lic nguoc c6 mod hinh phi tuyén (3.1) bang viéc két hop gitra
bo loc EKF loai 3 va bo diéu khién du béo phan hdi trang thai cho ddi trong nay
theo phién ban cta Thuat toan 2.7 xay dung cho hé song tuyén.

Lua chon cac diéu kién dau, ctra s6 du bdo, b cac thong s6 cua hé con lic
nguoc, cac tin hiéu nhiu giong nhu ¢& md phong véi bo dicu khién du bao phan
hoi trang thai & muc 3.1.1 nhung tin hi¢u trang thai dua vao dé tinh toan tin hi¢u
diéu khién 1a cac trang thai quan sat dugc bang bo quan sat EKF loai 3 nhu d4 thiét
ké & muc 3.1.2. Trong luu dd thuat toan hinh 3.12 lic nay ¢ thém budc tinh toan
udc luong trang thai dé thiét ké bo diéu khién. Két qua so sanh tin hiéu dau ra (13 vi
tri goc cia con lic va vi tri xe) gitta hai by diéu khién phan hoi trang thai va phan

hdi dau ra thé hién trén Hinh 3.13 va Hinh 3.14.

0.7 :
-e-MPC phan hoi trang thai
0.6 —qgia tri vi tri goc dat
---MPC phan hoi dau ra
0.5 ?."’t;,‘:‘:;-v- -‘.M%W&W,
]
1
g 0.4}
£
- 0.31
]
0.2{
1
1
0.1%
I
0¢
0 10 20 ) 30 40 50

Hinh 3.13: G6c ldc thuc y, = ¢ $0 sanh Véi géc lac dat thu dwoc nho bé
diéu khién dy bdo phan hoi dau ra khi cé nhiéu hé thong va

nhiéu dau ra & dang on trdang
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2
1.5 '...-‘-"_' JL:'M - AAAMM_‘A »_N ‘—v-‘rﬁ‘L
1
1
1
. -e-MPC phan hoi trang thai
g 1 — Vi tri xe dat =
o ---MPC phan hoi dau ra
.’
1
0.5/1
1]
i
i
I
0 10 20 ) 30 40 50

Hinh 3.14: Vj tri xe thuc c¢o y, =y, S0 sanh voi vi tri thu dwoc nho b
diéu khién dy bdo phan hoi dau ra khi cé nhiéu hé thong va

nhiéu dau ra o dang on trang

Trén Hinh 3.13, dudng nét lién thé hién gia tri dau ra dat (vi tri goc ciia con lic
nguogc), dudng nét dit o cham tron 12 gia tri dau ra khi didu khién d6i tuong bang
bo didu khién dy bao phan hoi trang thai va duong nét dut dam 1a gia tri dau ra khi
diéu khién d6i twong bang bo diéu khién du bao phan hoi dau ra theo nguyén ly
tach. Tuong tu, Hinh 3.14 biéu dién gia tri vi tri thuc co cta xe duge so sanh voi gia
tri vi tri dat trudc.

C6 thé thay, vi tri goc lac thuc co va vi tri xe thuc ¢ cia dbi twong khi diéu
khién bang 2 bo diéu khién déu luén bam theo dugc vai gid tri dau ra dit va on dinh
trong sudt thoi gian didu khién. Khi ta ting gia tri nhidu anh hudéng dén ddi twong
thi goc lac va vi tri xe van bam t6t theo gia tri goc lac va vi tri xe dat. Tin higu dau
ra khi str dung bo diéu khién phan hdi dau ra co sai 1éch it so vdi bo diéu khién phan
hoi trang thai, song van bam t6t theo gia tri dat, ngoai trir ¢6 hién twong dao dong
nho xung quanh gia tri dat sinh ra boi nhitng gia tri dat trude nay khong phai 1a

diém can bang cta hé.
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Toan bo chi tiét phan ma nguon chwong trinh cai dat trén MatLab dé diéu
khién du bao phan hoi dau ra hé con lic nguoc theo nguyén ly tach voi Thuat toan

2.7 duoc trinh bay & phan phu luc P3.

3.2  Kiém chirng chat lwong b diéu khién du bao phan hdi ddu ra trén md
hinh thi nghiém con lic ngwoc quay
Pé kiém chung duogc chét lugng bam bén viing véi nhiéu Gauss ciia bo diéu
khién du bao phan hoi dau ra (thuat toan 2.7) trong mdi truong thuc té, sau day luan
an sé& tién hanh thi nghiém trén con lic nguoc quay, 1a mé hinh thi nghiém da c6 san
tai phong thi nghiém Do luong va Diéu khién, Khoa Dién Tir ciia Trudng Dai hoc
KTCN Thai Nguyén.

3.2.1  Mb hinh toan ciia ddi twong con lic nguwoc quay

1I1:g‘

Hinh 3.15: M6 hinh déng hoc con ldc nguoc quay

Hinh 3.15 1a md hinh déng hoc cuia con lic ngugc quay. Hé thong nay bao
gom:
— Cénh tay (Arm): gan vao truc dong co mot chiéu (DC motor) quay quanh truc

thang dimg.
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— Con lic (Pendulum): 1 khép quay ti do gén vao truc ciia cam bién goc quay
(Potentiometer) ¢ dau céanh tay, tu do trong mit phang vudéng goc véi canh
tay. Con lic khong on dinh, n6 luoén d6 xudng, trir khi c6 luc tac dong thich
hop vao canh tay. Bai toan dit ra 1a diéu khién canh tay dé lac con lac 1én
(Swing up) va giir con lac can bang & vi tri thang dung.

Tur mo6 hinh dong hoc nay, md hinh toan cia hé dugc xay dung nhu sau
[46,64]:

Céac phwong trinh Lagrange mo ta chuyén déng ciia con lic ngioc quay [41]:

afo)a o

dt{ 00, ) 00, (3.18)
L=T-V

trong do:

T : la tong dong nang caa phan than quay.
V : | tong thé nang ciia phan than quay.
Q,: 1a tong momen xoén theo truc i

®,: la vi tri goc theo truc i

Cdc phwong trinh md td déng co mét chiéu:

R, L,
PWM |+ +
Amplifier |/
U K, m E,
_ _ |, H ra

Hinh 3.16: So do twong dwong déng co dién 1 chiéu va bg diéu ché dé
réng xung (bé khuéch dai xung PWM)

DPong co mdt chiéu sir dung trong h¢ con lac nguge quay dé tao ra mémen

x0an cho hé théng. M6 men xoan cua dong co theo [35] dugc tinh toan nhu sau:

Di¢n &p dau ra cua bg khuéch dai:
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L =K,u (3.19)
v6i K, 1 hé s6 khuéch dai ciia b PWM.

Theo dinh luat Kirchoff vé dién ap,

V., =1,R, +La(1;—ta+Eb (3.20)
VoI

- 1,(A): la dong dién cudn day phan img,

- R, (©Q) : 1a dién tré cudn day phén tmg,

- L,(H): 1a dién cam cudn day phan Gng,

- E, (V) : strc dién dOng cam tng cua dong co. E, ty I¢ thuan véi su thay doi tir
thdng no ty 1& véi van tdc goc cia dong co.

da

M0 men xoin giy ra béi dong co, 7., ty 1& véi dong dién phan tmg. Gia thiét
rang, anh huéng cia dién cam cudn day, L, , 1a khong dang ké, md men xoan c6 thé
duoc tinh:

-E) _ KKy u KK, a
R, R, R,

M@ hinh déng hoc ciia con lic ngwoc (khi con ldc & vi tri thang dimg hwdng

r =K, =K, Ym (3.22)

I&n trén)
Gan hé con lic nguoc 1&n hé truc toa do nhu trong Hinh 3.15, dong ning cua

canh tay, T, va thé nang V, c6 thé dugc viét nhu sau:

1.
To=570% (3.23)



98

X _ L,cosa
o
Lo L, Sina
%
|1Sinﬂ [ ] v
oY

Hinh 3.17: Hinh chiéu bang ciia hé con lic ngwoc quay

Hinh chiéu bang cta hé con lic ngugc quay duoc thé hién trén Hinh 3.17. Doi

Vo phén con lic, duoc phan tich dong hoc nhu sau:

X, =L,cosa +l;sinasin g
y; =Lysina —lcosasin g (3.24)

Tir (3.24), s€ co:

X, = —Loasina +l,agecosa sin B +1, 3 sin acosp

Y, = Lydcosa +lyd sinasin -1, fcosacosB (3.25)
va tur do:

X2 =L5a?sin® a + (L,acosassin B +1, B sin acos)?

—2La sin ae(l,acosasin B +1, 4 sin acos )
= La?sin® a +12a’cos’a sin? B +172 37 sin® acos® B

+22afsin acosa sin fcosB — 2L ¢ * sinacosassin B — 2L ,af sin® acosf (3.26)
2 2.2 2 o . ; 2

y; =Lga” cos® a + (l,esinasin B -1, 8 cos a cos )

+2L,a cosa(l,asin asinﬁ—llﬁcosacosﬁ)

= L2a? cos? a +12a? sin? asin? B+12 8% cos? a cos? 8

—21263sin o cos arsin B¢os B+ 2Ll sin ar cos asin B — 2L l,63 cos? a cos B (3.27)

22 =12 p%sin? B (3.28)
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Tong binh phuong d6 16n van tdc cua qua lic sé 1a:

X2 +yE +27 =Lya® +12a% sin® B +12 5%cos® B — 2L ,afcosp +12 B2 sin® B

=L5a? +12a’sin® B +12p% — 2L J,cfcosp (3.29)
Pong nang ciia qua lac T, va thé ning V, dugc tinh:

T, =205 om, i 2 4 27)

= %Jlﬂz +%m1L§d2 +%mllfd2 sin? +%mllf[?2 —m,Ll,éapcosp

= %mlL%okz + % @, +mi2)B% + %mllfok2 sin? B —m,Ll,cfcos (3.30)

V, =m,gz, =m,gl,cosfs (3.31)

Phuong trinh can bang ning luong ciia hé con lic ngugc quay dua ra theo Lagrange,

L dugc xay dung nhu sau:

Lo =Ty Vo
L=T,-V
L=L,+L =T, +T,-V,-V,

= %Jodz +%m1L§o'c2 +% @, +ml2) B2 + %mllfok2 sin? B —myLl,éfcosp —mygl,cos
=%(J0 +m,L3)a? +%(\]1 +my2)p? +%mllfok2 sin? B —myL,afcosp—-mglcosp  (3.32)

Vi vi tri gbe canh tay theo truc quay cua o , ta co:

a_
da
GL 2\ - 2. -2 :
%z(JOJrrnlLo)aerlllasm p-mLl, scosp

d(a‘j =, +mL3)é +mjZésin® f+2m)Zafsin feosB—-miL, fcosp+mL . B2 sin B

0

dt\ oc
= (3o +mL3)é +mylésin® B—myLy, foosp+mlZapsin 25 +miLy, 5 sin

(a2,
dt\oa) oa “

@y +mL3)a+mlZasin® f—myL, fcosB+mliapsin2B+mLyh B2 sin f =1, (3.33)
Tong md men xoan trén truc theo hudng ting « 1a z,. N6 bao gdom momen xoan

gay ra boi dong co va mo men xoan theo chiéu nguoc lai gy ra boi ma sat.
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7, =7, —Cod (3.34)
véi: 7, lamd men xoan tac dung gay ra bai dong co mot chiéu,

C, la ma sat nhét tic dung theo truc quay cia o (hé s6 ma sat cia canh tay).
Nhu vay, ta co:
(o +mL3)d +mlZéisin® B—myL |, fcosf +miiaBsin 23 +miLl, 32 sin f =1, ~Cya (3.35)
(o +mL3)é +mjl2ésin® B —m,Ll, fcosf+Ca +mi2aBsin 2B +miLl, 47 sin B =, (3.36)

Thay (3.22) vao (3.36) ta dugc:

(o +mL3)é +mjllésin® f—miL, fcosp +(C, + K;::b e
2 n 0 KK,
+mjlaBsin2f+miLy, 8 smﬂ—?u=0 (3.37)

Tuong tu, ta viét cho truc quay cho goc B

Z_; =mjl7¢? sin Bcosp +myLohdfsin B+mygl, sin B

= %mllfok2 sin28 +m,Lg,afBsin g+mygl, sin B

oL . .

c?_t{g_;j = (3, +mJ2) f —m,Ll,cicosB +m,LlaBsin B

d[aLj oL
~ &Sy,
dtl o8 ) op

—mygl;sin B =7,
—myLhdicosB + (3, +mi2) B —%mllfo'c2 sin2g—mygl;sin g =7, (3.38)
Toéng mod men xoan trén truc theo huéng ting S la 7, . Theo tryc nay thi mo men
x0an chi bao gom thanh phan giy ra bai ma sét.

r5=-Cif (3.39)
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vé6i C, 1a ma sét nhot tac dung theo truc quay ciia 8 (hé s6 ma sat ciia con lac).
Thay (3.39) vao (3.38) ta co:

—m,LghdicosB + (3, +mif) B —%mllfoz2 sin2 -mygl, sin f =-C,f8

—myLléicosf + (3, +myl?) 3 —%mllfoz2 sin2f +C, 5 —mygl; sin 8 =0 (3.40)

Chuyén cac phuong trinh mo ta toan hoc hé con lic nguoc quay (3.22),(3.37),
(3.40) vé dang ma tran, ta s& c6 mo hinh dong hoc hé con lic nguoc quay khi con

lic & vi tri thang dirng huéng 1én trén c6 dang nhu sau:

Jo+mL5+mlZsin® B myL, cos ﬂ](d] .\

—(m,Lg, cos B) J+m)2 N\
Co+ KK, +1mllf[3$in 28 myLy,Bsin B +1mllfd sin2B |, KK,
2 2 a 0 (3.41)
3) "\ —mgl sing) R u
—(%mllfd sin2p) C, F 19 0
Céac ky hiéu :

- a(rad): GOcC gitra canh tay va truc x

- B(rad): GAc quay cia con lac huéng 1én,

- J,(kgm?) : Mo men kich thich cua canh tay,
- J,(kgm?): M6 men kich thich cta con lac,
- Co(kg.m2 /s): Hé s6 ma sat ciia canh tay,

- C,(kgm?/s) : Hé s ma st ctia con lac,

m, (kg) : Khéi luong hiéu dung cia con lac,

l,(m):Chiéu dai hiéu dung ctia con lac,

L,(m): Khoang cach tir truc dong co dén con lac,

Ki(Nm/A): Hang s6 mé men cta dong co,

K,V s/rad): Hang sd strc dién dong ciia dong co,

K,V /count) : Hé sb khuéch dai diéu khién dong co,

R, () : Dién tro phan mg ctia dong co,
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- g(m /s?): Gia toc trong trudng,
- u(counts): Tin hiéu diéu khién dong co (dua t6i bd khuéch dai xung PWM).
Bién d6i lai m6 hinh (3.41) vé dang hé phuong trinh vi phén:

@y +m,L3 +myl?Zsin? B)é —(myLl, cos B) S +(C, + KKy

+%mllf[3’sin 2p)a

.. 1 .. , KK, _
+(myLl,Bsin B +§m1|1206 sin2f3)p —?U =0 (3.42)

—(myLyl;, cos B)éi + @, +ml2) g - (% mJZasin2)a +C, 8 —mgl;sin f =0

Dit bién trang thai:

X =[x, X, X3, %, =[a.a, B, BT’

thi:
X =X, X0 X5, X, IT =i, B, BT
Thay vao (3.42) ta co:
X, =X,

. , , KK
o +myL5 +mylZ sin?x5)%, — (MLl cosX3)X, + (Co + —o2

1 .
+ Emllfx4 Sin2X,)X, +

] 1 ) KK
+(myLylx, sinx, +Emllfx2 Sin 2x;)X, — l;a “u=0 (3.43)

; , 1 . .
— (myLl; COSX3)X, + (3 +MIZ)X, — (Emllfx2 $in 2x5)X, +Cx, —mygl; sinx, = 0

Su dung céac ky hidu:

k, = (3o +m,L3 +mylZ sin®x;), k, = (M,Ll; cosx,),

kg =(Co+ A

1 . . 1 .
+ Emllfx4 Sin2x,), K, = (MyLghX, sinx, +§mllfx2 sin2x,),

_ KtKu
Ra

kg =C,, kg =mygl, sinx,

Ks

ke = @y +myl7), k; = (%mlllzxz sin 2x),

thi m6 hinh (3.43) s& dugc viét ngan gon lai thanh:
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X, =X,
KX, =KX, +KgX, +KX, —ksu =0
X5 =X, (3.44)
kK X, +KgXy —KoX, +KgX, —Kg =0

Tiép theo, tir (3.44) ta co:

Xy =X,
. = kok, —kgks . — kokg +Kkeky “ 4 k,Kqg N Keks

= u
2 (kke —k2) 7 (kke —KkZ) T (kikg —kZ) (KoK —kZ)
X3 =X,
A4
¢, Kalky —keks) +h ks =kE) | Kylighy +hoky) kyloky =k2) (34)
- 2
’ Ko (kiks —kZ) ke (kikg —kZ2)

+ kkg + Ko (kiks —k3) + KoK eKs
ke (kiks — k) ke (kiks — k)

Ky hiéu cac tham sé:

_ koks —Keks K. = Kokg +Kek, koKg keKs

Pokke—k2) P (kkg—k2)

C(kke kD) (ks —K3)
K. = Ka (Koky —Kgks) +K; (kiks —k3) K. — Ka (Kokg +KgKy) +Kg (kiks —k7)
- , K =
i ke (Kiks —K3) ke (kiks —K3)
kz2 Kg +Kg (kKg — k; ) KoKeKs
K, = K 2 Kg = L L L2y
6 (Kiks —k3) ke (kikg —k3)

roi thay vao (3.45), ta dugc:
X; =X,
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Tay chon X, =Xxq(+) va Py(+)
Do Uy, y,; k=1

&
<
y

bo y, ;
Chon A,L theo (3.8).

Tinh x, (5) =1, (X1 (+), U 1)
G,.F _; theo (3.17);

P (5) =R P (DR + ¥

K =P ()G G(P (-)G( + @)™
P () =(1 -KGy )P ()

K () =X, )+ Ky (3, -Gk ()

A

Xy =X (+)

Tinh A ,B,,C, theo (3.15),
(3.16);

Tinh E,F theo (2.37);
Tinh z theo (2.38);

\ 4 k=k+1
Uy =(1,0, -+ ,@)p"

~(1,0, - ,G))(FT_AkF +Lk)_1FTAkz

=1
Pura téi diéu khién ddi twgng (3.46)
trong khoang thoi gian T, =107[s]

Piing

Hinh 3.18: Luu do thudt toan thiét ké b6 PKDBPHPR bam theo gia tri

dau ra dét cho con ldc ngwoc quay theo Thudr toan 2.7
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Bay gio, dé ap dung bd diéu khién phan hoi trang thai cho boi thuat toan 2.4,
ta s& chuyén d6i mo hinh (3.46) vé dang mo hinh song tuyén theo trang thai:

dx
3t =AX)x +B((x)u

y =X; =(0,0,1,0)x (3.47)
(0 1 0 0) ( \
0 K,+K 0
voi: A(x) = 1+Ka/x; 2| By)-
0 0 0
0 Kg+K;/x, 0

Pau ra ¢ day duoc Iya chon 12 vi tri goc lic . M6 hinh (3.47) cua ddi tuong con
lic nguoc quay ciing van c6 dang gidng nhu mé hinh (3.9) cia d6i tugng con lac
nguoc. Vi mo hinh todn dd duogc bién doi vé dang song tuyén theo trang thai nhu
(3.47), tiép theo, luan 4n s& tién hanh thiét ké bo diéu khién phan hdi du ra cho ddi

tuong con lic nguoc quay tai phong thi nghiém.

3.22 Két qua md phéng b dicu khién phan héi dau ra cho d6i twong con lic

nguwoc quay

Str dung bo cac tham sé vat 1y sau cho hé thong (Pugc xac dinh bang thuc
nghiém theo [64,3]) d¢é thuc hién md phong theo Thuat toan 2.7:

m, =0,0319(kg), I, =0,1572(m), K, =0,0636(v /count), K, =0,0706(N.m /A),

K, =0,0707¥ s /rad),R, =0,9(Q?), L, =0,0312(m), J, = 0,008591(kg.m?),

C, =0,006408(kg.m?/s),J, = 0,000217(kg.m?), C, =0,000158(kg.m?/s)
ta c6 duoc két qua quan sat trang thai theo EKF3 (Thuat toan 1.9) cho hé con lac
nguoc quay cho & Hinh 3.19 va Hinh 3.20. Két qua nay cho thdy b quan sat khang
duogc tot nhidu on trang c6 1an trong ca trang thai va dau ra cia hé, dung nhu ly
thuyét ¢4 khang dinh.

Hinh 3.21 biéu dién két qua mo phong bo didu khién phan hoéi dau ra theo

Thuat toan 2.7 cho hé con lic nguoc quay. N6 cho thay viéc str dung thém bo quan

st trang thai EKF3 gan nhu khong lam thay doi chat lugng bam gia tri dat cia bo
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diéu khién phan hoi trang thai, tirc 12 bo diéu khién du bao phan hdi dau ra ciing da

khéang duoc tot nhidu 6n trang c6 trong hé.

uoc luong goc giua canh tay voi truc x

3 :
——alpha true
) ===alpha estimate
B
g
s 1
00 10 20 30 40 50 60 70 80 90 100
k
uoc luong van toc goc theo truc x
8 : :
=—alpha-dot true
- ==-alpha-dot estimate |
z
£ HI
S /
H L
® 4 //
20 10 20 30 40 50 60 70 80 90 100

Hinh 3.19: Két qud quan sdt trang thdi a Va ¢ bang EKF logi 3

uoc luong goc lech giua canh tay voi truc z

6.286
= Beta true

6.284 = oo { === Beta estimate j
T \ e .———’\---’—_ = ===== = == =
£ 6282w fmmmT
@ [

(¥
6.281
6.278
0 10 20 30 40 50 60 70 80 90 100
k
uoc luong van toc goc theo truc z
24
| — Beta-dot true

23 // { ===Beta-dot estimate {

é /

522 e

£ /

2.1 -
2O 10 20 30 40 50 60 70 80 90 100

Hinh 3.20: Két qud quan sat trang thai B Va bang EKF loai 3



107

0.15 ;
--MPC phan trang thai
0.1 —gia tri vi tri goc Beta dat |
' ---MPC phan hoi dau ra
0.05

- -

e R

Vi tri goc Beta(rad)

-0.05

-0.1

0 10 20 30 40 50

k

Hinh 3.21: Két qud mé phong bé diéu khién phan héi dau ra so sanh véi
b diéu khién MPC phan hoi trang thdi cho doi twong con lic

nguoc quay (dau rala vi tri géc con ldc theo truc z)

Toan bo phan chuong trinh md phong cho dbi twong con lic ngugc quay dugc

trinh bay trong phan phu Iuc P4.

3.23 MO ti hé thong va két qua thi nghiém

3.2.3.1M0 ta h¢ thong thi nghi¢m
Hinh 3.23 md ta hé thong thi nghiém con lic ngugc quay Kri PP-300 tai
phong thi nghiém Po ludong — Piéu khién, truong DPH KTCN Thai Nguyén. Hé
thdng nay bao gom:
— Phan mém hé thong: Cung cap giao dién cho nguoi dung dé dang nghién ciru
va sir dung hé thong.
— Hé théng mdy tinh: Cong cu cung cp giao dién giao tiép giira nguoi ding va
bo mach diéu khién thong qua cong COM.
— Bo mach diéu khién: St dung vi mach Adruino Mega 2560, c6 thé sir dung
moi truong Matlab-Simulink dé cai dat truc tiép cac thuét toan diéu khién,
phdi hop két nbi dé dang vaéi bo mach cong suat diéu khién dong co ctia hé

théng.
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P&ndulug

Fotentiom eter

Hinh 3.22: M6 hinh con ldc nguwoc quay Kri-300

Hinh 3.23: M6 hinh thi nghiém con lic ngwoc quay Kri PP-300 tai
Phong thi nghiém Po lwong — Piéu khién, Triong PH KTCN
Théi Nguyén
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Hinh 3.24: Vi mach Arduino Mega 2560

— B0 Mach cong sudt diéu khién déng co ( Motor Driver Board) : Puoc thiét ké

dé két ndi diéu khién dong co thong qua tin hiéu PWM.

Hinh 3.25: Bo mach céng sudt diéu khién déng co

— B¢ nguon (Power Supply): St dung model RPS 305DU, bién doi dién ap tir

xoay chiéu 220V-50Hz sang nguén 1 chiéu d6i xtmg.

Hinh 3.26: Bg nguon RPS 305DU
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— BJ con lac nguoc quay:

Hinh 3.27: B6 nguon RPS 305DU

Cam bién géc quay: 1a 1 bién tré co gia tri 5kQ(+20%), duogc cap ngudn
+5V(DC), tin hiéu dau ra c6 bién tir 0 dén +5V(DC) tng véi goc quay tir 0
dén 360°, dai ma hoa dugc 10 bit ADC. Trén canh tay cua hé théng con lic
con ¢ Co ciu gitp truyén tin hiéu tir cam bién goc quay vé mach vi xir ly
thong qua 3 vong day dugc quan quanh mot trong quay. Co ciu ndy giup cho
qué trinh dua tin hiéu vi tri con lic vé vi xtr Iy mot cach d& dang, linh hoat.
Encoder: Str dung loai E6B2-CWS6B — Rotary Encoder; dién ap +5 dén
24VDC; xung/vong quay: 1000; dau ra: A,B,Z; toc d6 quay max: 6000
vong/phut.

Hinh 3.28: Vi ti Encoder
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Hé thong thi nghiém sir dung bo mach dién tr Arduino Mega 2560 dé két ndi
véi may tinh. Arduino Mega 2560 14 mot vi mach dién tir diéu khién dua trén nén
tang cta chip ATmega 2560, no tich hop tit ca cac tinh nang can thiét cia mot vi
diéu khién. Ta c6 thé két ndi Arduino Mega 2560 v&i may tinh thong qua cong
USB, cai dat phﬁn mém cia Arduino va sau do thuc hién cai dat mot cach dé dang
c4c tap 1éch cua bai toan diéu khién trén giao dién may tinh.

Ngudn cho vi mach Arduino Mega 2560 dugc cip qua cap két ndi USB.
Arduino Mega 2560 c6 256 KB bo nhd flash dé Iuu trit ma lénh diéu khién, 8KB
SRAM va 4 KB EEPROM dé nang cao kha niang doc va ghi cac dir liéu diéu khién.

Arduino Mega 2560 c6 c4c cong va cac dau vao, ra

— Pau vao, ra sb (Digital 1/0): sir dung 54 chan st dung 1am dau vao, ra sb.

Hinh 3.29: Pdu vao, ra sé trén Arduino Mega 2560

— Pau ra PWM (Pulse Width Modulation): gém céc chan sé 2 dén 13, chan sd

44 dén 46, cac chan nay xuat ra tin hiéu PWM duoc ma hda 8 bit.



112

Hinh 3.30: Pdu ra PWM trén Arduino Mega 2560

— Cong Communication: nhan va truyén dir liéu vao — ra theo kiéu ndi tiép
(COM):

COMMUNICATION

nnnnnn

E

Hinh 3.31: Céng Communication trén Arduino Mega 2560

— Pau vao tuong tu (Analog in): tich hop 16 dau vao tuong tu.
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MADE
INITALY 4

[0 R I i

ANALOGIN

Hinh 3.32: Pdu vao tirong tir trén Arduino Mega 2560

3.2.3.2 Két qua thi nghiém

So d0 két ndi thiét bi thi nghiém dugc biéu dién ¢ Hinh 3.33. Hinh 3.34. 13
hinh anh thuc té ban thi nghiém con lic nguoc quay tai Truong PH K§ thuat Cong
nghiép - PHTN.

"li ROTARYISVERTED
FEXDULLM
FE-300
: YOTOR DEIVER
L ARDUINO I
i Tl
— Pulgatin
|
]
POWER
SUPPLY

Hinh 3.33: So d6 két noi thiét bi thi nghiém
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Chuyén d6i chuong trinh phan 1ap trinh bang M-file da thuc hién trong muc
3.2.2 sang Simulink ctia Matlab, thuc hién két ndi giita hé¢ thong thyc véi moi
truong Matlab thong qua vi mach Arduino va két ndi véi may tinh.

Dé c6 thé cai dat cho Arduino Mega 2560, trudc tién ta két ndi Arduino Mega
2560 voi may tinh, tai phan mém Arduino Software va cai dat trén mdy tinh, cai dit
thu vién Arduino trong Matlab/Simulink (thu vién giao tiép giita may tinh va
Arduino trong toolbox cia Malab, thu vién két ndi vao — ra cho Arduino Mega
2560).

Giao dién thi nghiém cho hé con lic nguoc quay duoc thé hién trén Hinh
3.35. Khéi NonlinPreControl chira céc cai dat ctia by diéu khién du béo theo Thuat
toan 2.4 (m& ngudn chuong trinh duoc trinh bay trong phu luc P5). Khéi Rotary
Inverted Pendulum la thiét ké cai dat giao dién vao — ra véi con lic nguoc, véi dau
vao la tin hi¢u diéu khién dua t6i tir bo didu khién du béo, cac dau ra dugc iy lan
lugt 12 cAc gia tri goc va van tdc goc cua con lac va ciia canh tay. Bo quan sat trang
thai Kalman mo rong dé quan sat trang thai cho dbi twong duoc thiét ké trong cac
khdi Nonlinear Estimate (dé tinh toan cac trang thai uéc doan) va EsUpdate (dé cap
nhat cac trang thai theo timg vong lap). (M4 ngudn chuong trinh cia hai khéi nay
duogc trinh bay trong phu luc P6)

Hinh 3.34: Hinh dnh ban thi nghiém con lic nguwoc quay tai triwong PH
KTCN = Dai hoc Thai Nguyén
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Bo diu khién dy bao Chuyén ché do diéu khién phan hdi
trang thai/phan hoi dau ra

Manual Switch:
state feedback’ output feedback

Giao dién két ndi vao ra
—VGi con lac ngugc

ONFOFF

Soopel

Bo quan sat EKF3

¥YYY

Monlinear Estimate

Lt Pln+In]

=

Unit Delay? I

z
Unit Delayd
[EED |

4\
Eslpdate

h 4

YYYY

EsUpdate  ==[nin]

Hinh 3.35: Giao dién thi nghiém cho hé con lic ngwoc quay, thuwc hién
trén Matlab/Simulink Real Time

Két qua khi sir dung bd diéu khién phin hdi trang thai

Pé tién hanh thi nghiém véi bo diéu khién du bao phan hoi trang théi, trong
giao dién thi nghiém (Hinh 3.35), kh6a chuyén doi dat ¢ vi tri phia trén, cac tin hi¢u
trang thai dua t6i bo diéu khién phan hoi trang thai dugc lay tir giao dién két ndi vao
— ra Vi con lic nguge. GOC va van tde goc cua con lic duge dua téi khdi Scope 1.
Tin hiéu diéu khién dau ra cta bd diéu khién phan hoi trang thai duoc dua téi khoi
Scope 2.

Hinh 3.36 thé hién gi4 tri goc va véan tdc goc cua con lac khi diéu khién bang
bo diéu khién dy bao phan hoi trang thai theo Thuat toan 2.4. Goc con lic duoc diéu
khién bam theo gia tri 6n dinh 0 (vi tri con lic thang dimg phia trén), véi sai 1éch
<0,1(rad). Tin hiéu diéu khién dua ra tir bo diéu khién du bao phan hdi trang thai

dugc thé hién trén Hinh 3.37.
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Hinh 3.37: Tin hiéu diéu khién tir dau ra ciia bg diéu khién du béo theo
Thudt todn 2.4 (dwea téi dau vao cia bo khuéch dai xung PWM)
Két qua khi sir dung bd diéu khién phin héi dau ra
Pé tién hanh thi nghiém véi bd diéu khién du bao phan hoi dau ra, lac nay
khoa chuyén ddi duoc chuyén xudng vi tri phia dudi, cac tin hiéu trang thai dua téi
bo diéu khién phan hoi trang thai luc nay duoc liy tir dau ra ctia bd quan sat EKF 3.
G6c va van tdc goc ciia con lac dugc dua toi khdi Scope 1. Tin hiéu diéu khién dau
ra ciia bo diéu khién phan hdi dau ra dugc dua téi khoi Scope 2.
Céc két qua thi nghiém khi sir dung bd diéu khién phan hoi dau ra theo nguyén
ly tach dé on dinh hé con lac ngugc quay & vi tri phia trén dugc thé hién trong cac

Hinh 3.38 - Hinh 3.40.
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Hinh 3.38: GOc va Vdn toc géc ciia con ldc khi diéu khién bang b diéu
khién dir bdo phan hoi dau ra theo Thudt toan 2.7
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Hinh 3.39: Tin hiéu diéu khién dwa ra boi bg diéu khién diw bdo phan hoi
ddu ra theo Thudt toan 2.7 (dwa téi dau vao bg khuéch dai xung
PWM)
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Hinh 3.40: Hinh dnh tai ban thi nghiém khi diéu khién con lac ¢ vi tri

thang ditng hwréng 18n trén (goc con lac bam theo gid tri 0)
bang bé diéu khién dy bdo phan hoi dau ra theo Thudt toan 2.7

Hinh 3.38 thé hién gi4 tri goc va van toc con lac khi sir dung bo diéu khién du
b&o phan hodi dau ra theo Thuat toan 2.7. Goc con lic van duge diéu khién bam 6n
dinh theo gia tri 0 hay con lac on dinh & vi tri thang dung. Tin hiéu diéu khién tir bd
diéu khién phan hoi dau ra duoc thé hién trén Hinh 3.39. Hinh 3.40 Ia hinh anh tai
ban thi nghiém khi diéu khién con lac ¢ vi tri thang dimg hudng 1én trén bang bo
diéu khién du bao phan hdi dau ra. Video caa thi nghiém dugc tai 1én Youtube tai
dia chi: https://youtu.be/gxuwWDUs8UU.

So sanh chat lwgng ciia hai b diéu khién
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Hinh 3.42: So sanh tin hiéu diéu khién trong hai triecong hop phan hoi

dau rava phan hoi trang thdi

Hinh 3.41 cho ta két qua so sanh vé chat luong 1am viéc gitra hai b diéu khién
phan hoi trang thai theo Thuat toan 2.4 va bo diéu khién du bao phan hoi dau ra
theo Thuat toan 2.7. Trén Hinh 3.41, goc con lic dugc diéu khién bam 6n dinh gia
tri 0 va c0 sai léch nho khi st dung 2 bo diéu khién. Tin hiéu diéu khién duoc so
sanh trén Hinh 3.42. C6 thé thay, bo diéu khién phan hoi dau ra theo Thuat toan 2.7
d4 1am viéc tot va didu khién goc con lic bam theo gia tri dat bang 0 giéng nhu khi
ta str dung bo diéu khién phan hoi trang thai. Diéu nay Ia rat quan trong khi ma ¢ bo
diéu khién dy bao phan hoi dau ra, ta d sir dung cac bién trang thai 1 cac gié tri
wdc luong duoc tir bo quan sat trang thai Kalman mé rong ¢6 kha nang loc t6t nhiéu
Gauss con ¢ bo didu khién du bao phan hoi trang thai, ta phai str dung cam bién dé

do cac gia tri nay.

40
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Két luan chwong 3

Trong chuong 3 luén an d trinh bay cac noi dung sau:

1) Ap dung phuong phap diéu khién du bao phan hdi trang thai hé phi tuyén trén co

2)

3)

s& str dung mo hinh du béo tuyén tinh timg doan do luan an dé xuét (Thuat toan
2.3 - Thuat toan 2.6) vao diéu khién bam tin hiéu ra mau cho cac ddi tuong: con
lic nguoc va con lic ngugc quay cho chat luong diéu khién nhu mong muén.

B diéu khién du bao phan hdi du ra theo nguyén ly tach trén co s ghép chung
bd quan sat trang thai Kalman va bo diéu khién dy bao phan hdi trang thai do
ludn 4n dé xuat. Chi tiét cac budc 1am viéc ciia bd diéu khién nay da duoc luan
an thé hién ¢ Thuat todn 2.7. Chét luong 1am viéc tét, dat yéu ciu mong mudn
cta bo diéu khién phan hoi dau ra ndy ciing d4 dwgc luan 4n khang dinh thong
qua mo phong trén cac dbi teong: con lic nguoc va con lic nguoc quay.

Tién hanh thi nghiém kiém chimg 1y thuyét trén moé hinh thuc: Ddi tugng con lic
nguoc quay tai Phong thi nghiém Do luong — Diéu khién ciia Truong Dai hoc
Ky thuat Cong nghiép c6 md hinh cho & cong thie (3.41). Két qua thi nghiém d4
kiém ching tinh ding dan cua cac thuat toan dé xuét trong luan 4n. Cac két qua
thuc nghiém thu dwgc xac nhan tinh kha dung vao thuc té ctia phuong phap nhu

mong mudn va hoan toan pht hop véi nhan dinh 1y thuyét.
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Nhirng vin dé d lam dwoc
Pé tai luan an lién quan téi bai toan diéu khién phan hoéi dau ra cho cac dbi

tuong cong nghiép, c6 md hinh phi tuyén khong lién tuc:

{Kku zi()ik’gk)Jrgk (4.1)

Y =& U) +g,

thoa man diéu kién rang budc u, €U, sao cho dau ra Y, Ccua hé bam 6n dinh dugc
gia tri mau dit trudc, trong d6 hé (4.1) con bi nhiéu tic dong cd & bén trong hé

thdng bai g (nhiéu qua trinh) va G, O'tin hiéu ra (nhiéu do).

Dé giai quyét dugc bai toan trén, luan 4n di dat ra hudéng di 1a sir dung loc
Kalman mo rong (EKF, UKF) dé loc nhiéu, dong thoi quan sat trang thai hé thong
dé cung cép gia tri trang thai quan sat duoc cho bd diéu khién du bao phan hoi trang
thai, tao ra b dicu khién phan hoi dau ra theo nguyén ly tach.

Vi hudng di nhu trén, luan an da dat dugc nhitng két qua nhu sau:

1) Trinh bay lai dugc cac phuong phap loc Kalman mo rong (EKF) va loc UKF cho
hé phi tuyén duéi dang thuat toan chi tiét. Thém nira luan 4n ciing dd bo sung
phuong phép tmg dung Kalman tuyén tinh (KF) dé quan st timg doan hé phi
tuyén theo nguyén ly t6i wu. Phuong phap dé xuat thém nay d& duoc luan an xay
dung chi tiét thanh:

a) Thuat toan 2.1 dé quan sat trang thai hé song tuyén.

b) Thuat toan 2.2 dé quan sat trang thai hé phi tuyén.

Kha nang ap dung cta hai thuét toan trén vao thuc té ciing da duoc luan 4n mo
phong trén:

— Hé song tuyén theo tin hiéu vao (2.14), (2.15) & vi du 2.1 va vi dy 2.2

va két qua mo phong thu dugce dd xac nhan chat lugng tot clia bd quan sat nay.



2)

3)

4)
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Xay dung dugc phuong phéap didu khién du bao phan hoi trang thai hé phi tuyén

trén co s sir dung mé hinh dy bao tuyén tinh tirng doan véi cira s6 dy bao hiru

han, ma cu thé 1a ¢4 xay dung duoc cac thuat toan:

a) Thuat toan 2.3 va Thuat toan 2.4 dé diéu khién phan hoi trang thai hé song
tuyén.

b) Thuat toan 2.5 va Thuat toan 2.6 dé diéu khién phan hoi trang thai hé phi
tuyén.

Kha nang 4p dung cua cac thudt toan trén vao thyc té ciing d dugc luan 4n md

phong v&i: Hé con lic nguoc va con lic nguoc quay.

Két qua mo phong thu duoc d xac nhan chét lugng tot clia bd dicu khién du béo

phi tuyén str dung mé hinh duy béo tuyén tinh timg doan nay, ding nhu nhan dinh

tir 1y thuyét.

Xay dung duoc b diéu khién dy bao phan hoi dau ra theo nguyén ly tach trén co
s ghép chung bd quan sat trang thai Kalman va bo diéu khién dy bao phan hoi
trang thai do luan an dé xuét. Chi tiét cac budc 1am viéc ciia bo didu khién nay
d4 duoc luan an thé hién & Thuat toan 2.7 va phién ban chinh sira cia né danh
riéng cho hé song tuyén. Pua ra va ching minh 01 dinh 1y 6n dinh, diéu kién dé
bo diéu khién dy bao phan hoi dau ra 1am hé 6n dinh ISS (6n dinh thuc té).

Kha ning 4p dung cua thuat toan trén vao thyc té ciing d& duoc luan an mo
phong thanh cong trén: Hé con lic nguoc va con lic ngugc quay.

Két qua mo phong thu duoc ciing da khang dinh tinh kha dung cao ciia phuong
phap vao thuc té cong nghiép.

Tién hanh thi nghiém kiém chtng 1y thuyét trén md hinh thyc: ddi tuong con lic
nguoc quay tai Phong thi nghiém Do luong — Piéu khién ciia Truong Dai hoc
Ky thuat Cong nghiép. Két qua thi nghiém da kiém chimg tinh ding dan cia cac
thuat toan dé xudt trong luan an dong thoi khing dinh tinh kha dung vao thyc té

ctia phuong phéap dé xuat va hoan toan phi hop véi nhan dinh 1y thuyét.



123

C&c van dé cOn ton tai va hwéng nghién ciru tiép theo

C6 ba van dé cOn ton tai ciia luan 4n va ciing sé 1a huéng nghién ctu tiép theo

Cua tac gia luan an trong tuong lai. Do la:

1) Mic di chat lwong bam on dinh tot ciia nhitng b diéu khién dy bao phan hdi
dau ra trén co s sir dung loc Kalman mé rong va bo diéu khién du bao phan hoi
trang thai nho tuyén tinh hoa timg doan mé hinh dy bao phi tuyén d& duogc
khang dinh thong qua thuc nghiém mé phong véi mot sd ddi twong cong nghiép,
song van con thiéu phan chimg minh 1y thuyét chit ché cho né. Bgi vay van dé

ton tai ndy s& 1a mot trong cac hudng nghién ctu tiép theo cia tac gia.

2) Tir két qua ciia Thuat toan 2.5 va Thuat toan 2.6 cho lép dbi twong phi tuyén
(2.39), (2.49), tac gia nhan thay hai thuat toan ndy hoan toan c6 thé mé rong
dugc cho ca 16p ddi tuong phi tuyén tré dau vao u,__.. D6 ciing 1a huéng nghién

ctru tiép theo nita cia tac gia luan an trong twong lai.

3) L6p ddi twgng phi tuyén ma luan an dé cap déu 1a khong lién tuc (4.1) ¢ nhiéu
&+ 6, Cong tinh trong mo hinh, trong khi ddi twong cong nghiép ludn ton tai &
dang lién tuc theo thoi gian. Viéc lwong tir héa mo hinh lién tuc theo thoi gian dé
c6 md hinh khéng lién tuc twong tmg phuc vu viée thiét ké bo diéu khién khong
thé tranh khoi sy anh hudng cia sai léch mo hinh di véi chat luong diéu khién.
Vi vy trong tuong lai, tc gia s& nghién ciru phét trién tiép cac thuat toan diéu
khién da duoc luan an xay dung dé cd thé ap dung truc tiép duoc cho hé lién tuc

c6 nhiéu & g lan truyén phi tuyén trong mé hinh dang tong quat:

dx
at L) (4.2)
y=9(.u,s)

nham nang cao dugc hon nita chat luong diéu khién trong thuc té cong nghiép.
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PHU LUC

P1 Pi¢u khién duw bao phin hdi trang thai h¢ con lic ngwoge

Chi tiét phan m& ngudn chuong trinh cai dat trén MatLab dé diéu khién du béo
phan hoi trang thai hé con lic ngugc (3.1) theo Thuat toin 2.6 do luan an dé xuat

c6 dang nhu sau:

%MPC PHAN HOI TRANG THAI CON LAC NGUOC
clear all;clc;

T=0.001; %thoi gian trich mau
N_sim=50;%thoi gian mo phong

q=1le-4;
r=1e-4;
%cac thong so cua doil tuong

t=[0:N_sim]; %ma tran thoil gian

%CAC THONG SO BAN DAU

%cac thong so cua doil tuong
L=0.27;

mh=0.1;

mc=1.2;

9=9.8;

N=10;
udk=1;
xtrue=[2;1;pi/6;1];

y=zeros(N_sim,1);
u=zeros(N_sim+1,1);
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noisex=wgn(N_sim+1,4,q, " linear~);%0.05*randn(N_sim+1,1);
noisey=wgn(N_sim+1,1,r,"linear™);

delta=10*eye(N);

Lk=10*eye(N);

udk(1,1)=u(1,1);

T11=-
g*cos([0,0,1,0]*xtrue)+L*([0,0,0,1]*xtrue)*(J[0,0,0,1]*xt
rue);

T12=mh*sin([0,0,0,1]*xtrue);

T1=T11*T12;
M1=mc+mh*sin([0,0,1,0]*xtrue)*sin([0,0,1,0]*xtrue);
T21=g-
L*([0,0,0,1]*xtrue)*([0,0,0,1]*xtrue)*cos([0,0,1,0]*xtru
e);

T22=mh*sin([0,0,1,0]*xtrue);
T23=g*mc*sin([0,0,1,0]*xtrue);

T2=T21*T22+T23;
M2=L*mc+L*mh*sin(][0,0,1,0]*xtrue)*sin([0,0,1,0]*xtrue);
dT11=g*sin([0,0,1,0]*xtrue)*[0,0,1,0]+2*L*([0,0,1,0]*xtr
ue)*[0,0,1,0];

dT12=mh*cos([0,0,0,1]*xtrue)*[0,0,0,1];
dT1=dT11*T12+T11*dT12;
dM1=2*mh*cos(]0,0,1,0]*xtrue)*[0,0,1,0];

dT21=-
2*L.*([0,0,0,1]*xtrue)*cos(]0,0,1,0]*xtrue)*[0,0,0,1]-(g-
L*([0,0,0,1]*xtrue)*([0,0,0,1]*xtrue)*sin([0,0,1,0]*xtru
e)*[0,0,1,0]);

dT22=mh*cos([0,0,1,0]*xtrue)*[0,0,1,0];
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dT23=g*mc*cos([0,0,1,0]*xtrue)*[0,0,1,0];
dT2=dT21*T22+T21*dT22+dT23;
dM2=2*L*mh*cos([0,0,1,0]*xtrue)*[0,0,1,0];
S1=[0,0,0,0];
S2=((M1*dT1-T1*dM1)/ (M1*M1)) - ((dM1*udk)/(M1*M1));
S$3=[0,0,0,0];
S4=((M2*dT2-T2*dM2)/ (M2*M2)) -
((M2*sin(]0,0,1,0]*xtrue)*[0,0,1,0])-
(cos([0,0,1,0])*xtrue)*dM2))*udk/ (M2*M2) ;

A _1t=[S1;S2;S3;54];

B 1t=[0;1/M1;0;-cos([0,0,1,0])*xtrue)/M2];

%A _1t=[0,0,0,0;0,-((g*cos(xtrue(3d))-
L*xtrue(4)*xtrue(4))*mh*sin(xtrue(4)))/((mc+mh*sin(xtrue
(3))*sin(xtrue(3)))*xtrue(2)),0,0;0,0,0,0;0,0,0, ((g9-
L*xtrue(4)*xtrue(4)*cos(xtrue(3d)))*mh*sin(xtrue(3))+g*mc
*sin(xtrue(3)))/((L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))
*xtrue(4))1;
%B_1t=[0;1/(mc+tmh*sin(xtrue(3))*sin(xtrue(3)));0;-
cos(xtrue(3d))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))];
C_1t=[0,0,1,0];

D_1t=0;

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%%%%%%

wk=zeros(N_sim+N-1,1);

for 1=1:N_sim+N-1
wk(1)=pi/6;

end
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w=zeros(N,1);

for k=1:N_sim

h(1,:)=C_d;
E(1,:)=C_d*A _d;%hang dau tien cua ma tran E

for 1=2:N

h(i,:)=h(i-1,:)*A _d;

E(i,:)= E(i-1,:)*A_d;%Ma tran E

end

v(1:N, :)=[h*B_d];

F=zeros(N,N); %Khai bao kich thuoc cua F
%F1(1,1:5)=v; % hang thu nhat 5 cot dau tien cua F

for 1=1:N

F1(1,1)=v(1,1);% cot dau tien cua ma tran F
delta(i,i1)=N-1+1;

end

F(1:N,1)=F1;

for 1=1:N-1
F(1:N,1+1)=[zeros(1,1);F1(1:N-1,1)];

end

w(1l:N,1)=wk(k:k+N-1);

z=w-E*xtrue;

p_sao=inv(F"*delta*F+Lk)*F**delta*z;
udk=p_sao(1,1);
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udknoise=udk+noisex(k+1);
%phan hoi trang thai
xtrue=A_d*xtrue+B_d*udk;

yknoise=C_lt*xtrue+noisey(k);

y(k+1)=yknoise;

u(i+l,1)=udknoise;

T11=-
g*cos([0,0,1,0]*xtrue)+L*([0,0,0,1]*xtrue)*(J[0,0,0,1]*xt
rue);

T12=mh*sin([0,0,0,1]*xtrue);

T1=T11*T12;
M1=mc+mh*sin([0,0,1,0]*xtrue)*sin([0,0,1,0]*xtrue);
T21=g-
L*([0,0,0,1]*xtrue)*([0,0,0,1]*xtrue)*cos([0,0,1,0]*xtru
e);

T22=mh*sin([0,0,1,0]*xtrue);
T23=g*mc*sin([0,0,1,0]*xtrue);

T2=T21*T22+T23;
M2=L*mc+L*mh*sin(][0,0,1,0]*xtrue)*sin([0,0,1,0]*xtrue);
dT11=g*sin([0,0,1,0]*xtrue)*[0,0,1,0]+2*L*([0,0,1,0]*xtr
ue)*[0,0,1,0];

dT12=mh*cos([0,0,0,1]*xtrue)*[0,0,0,1];
dT1=dT11*T12+T11*dT12;
dM1=2*mh*cos(][0,0,1,0]*xtrue)*[0,0,1,0];

dT21=-
2*L.*([0,0,0,1])*xtrue)*cos(]0,0,1,0]*xtrue)*[0,0,0,1]-(g-
L*([0,0,0,1]*xtrue)*([0,0,0,1]*xtrue)*sin([0,0,1,0]*xtru
e)*[0,0,1,0]);

dT22=mh*cos([0,0,1,0]*xtrue)*[0,0,1,0];
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dT23=g*mc*cos([0,0,1,0]*xtrue)*[0,0,1,0];
dT2=dT21*T22+T21*dT22+dT23;
dM2=2*L*mh*cos(][0,0,1,0]*xtrue)*[0,0,1,0];

S1=[0,0,0,0];
S2=((M1*dT1-T1*dM1)/(M1*M1))-((dM1*udknoise)/(M1*M1));
S3=[0,0,0,0];

S4=((M2*dT2-T2*dM2)/ (M2*M2)) -
((M2*sin(]0,0,1,0]*xtrue)*[0,0,1,0])-
(cos([0,0,1,0])*xtrue)*dM2))*udknoise/ (M2*M2) ;

A _1t=[S1;S2;S3;54];

B 1t=[0;1/M1;0;-cos([0,0,1,0])*xtrue)/M2];

%A _1t=[0,0,0,0;0,-((g*cos(xtrue(3d))-
L*xtrue(4)*xtrue(4))*mh*sin(xtrue(4)))/((mc+mh*sin(xtrue
(3))*sin(xtrue(3)))*xtrue(2)),0,0;0,0,0,0;0,0,0, ((g9-
L*xtrue(4)*xtrue(4)*cos(xtrue(3d)))*mh*sin(xtrue(3))+g*mc
*sin(xtrue(3d)))/((L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))
*xtrue(4))1;
%B_1t=[0;1/(mc+tmh*sin(xtrue(3))*sin(xtrue(3)));0;-
cos(xtrue(3))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))];
C_1t=[0,0,1,0];

D_1t=0;

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

end

t=0:N_sim;

t1=0:N_sim+N-2;

figure(l)

plot(t,y, "r-.o0", "LineWidth",3.5);grid on;
hold on

plot(tl,wk,"r=, "LineWidth",3.5);grid on;
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legend("MPC phan hoi trang thai®,"gia tri vi tri goc
dat");

xlabel ("k");

ylabel ("vi tri goc (rad)*);

figure(2)

plot (t,u,"r-o0", "LineWidth®,1.5);grid on;
xlabel ("k");
ylabel ("control signal®);

Chi tiét phan m& nguon chuong trinh cai dat trén MatLab dé diéu khién du bao
phan hoi trang thai hé con lic nguogc (3.1) theo Thuat toin 2.4 do luan an dé xuat

c6 dang nhu sau:

%MPC PHAN HOI TRANG THAI CON LAC NGUOC
clear all;clc;

T=0.001; %thoi gian trich mau
N_sim=50;%thoi gian mo phong

q=1le-4;
r=1e-4;
%cac thong so cua doil tuong

t=[0:N_sim]; %ma tran thoil gian

%CAC THONG SO BAN DAU

%cac thong so cua doil tuong
L=0.27;

mh=0.1;

mc=1.2;
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9=9.8;

N=10;

xtrue=[2;2;1;1];
A_It=[xtrue(2)/xtrue(1),0,0,0;0,-((g*cos(xtrue(3))-
L*xtrue(4)*xtrue(4))*mh*sin(xtrue(4)))/((mc+mh*sin(xtrue
(3))*sin(xtrue(3)))*xtrue(2)),0,0;0,0,xtrue(4)/xtrue(3d),
0;0,0,0, ((9-
L*xtrue(4)*xtrue(4)*cos(xtrue(3d)))*mh*sin(xtrue(3))+g*mc
*sin(xtrue(3d)))/((L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))
*xtrue(4))1;
B_It=[0;1/(mc+tmh*sin(xtrue(3))*sin(xtrue(3)));0;-
cos(xtrue(3))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))1;
C_I1t=[0,0,1,0];

D_1t=0;

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%%%%%%

wk=zeros(N_sim+N-1,1);
for 1=1:N_sim+N-1

wk(1)=pi/6;
end
w=zeros(N,1);
y=zeros(N_sim,1);
u=zeros(N_sim+1,1);
noisex=wgn(N_sim+1,4,q, " linear~);%0.05*randn(N_sim+1,1);
noisey=wgn(N_sim+1,1,r,"linear™);
delta=10*eye(N);
Lk=10*eye(N);
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udk(1,1)=u(l,1);
%usbeta(l,1)=u(2,1);

for k=1:N_sim

h(1,:)=C_d;
E(1,:)=C_d*A _d;%hang dau tien cua ma tran E

for 1=2:N

h(i,:)=h(i-1,:)*A _d;

E(i,:)= E(i-1,:)*A_d;%Ma tran E
end

v(1:N, :)=[h*B_d];

F=zeros(N,N); %Khai bao kich thuoc cua F
%F1(1,1:5)=v; % hang thu nhat 5 cot dau tien cua F

for 1=1:N
F1(1,1)=v(1,1);% cot dau tien cua ma tran F
delta(i,i1)=N-1+1;

end

F(1:N,1)=F1;

for 1=1:N-1
F(1:N,1+1)=[zeros(1,1);F1(1:N-1,1)];

end

w(1l:N,1)=wk(k:k+N-1);

z=w-E*xtrue;

p_sao=inv(F"*delta*F+Lk)*F"*delta*z;
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udk=p_sao(1,1);
udknoise=udk+noisex(k+1);
%phan hoi trang thai
xtrue=A_d*xtrue+B_d*udk;

yknoise=C_lt*xtrue+noisey(k);

y(k+1)=yknoise;
u(i+l,1)=udknoise;

A_It=[xtrue(2)/xtrue(1),0,0,0;0,-((g*cos(xtrue(3))-
L*xtrue(4)*xtrue(4))*mh*sin(xtrue(4)))/((mc+mh*sin(xtrue
(3))*sin(xtrue(3)))*xtrue(2)),0,0;0,0,xtrue(4)/xtrue(3d),
0;0,0,0, ((9-
L*xtrue(4)*xtrue(4)*cos(xtrue(3)))*mh*sin(xtrue(3))+g*mc
*sin(xtrue(3)))/((L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))
*xtrue(4))1;

B _1t=[0;1/(mct+mh*sin(xtrue(3))*sin(xtrue(3d)));le+4;-
cos(xtrue(3))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))];
C_I1t=[0,0,1,0];

D_1t=0;

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

end

t=0:N_sim;

t1=0:N_sim+N-2;

figure(l)

plot(t,y, "b-0", "LineWidth",2.5);grid on;
hold on

plot(tl,wk,"b", "LineWidth",2.5);grid on;



142

legend("MPC phan hoi trang thai®,"gia tri vi tri goc
dat");

xlabel ("k");

ylabel ("vi tri goc (rad)*);

figure(2)

plot (t,u,"r-o0", "LineWidth®,1.5);grid on;
xlabel ("k");

ylabel ("control signal™);

Dir liéu dau vao khi hé ¢6 mot dau ra 1a goc lic va cong thike lwong tir hoa
(3.10)

A 1t=[0,1,0,0;0,0,0,-((g*cos(xtrue(3))-
L*xtrue(4)*xtrue(4))*mh*sin(xtrue(4)))/((mc+mh*sin(xtrue
(3))*sin(xtrue(3)))*xtrue(4));0,0,0,1;0,0,((g-
L*xtrue(4)*xtrue(4)*cos(xtrue(3d)))*mh*sin(xtrue(3))+g*mc
*sin(xtrue(3)))/((L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))
*xtrue(3)),0];
B_1t=[0;1/(mc+mh*sin(xtrue(3))*sin(xtrue(3)));0;-
cos(xtrue(3))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))];
C_1t=[0,0,1,0];

D_1t=0;

Dir li¢u ddu vao khi hé c6 mot dau ra 1a goc lic va cong thire lwgng tir héa
(3.16)

A 1t=[0,0,0,0;0,0,0,-((g*cos(xtrue(l3))-
L*xtrue(4)*xtrue(4))*mh*sin(xtrue(4)))/((mc+mh*sin(xtrue
(3))*sin(xtrue(3)))*xtrue(4));0,0,0,0;0,0, ((g-
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L*xtrue(4)*xtrue(4)*cos(xtrue(3d)))*mh*sin(xtrue(3))+g*mc
*sin(xtrue(3)))/((L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))
*xtrue(3)),0];
B_1t=[0;1/(mc+mh*sin(xtrue(3))*sin(xtrue(3)));0;-
cos(xtrue(3))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))];
C_1t=[0,0,1,0];

D_1t=0;

P2 Quan sat trang thai hé con lic nguoc
Toan bo phan ma ngudn chuong trinh cai dit trén MatLab dé quan sat trang

thai hé con lic nguoc (3.1) theo Thuat toan 1.9 ¢ dang nhu sau:

%Kalman mo rong loai 3 (EKF3): CON LAC NGUOC 2 dau ra

clear all;clc;

T=0.001; %thoi gian trich mau
N_sim=100;%thoi gian mo phong

%q=0;

g=1le-6;

r=1e-5;

Q=[g 0 0 0;0 g 0 0;0 O g 0;0 O O q]; %ma tran tuong
quan cua w

R=[r]; %ma tran tuon uan cua v
gdq

Pk=0.1; %dieu kien dau cua sai lech uoc luong
u=200*ones(1,N_sim+2); %bien dau vao
t=[0:N_sim]; %ma tran thoil gian

%CAC THONG SO BAN DAU

%cac thong so cua doil tuong
L=0.27;

mh=0.1;
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mc=1.2;

9=9.8;

%N=10;

x=[1.5;1;0.5;1]; %dieu kien dau cua trang thai
thuc

xes=[1.5;1;0.5;1]; %dieu kien dau cua trang thai
uoc luong

xtrue=[1.5;1;0.5;1]; %bien trang thai thuc
y_thuc=0;

for 1=1:N_sim+l

A 1t=[0,1,0,0;-((g*cos(xtrue(ld))-
L*xtrue(4)"2)*mh*sin(xtrue(3)))/((mc+tmh*sin(xtrue(3))"2)
*xtrue(1)),0,0,0;0,0,0,1;0,0,((g9-
L*xtrue(4)"2*cos(xtrue(3)))*mh*sin(xtrue(3))+g*mc*sin(xt
rue(3)))/((L*mc+L*mh*sin(xtrue(3))"2)*xtrue(3)),0];
B_1t=[0;1/(mc+mh*sin(xtrue(3))*sin(xtrue(3)));0;-
cos(xtrue(3))/(L*mc+L*mh*sin(xtrue(3))*sin(xtrue(3)))];
c_1t=[1,0,0,0;0,0,1,0];

D_1t=[0;0];

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%A _d=1+T*A_It; B d=T*B_It; C_d=C_It; D _d=D_It;

x1(1)=x(1,1); %them vao ma tran x1
x2(1)=x(2,1); %them vao ma tran x2
x3(1)=x(3,1);
x4(1)=x(4,1);

%kich hoat he thong
x=A_d*x+B_d*u(i)+wgn(4,1,q, " linear™);
y=C_d*x+wgn(l1,1,r,"linear"®);



145

%trang thai thuc

xtl(i)=xtrue(l,1); %them vao
xt2(1)=xtrue(2,1); %them vao
xt3(1)=xtrue(3,1); %them vao
xt4(i1)=xtrue(4,1); %them vao

xtrue=A_d*xtrue+B_d*u(i);

%cac buoc tinh toan

xesl(i)=xes(1,1); %them vao
xes2(1)=xes(2,1); %them vao
xes3(1)=xes(3,1); %them vao
xes4(1)=xes(4,1); %them vao

Fk=A d;

xes=A_d*xes+B_d*u(i);

Gk=C d;

Pk=Fk*Pk*Fk"+Q;

K_ekf=Pk*Gk" *1nv(Ck*Pk*Gk"+R) ;

ma tran
ma tran
ma tran

ma tran

ma tran
ma tran
ma tran

ma tran

Pk=(eye(size(K_ekf*Gk))-K ekf*Gk)*Pk;

xes=xes+K_ekf*(y-Gk*xes);

y_es=C_It*xes+twgn(l,1,r,"linear™);

end
%ve do thi

figure(l);
subplot(2,1,1)

plot(t,xtl,"b","LineWidth",3.5);grid on;

xtl
xXt2
xXt3
xXt4

xesl
Xes?2
xes3
xes4
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hold on

plot(t,xesl, "r--","LineWidth",3.5);grid on;
title(Tuoc luong quang duong xe di duoc®)
legend("yc true®,"yc estimate”, "makersize®,18);
xlabel ("k");ylabel ("yc[m]~™);

%figure(2);
subplot(2,1,2)

plot(t,xt2,"b", "LineWidth",3.5);grid on;
hold on
plot(t,xes2,"r--","LineWidth",3.5);grid on;
title(Tuoc luong van toc")

legend("v true®,"v estimate”);

xlabel ("k");ylabel ("v[m/s]");

figure(2);
subplot(2,1,1)

plot(t,xt3,"b", "LineWidth",3.5);grid on;

hold on

plot(t,xes3,"r--", "LineWidth",3.5);grid on;
title(“uoc luong goc lech Phi")

legend("Phi true®, "Phi estimate®, "makersize®,18);
xlabel ("k");ylabel ("Phi[rad]~);

subplot(2,1,2)

%Figure(3);

plot(t,xt4,"b", "LineWidth",3.5);grid on;
hold on

plot(t,xes4, "r--","LineWidth",3.5);grid on;
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title(Tuoc luong van toc goc*®)
legend("van toc goc true®,"van toc goc
estimate”, "makersize®,18);

xlabel ("k");ylabel ("van toc goc[rad/s]");

P3 Pi¢u khién dy bao phan hdi dau ra hé con lic nguwoc

Toan bo phan ma ngudn chwong trinh cai dat trén MatLab dé diéu khién phan
hdi dau ra hé con lac nguoc (3.1) theo nguyén ly tach (hinh 2.5), trén co s& ghép
chung bo diéu khién du bao phan hoi trang thai, xdy dung theo Thuat toan 2.4 do
luan 4n dé xuat, va bo quan sat trang thai EKF loai 3 theo Thuat toan 1.9, ¢ dang

nhu sau:

%MPC PHAN HOI DAU RA CON LAC NGUOC (2 DAU RA)
clear all;clc;

T=0.001; %thoi gian trich mau
N_sim=50;%thoi gian mo phong

g=1le-5;

r=1e-4;

Q=[g 0 0 0;0 g 0 0;0 O g 0;0 O O q]; %ma tran tuong
quan cua w

R=[r]; %ma tran tuon uan cua v
gdq

Pk=0.1; %dieu kien dau cua sai lech uoc luong

%CAC THONG SO BAN DAU

%cac thong so cua doil tuong
L=0.27;

mh=0.1;
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mc=1.2;
9=9.8;

N=10;
%udk=1;

xes=[1.5;1;0.5;1];

xtrue=[1.5;1;0.5;1];

A 1t=[0,0,0,0;-((g*cos(xes(3))-
L*xes(4)"2)*mh*sin(xes(3)))/((mc+mh*sin(xes(3))"2)*xes(1
)),0,0,0;0,0,0,0;0,0,((g9-
L*xes(4)"2*cos(xes(3)))*mh*sin(xes(3))+g*mc*sin(xes(3)))
/((L*mc+L*mh*sin(xes(3))"2)*xes(3)),0];

B _1t=[0;1/(mc+mh*sin(xes(3))*sin(xes(3)));0;-
cos(xes(3))/(L*mc+L*mh*sin(xes(3))*sin(xes(3)))1:;
c_1t=[1,0,0,0;0,0,1,0];

D_1t=[0;0];

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%%%%%%

w=zeros(2*N,1);

wl=1.5*ones(N,1);

wk1l=1.5*ones(N_sim+1,1);

w2=0.5*ones(N,1);

wk2=0.5*ones(N_sim+1,1);

w(1)=1.5;

w(2)=0.5;

for 1=1:N-1
w2*i+1)=wl(i);
w2*i+2)=w2(i);
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end

yl=zeros(N_sim,1);

y2=zeros(N_sim,1);

u=zeros(N_sim+1,1);
noisex=wgn(N_sim+1,4,q, " linear~);%0.05*randn(N_sim+1,1);
noisey=wgn(N_sim+1,1,r,"linear™);

delta=10*eye(2*N);

Lk=10*eye(2*N);

%udk(1,1)=u(l,1);

%usbeta(l,1)=u(2,1);

for k=1:N_sim

h(1:2,:)=C _d;
E(1:2,:)=C_d*A_d;%2 hang dau tien cua ma tran E

for 1=1:N-1

h(2*i1+1:2*1+2, 2)=h(2*1-1:2*1,:)*A _d;
E(2*1+1:2*1+2,:)= E(2*1-1:2*1,:)*A _d;%Ma tran E
end

v(1:2*N, :)=[h*B_d];

F=zeros(2*N,2*N); %Khai bao kich thuoc cua F
F1(1:2,1)=v(1:2,1); % 2 hang dau tien cot dau tien cua
F

for 1=1:N-1

Fi(2*i+1:2*1+2,1)=v(2*i1+1:2*1+2,1);% cot dau tien cua
ma tran F

%delta(2*i+1, 1)=2*N+2-1i;
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end
for 1=1:2*N
delta(i, 1)=2*N-i+1;
end
F(1:2*N,1)=F1;

for 1=1:N-1
F(1:2*N, 1+1)=[zeros(2*1,1);F1(1:2*N-2*1,1)];
end
%w(2*k+1,1)=wl(k,1);
ww(2*k+2,1)=w2(k,1);

z=w-E*xtrue;

p_sao=inv(F"*delta*F+Lk)*F"*delta*z;
udk=p_sao(1,1);
udknoise=udk+noisex(k+1);

%Kich hoat he thong
xtrue=A_d*xtrue+B_d*udk;

yknoise=C_lt*xtrue+noisey(k);

u(i+l,1)=udknoise;

%PHAN HOl DAU RA (QUAN SAT TRANG THAI BANG EKF LOAIl 3)
F_ekf=A _d;
xes=A_d*xes+B_d*udknoise;
G_ekf=C d;
Pk=F ekf*Pk*F_ekf"+Q;
K_ekf=Pk*G_ekf"*inv(G_ekf*Pk*G_ekf"+R);
Pk=(eye(size(K_ekf*G_ekf))-K_ekf*G_ekf)*Pk;

xes=xes+K_ekf*(yknoise-G_ekf*xes);

ykthuc=C_lt*xes+noisey(k);
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y1(k+1)=ykthuc(1,1);
y2(k+1)=ykthuc(2,1);

A 1t=[0,0,0,0;-((g*cos(xes(3))-
L*xes(4)"2)*mh*sin(xes(3)))/((mc+tmh*sin(xes(3))"2)*xes(1
)),0,0,0;0,0,0,0;0,0,((g9-
L*xes(4)"2*cos(xes(3)))*mh*sin(xes(3))+g*mc*sin(xes(3)))
/((L*mc+L*mh*sin(xes(3))"2)*xes(3)),0];
B_It=[0;1/(mc+tmh*sin(xes(3))*sin(xes(3)));0;-
cos(xes(3))/(L*mc+L*mh*sin(xes(3))*sin(xes(3)))1:;
c_1t=[1,0,0,0;0,0,1,0];

D_1t=[0;0];

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

end

t=0:N_sim;
t1=0:N_sim+N-2;

figure(l)

plot(t,yl,"r--","LineWidth",3.5);grid on;

hold on

plot(t,wkl,"b", "LineWidth",3.5);grid on;
legend("MPC phan hoi trang thai®,"vi tri xe dat");
xlabel ("k");

ylabel ("vi tri xe(m)");

figure(2)
plot(t,y2,"r--","LineWidth",3.5);grid on;
hold on

plot(t,wk2,"b", "LineWidth",3.5);grid on;
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legend("MPC phan hoi trang thai®,"gia tri vi tri goc
dat");

xlabel ("k");

ylabel ("vi tri goc (rad)*);

figure(3)

plot (t,u,"r-o0", "LineWidth®,1.5);grid on;
xlabel ("k");
ylabel ("control signal®);

P4 Pi¢u khién dy bao phan hoi dau ra cho hé con lic nguoc quay

P4a Quan sat trang thai EKF loai 3 hé con lic nguwoc quay

%Kalman mo rong loai 3 (EKF3): CON LAC NGUOC QUAY

clear all;clc;

T=0.01; %thoi gian trich mau
N_sim=100;%thoi gian mo phong

%q=0;

q=0;

r=1e-5;

Q=[g 0 0 0;0 g 0 0;0 O g 0;0 O O q]; %ma tran tuong
guan cua w
R=[r]; %ma tran tuong quan cua Vv

Pk=0.1; %dieu kien dau cua sai lech uoc luong
u=20*ones(1,N_sim+2); %bien dau vao

t=[0:N_sim]; %ma tran thoil gian
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%CAC THONG SO BAN DAU

%cac thong so cua doil tuong

m1=0.0319; 11=0.1572; Ku=0.0636; Kt=0.0706; Kb=0.0707;
Ra=0.9; J0=0.008591; C0=0.006408; J1=0.000217;
C1=0.000158;9g=9.8;L0=0.0312;

%N=10;

x=[pi1/2;2;2*pi;2]; %dieu kien dau cua trang thai
thuc

xes=[pi/2;2;2*pi;2]; %dieu kien dau cua trang thai
uoc luong

xtrue=[pi/2;2;2*pi;2]; %bien trang thai thuc
y_thuc=0;

for 1=1:N_sim+l
k1=J0+m1*LO*LO+m1*11*11*sin(xes(3))*sin(xes(3));k2=m1*LO
*11*cos(xes(3));
k3=CO+(Kt*Kb/Ra)+0.5*(m1*11*11*xes(4)*sin(2*xes(3)));
k4=m1*LO*11*xes(4)*sin(xes(3))+0.5*m1*11*11*xes(2)*sin(2
*xes(3)); k5=Kt*Ku/Ra; k6=J1+m1*11*11;
k7=0.5*m1*11*11*xes(2)*sin(2*xes(3));
k8=C1;k9=m1*g*11*sin(xes(3));
K1=(k2*k7-k6*k3)/ (k1*k6-k2*k2) ;K2=(k2*k8+k6*k4)/ (k1*k6-
k2*k2); K3=(k2*k9)/(kl*k6-k2*k2); K4=(k6*k5)/(k1*k6-
k2*k2); K5=(k2*(k2*k7-k6*k3)+k7*(k1l*k6-

k2*k2))/ (k6*(k1*k6-k2*k2));
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K6=(k2* (k2*k8+k6*k4) +k8* (k1*k6-k2*k2))/ (K6* (K1*K6-
k2*k2)); K7=((k2*k2*k9)+k9* (k1*k6-k2*k2))/ (k6*(Kk1*K6-

k2*k2)); K8=(k2*k6*Kk5)/(k6*(k1*k6-k2*k2));

A 1t=[0,0,0,0;0,K1+K3/xes(2),0,-
K2;0,0,0,0;0,K5+K7/xes(2),0,-K6];
B _1t=[0;K4;0;K8];

C_1t=[0,0,1,0];

D_1t=0;

[A d,B d,C _d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%A_d=1+T*A_It; B_d=T*B_It; C_d=C_It; D d=D_It;

x1(1)=x(1,1); %them vao ma tran x1
x2(1)=x(2,1); %them vao ma tran x2

x3(1)=x(3,1);
x4(1)=x(4,1);

%kich hoat he thong

x=A_d*x+B_d*u(i1)+wgn(4,1,q, " linear™);

y=C_d*x+wgn(1,1,r,"linear®);

%trang thai thuc

xtl(i1)=xtrue(l,1); %them vao
xt2(1)=xtrue(2,1); %them vao
xt3(1)=xtrue(3,1); %them vao
xt4(i1)=xtrue(4,1); %them vao

xtrue=A_d*xtrue+B_d*u(i);

%cac buoc tinh toan

ma tran
ma tran
ma tran

ma tran

xtl
xXt2
Xt3
xXt4
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xesl(i)=xes(1,1); %them vao ma tran xesl
xes2(1)=xes(2,1); %them vao ma tran xes2
xes3(1)=xes(3,1); %them vao ma tran xes3
xes4(1)=xes(4,1); %them vao ma tran xes4
Fk=A d;

xes=A_d*xes+B_d*u(i);

Gk=C d;

Pk=Fk*Pk*Fk"+Q;
K_ekf=Pk*Gk**inv(Gk*Pk*Gk"+R) ;
Pk=(eye(size(K_ekf*Ck))-K_ekf*Gk)*Pk;
xes=xes+K_ekf*(y-Gk*xes);
y_thuc=C_It*xes+wgn(l,1,r,"linear™);

end
%ve do thi

figure(l);
subplot(2,1,1)

plot(t,xtl,"b", "LineWidth",3.5);grid on;

hold on

plot(t,xesl, "r--","LineWidth",3.5);grid on;
title(Tuoc luong goc giua canh tay voi truc Xx7)
legend("alpha true®, "alpha estimate~, "makersize~,18);
xlabel ("k");ylabel ("alpha[rad]*);

%figure(2);
subplot(2,1,2)
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plot(t,xt2,"b","LineWidth",3.5);grid on;

hold on
plot(t,xes2,"r--","LineWidth",3.5);grid on;
title(Tuoc luong van toc goc theo truc x*)
legend("alpha-dot true®,"alpha-dot estimate®);
xlabel ("k");ylabel ("alpha-dot[rad/s]");

figure(2);
subplot(2,1,1)

plot(t,xt3,"b","LineWidth",3.5);grid on;

hold on

plot(t,xes3, "r--", "LineWidth",3.5);grid on;
title(Tuoc luong goc lech giua canh tay voi truc z%)
legend("Beta true”,"Beta estimate”, "makersize®,18);
xlabel ("k");ylabel ("Beta[rad]");

subplot(2,1,2)

%Figure(3);
plot(t,xt4,"b","LineWidth",3.5);grid on;
hold on

plot(t,xes4, "r--","LineWidth",3.5);grid on;
title(Tuoc luong van toc goc theo truc z*)
legend("Beta-dot true-, "Beta-dot
estimate”, "makersize®,18);

xlabel ("k®");ylabel ("beta-dot[rad/s]");

P4Ab Diéu khién du bio phin hdi trang thai h¢ con lic ngwoc quay

%MPC PHAN HOI TRANG THAlI CON LAC NGUOC QUAY

clear all;clc;
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T=0.001; %thoi gian trich mau
N_sim=50;%thoi gian mo phong

g=1le-5;

r=1e-5;

%cac thong so cua doil tuong
t=[0:N_sim]; %ma tran thoil gian

%CAC THONG SO BAN DAU

%cac thong so cua doil tuong

m1=0.0319; 11=0.1572; Ku=0.0636; Kt=0.0706; Kb=0.0707;
Ra=0.9; J0=0.008591; C0=0.006408; J1=0.000217;
C1=0.000158;9g=9.8;L0=0.0312;

N=10;

udk=1;

xtrue=[pi/2;2;pi/10;2];
k1=J0+m1*LO*LO+m1*11*11*sin(xtrue(3))*sin(xtrue(3)) ;k2=m
1*LO*11*cos(xtrue(3));
k3=CO+(Kt*Kb/Ra)+0.5*(m1*11*11*xtrue(4)*sin(2*xtrue(3)))
k4=m1*LO*11*xtrue(4)*sin(xtrue(3))+0.5*m1*11*11*xtrue(2)
*sin(2*xtrue(3)); kb5=Kt*Ku/Ra; k6=J1+m1*11*11;
k7=0.5*m1*11*11*xtrue(2)*sin(2*xtrue(3));
k8=C1;k9=m1*g*11*sin(xtrue(3));
K1=(k2*k7-k6*k3)/(k1*k6-k2*k2) ; K2=(k2*k8+k6*k4)/ (k1*k6-
k2*k2); K3=(k2*k9)/(kl*k6-k2*k2); K4=(k6*k5)/(k1*k6-
k2*k2); K5=(k2*(k2*k7-k6*k3)+k7*(k1l*k6-

k2*k2))/ (k6*(k1*k6-k2*k2));
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K6=(k2* (k2*k8+k6*k4) +k8* (k1*k6-k2*k2))/ (K6* (K1*K6-
k2*k2)); K7=((k2*k2*k9)+k9* (k1*k6-k2*k2))/ (k6*(Kk1*K6-
k2*k2)); K8=(k2*k6*Kk5)/(k6*(k1*k6-k2*k2));

A _1t=[0,0,0,0;0,K1+K3/xtrue(2),0,-
K2;0,0,0,0;0,K5+K7/xtrue(2),0,-K6];

B _1t=[0;K4;0;K8];

C_1t=[0,0,1,0];

D_1t=0;

[A d,B d,C _d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%%%%%%

wk=zeros(N_sim+N-1,1);
for 1=1:N_sim+N-1

wk(i)=pi/10;
end
w=zeros(N,1);
y=zeros(N_sim,1);
u=zeros(N_sim+1,1);
noisex=wgn(N_sim+1,4,q, " linear”);%0.05*randn(N_sim+1,1);
noisey=wgn(N_sim+1,1,r,"linear®);
delta=10*eye(N);
Lk=10*eye(N);
udk(1,1)=u(1,1);
%usbeta(l,1)=u(2,1);

for k=1:N_sim

h(1,:)=C_d;
E(1,:)=C_d*A_d;%hang dau tien cua ma tran E
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for 1=2:N

h(i,:)=h(i-1,:)*A _d;

E(i,:)= E(i-1,:)*A_d;%Ma tran E
end

v(1:N, :)=[h*B_d];

F=zeros(N,N); %Khai bao kich thuoc cua F
%F1(1,1:5)=v; % hang thu nhat 5 cot dau tien cua F

for 1=1:N
F1(1,1)=v(1,1);% cot dau tien cua ma tran F
delta(i,i1)=N-1+1;

end

F(1:N,1)=F1;

for 1=1:N-1
F(1:N,1+1)=[zeros(1,1);F1(1:N-1,1)];

end

w(1:N,1)=wk(k:k+N-1);

z=w-E*xtrue;

p_sao=inv(F"*delta*F+Lk)*F"*delta*z;
udk=p_sao(1,1);
udknoise=udk+noisex(k+1);

%phan hoi trang thai
xtrue=A_d*xtrue+B_d*udk;

yknoise=C_lt*xtrue+noisey(k);



160

y(k+1)=yknoise;

u(i+l,1)=udknoise;

k1=J0+m1*LO*LO+m1*11*11*sin(xtrue(3))*sin(xtrue(3)) ;k2=m
1*LO*11*cos(xtrue(3));
k3=CO+(Kt*Kb/Ra)+0.5*(m1*11*11*xtrue(4)*sin(2*xtrue(3)))
k4=m1*LO*11*xtrue(4)*sin(xtrue(3))+0.5*m1*11*11*xtrue(2)
*sin(2*xtrue(3)); kb5=Kt*Ku/Ra; k6=J1+m1*11*11;
k7=0.5*m1*11*11*xtrue(2)*sin(2*xtrue(3));
k8=C1;k9=m1*g*11*sin(xtrue(3));
K1=(k2*k7-k6*k3)/(k1*k6-k2*k2) ; K2=(k2*k8+k6*k4)/ (k1*k6-
k2*k2); K3=(k2*k9)/(kl*k6-k2*k2); K4=(k6*k5)/(k1*k6-
k2*k2); K5=(k2*(k2*k7-k6*k3)+k7*(k1l*k6-

k2*k2))/ (k6*(k1*k6-k2*k2));

K6=(k2*(k2*k8+k6*k4)+k8* (k1*k6-k2*k2))/ (k6* (k1*k6-
k2*k2)); K7=((k2*k2*k9)+k9*(k1*k6-k2*k2))/(k6*(k1*k6-
k2*k2)); K8=(k2*k6*k5)/(k6*(kl*k6-k2*k2));

A _1t=[0,0,0,0;0,K1+K3/xtrue(2),0,-
K2;0,0,0,0;0,K5+K7/xtrue(2),0,-K6];

B _1t=[0;K4;0;K8];

C_1t=[0,0,1,0];

D_1t=0;

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

end

t=0:N_sim;

t1=0:N_sim+N-2;

figure(l)

plot(t,y, "b-_.0", "LineWidth",3.5);grid on;
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hold on

plot(tl,wk,"b", "LineWidth",3.5);grid on;

legend("MPC phan hoi trang thai®,"gia tri vi tri goc
Beta dat");

xlabel ("k");

ylabel ("vi tri goc Beta (rad)");

figure(2)

plot (t,u,"r-o0", "LineWidth*,1.5);grid on;
xlabel ("k");
ylabel ("control signal®);

PAc  Diéu khién dy bao phan hoi diu ra hé con lic ngwge quay

%MPC PHAN HOI DAU RA CON LAC NGUOC QUAY (SU DUNG EKF
LOAI 3)

clear all;clc;

T=0.001; %thoi gian trich mau

N_sim=50;%thoi gian mo phong

g=1le-5;

r=1e-5;

Q=[g 0 0 0;0 g 0 0;0 O g 0;0 O O q]; %ma tran tuong
quan cua w

R=[r]; %ma tran tuong quan cua Vv
Pk=0.1; %dieu kien dau cua sai lech uoc luong

%%cac thong so cua doi tuong
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m1=0.0319; 11=0.1572; Ku=0.0636; Kt=0.0706; Kb=0.0707;
Ra=0.9; J0=0.008591; C0=0.006408; J1=0.000217;
C1=0.000158;9=9.8;L0=0.0312;

N=10;

xes=[pi/2;2;pi/10;2]; %dieu kien dau cua trang thai
uoc luong

xtrue=[pi/2;2;pi/10;2]; %bien trang thai thuc

k1=J0+m1*LO*LO+m1*11*11*sin(xes(3))*sin(xes(3));k2=m1*LO
*11*cos(xes(3));
k3=CO+(Kt*Kb/Ra)+0.5*(m1*11*11*xes(4)*sin(2*xes(3)));
k4=m1*LO*11*xes(4)*sin(xes(3))+0.5*m1*I11*11*xes(2)*sin(2
*xes(3)); k5=Kt*Ku/Ra; k6=J1+m1*11*11;
k7=0.5*m1*11*11*xes(2)*sin(2*xes(3));
k8=C1;k9=m1*g*11*sin(xes(3));
K1=(k2*k7-k6*k3)/ (k1*k6-k2*k2) ;K2=(k2*k8+k6*k4)/ (k1*k6-
k2*k2); K3=(k2*k9)/(kl*k6-k2*k2); K4=(k6*k5)/(k1*k6-
k2*k2); K5=(k2*(k2*k7-k6*k3)+k7*(k1l*k6-
k2*k2))/ (k6* (k1*k6-k2*k2));

K6=(k2*(k2*k8+k6*k4)+k8* (k1*k6-k2*k2))/ (k6* (k1*k6-
k2*k2)); K7=((k2*k2*k9)+k9*(k1*k6-k2*k2))/(k6*(k1*Kk6-
k2*k2)); K8=(k2*k6*k5)/(k6*(kl*k6-k2*k2));

A 1t=[0,0,0,0;0,K1+K3/xes(2),0,-
K2;0,0,0,0;0,K5+K7/xes(2),0,-K6];
B _1t=[0;K4;0;K8];

C_I1t=[0,0,1,0];

D_1t=0;
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[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

%%%%%%

wk=zeros(N_sim+N-1,1);

for 1=1:N_sim+N-1
wk(i)=pi/10;

end

%for 1=1:10

% wk(i1)=80;

%end

%for 1=11:20

% wk(1)=150;

%end

%For 1=21:N_sim+N-1

% wk(i1)=100;

%end

w=zeros(N,1);

y=zeros(N_sim,1);

u=zeros(N_sim+1,1);

noisex=wgn(N_sim+1,4,q, " linear”);%0.05*randn(N_sim+1,1);

noisey=wgn(N_sim+1,1,r,"linear™);

delta=10*eye(N);

Lk=10*eye(N);

%udk(l,1)=u(l1,1);

for k=1:N_sim
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h(1,:)=C_d;
E(1,:)=C_d*A_d;%hang dau tien cua ma tran E

for 1=2:N

h(i,:)=h(i-1,:)*A _d;

E(i,:)= E(i-1,:)*A_d;%Ma tran E
end

v(1:N, :)=[h*B_d];

F=zeros(N,N); %Khai bao kich thuoc cua F

%F1(1,1:5)=v; % hang thu nhat 5 cot dau tien cua F

for 1=1:N

F1(1,1)=v(1,1);% cot dau tien cua ma tran F
delta(i,i1)=N-1+1;

end

F(1:N,1)=F1;

for 1=1:N-1
F(1:N,1+1)=[zeros(1,1);F1(1:N-1,1)];

end

w(1l:N,1)=wk(k:k+N-1);

z=w-E*xtrue;

p_sao=inv(F"*delta*F+Lk)*F"*delta*z;
udk=p_sao(1,1);
udknoise=udk+noisex(k+1);

%kich hoat he thong



165

xtrue=A_d*xtrue+B_d*udknoise;

yknoise=C_lt*xtrue+noisey(k);

%y (k+1)=yknoise;

u(i+l,1)=udknoise;

%PHAN HOl DAU RA (QUAN SAT TRANG THAIl BANG EKF LOAIl 3)
F_ekf=A _d;
xes=A_d*xes+B_d*udknoise;
G_ekf=C d;
Pk=F ekf*Pk*F_ekf"+Q;
K_ekf=Pk*G_ekf"*inv(G_ekf*Pk*G_ekf"+R);
Pk=(eye(size(K_ekf*G_ekf))-K_ekf*G_ekf)*Pk;

xes=xes+K_ekf*(yknoise-G_ekf*xes);

ykthuc=C_lt*xes+noisey(k);
y(k+1)=ykthuc;

k1=J0+m1*LO*LO+m1*11*11*sin(xes(3))*sin(xes(3));k2=m1*LO
*11*cos(xes(3));
k3=CO+(Kt*Kb/Ra)+0.5*(m1*11*11*xes(4)*sin(2*xes(3)));
k4=m1*LO*11*xes(4)*sin(xes(3))+0.5*m1*11*11*xes(2)*sin(2
*xes(3)); k5=Kt*Ku/Ra; k6=J1+m1*11*11;
k7=0.5*m1*11*11*xes(2)*sin(2*xes(3));
k8=C1;k9=m1*g*11*sin(xes(3));
K1=(k2*k7-k6*k3)/ (k1*k6-k2*k2) ;K2=(k2*k8+k6*k4)/ (k1*k6-
k2*k2); K3=(k2*k9)/(kl*k6-k2*k2); K4=(k6*k5)/(k1*k6-
k2*k2); K5=(k2*(k2*k7-k6*k3)+k7*(k1l*k6-
k2*k2))/ (k6* (k1*k6-k2*k2));

K6=(k2*(k2*k8+k6*k4)+k8* (k1*k6-k2*k2))/ (k6* (k1*k6-
k2*k2)); K7=((k2*k2*k9)+k9*(k1*k6-k2*k2))/(k6*(k1*k6-
k2*k2)); K8=(k2*k6*k5)/(k6*(kl*k6-k2*k2));
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A 1t=[0,0,0,0;0,K1+K3/xes(2),0,-
K2;0,0,0,0;0,K5+K7/xes(2),0,-K6];

B _1t=[0;K4;0;K8];

C_1t=[0,0,1,0];

D_1t=0;

[A d,B d,C d,D_d]=c2dm(A_It,B_It,C_It,D_It,T,"zoh");

end

t=0:N_sim;

t1=0:N_sim+N-2;

figure(l)

plot(t,y, "r--","LineWidth",3.5);grid on;

hold on

plot(tl,wk,"b", "LineWidth",2.5);grid on;

legend("MPC phan hoi dau ra®,"gia tri vi tri goc Beta
dat");

xlabel ("k");

ylabel ("vi tri goc Beta(rad)~);

figure(2)

plot (t,u,"r-o", "LineWidth*,1.5);grid on;
xlabel ("k");
ylabel ("control signal®);

P5 M4 ngudn chwong trinh cia khoi NonlinPreControl

function Out=NonLinPreControl (Input)

%#codegen
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%Dau ra: udk (1)
%Dau vao: xe[n] (4)

xF=[Input(1); Input(2); Input(3);Input(4)];

e —m o ——— Cac ma tran hang A,B,C,D -—————————-
A_d =[1.0000 0.0099 0.0000 0.0000
0 0.9862 0.0088 0.0000
0 -0.0000 1.0025 0.0100
0 -0.0021 0.4902 1.0009];
B_d =[0.0000
0.0058
0.0000
0.0009];
C_d =[O0 0 1 0];
D_d=zeros(2,1);

Y ————————- Cac ma tran A d[x],B_ d[x] ----——————----—-———-
Y- ———————— Cac tham so cua mo hinh --———————————-
m1=0.0319; 11=0.1572; Ku=0.0636; Kt=0.0706; Kb=0.0707;
Ra=0.9;

JO0=0.008591; C0=0.006408; J1=0.000217;
C1=0.000158;9=9.8;L0=0.0312;
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% Ku=19.6/253;
% Kt=0.0706*1.15;
% Kb=Kt;
% C0=0.006408*10;
% JO=0.008591*1.2;
0 =========================
% C1=0.000158*15;
% J1=0.000217*0.9;
Ku=16.6/253;
Kt=0.0706*0.8;
Kb=Kt;
C0=0.006408*20;
J0=0.008591*1.2;

C1=0.000158*10;
J1=0.000217*0.9;

Y ————— Phan bo lai bien trang thai ---—--———-—----—-

X1=xF(1) ;x2=xF(2) ; x3=xF(3) ; x4=xF(4) ;q_dot=[x2;x4] ;

Y%-——————- Tinh cac ma tran Bq,Cq,Gq,T -----——-—-
%Mo hinh toan: Bg*q_2dot + Cg*g_dot + Gg = T*u
b11=J0+m1*LO*LO+m1*11*I1*sin(x3)*sin(x3);
b12=-m1*LO*11*cos(x3);

b22=J1+m1*11*11;

Bg=[b1ll bl2;b12 b22];

c11=CO+Kt*Kb/Ra+0.5*m1*11*11*x4*sin(2*x3);
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c12=m1*LO*11*x4*sin(x3)+0.5*m1*11*11*x2*sin(2*x3);
c21=-0.5*m1*11*11*x2*sin(2*x3);
Cg=[cll cl12;c21 C1];

it abs(x3)>0.1
Gg=[0;-m1*g*11*(sin(x3)/x3)];
else

6q=[0;-m1*g*I1];

end

T=[Kt*Ku/Ra;0];

%-- Tinh toan mo hinh lien tuc ----
Bl1=inv(BQq);

a2=-B1*Gq;

al=-B1*Cq;

b1=B1*T;

A=[0 1 0 0;0 al(1,1) a2(1,1) al(1,2);0 0 0 1;0 a1(2,1)
a2(2,1) ai1(2,2)];
B=[0;b1(1,1);0;b1(2,1)];

%---- Chuyen sang mo hinh roi rac----
X=[A B;zeros(1,5)];

M=expm(X*0.01);

A d=M(1:4,1:4);

B_d=M(1:4,5);

Ypm—mmmm e Bo dieu khien du bao ------—-———-
T Cac khoi tao -—-—----—--—————————-
N=10;

delta=le7*eye(N);
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delta=[1e0 0O 00O 0O 0O O0O0O0O
01e00000000O0O0
001e0000000O00O0
0001e0000000O0
00001e000000O0
000001e00000O0
0000001e0 00O
0000000 1e8 00
00000000 10O
0OO0O0O0OO0O0OOO O 1e0];

Lk=0.1*eye(N);
Lk=[0.3 000000000

00.10000000O00O
000.10000000O0
0000.200000O00O0
00000.1200000
000000G.10000
000O0O0O0O0G.01 00O
0000000100
0000000010
000O00O00O0O 1];
F=zeros(N,N);
h=zeros(N,4);
E=zeros(N,4);
Yp============s===s======================—==================
Y ————————— Tinh toan cac ma tran E, F - ——————————-
h(1,:)=C_d;
E(1,:)=C_d*A_d; %hang dau tien cua ma tran E
for 1=2:N

h(i,:)=h(i-1,:)*A_d;
E(i,:)= E(i-1,:)*A _d; %Ma tran E
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end
F(:,1)=h*B_d; % Cot dau tien ma tran F
for 1=1:N-1

F(:,i+1)=[zeros(i,1);F(1:N-i,1)]; % Ma tran F
end

Y- ——————— Tinh toan tin hieu dk -—---————————————
Kf=-[1 zeros(1,9)]*inv(F"*delta*F+Lk)*F"*delta*E
KFf_hc=[KFf(1) KF(2)*1.28 KF(3)/10.47 KF(4)/3.54];
udk=Kf_hc*xf;

Out=[udk;KFf_hc(1);KFf_hc(2);KFf_hc(3);Kf_hc(4)];

P6 M3 ngudn chwong trinh ciia khoi Nonlinear Estimate va EsUpdate

function Out=NonLinEs(Input)
%#codegen

%Dau ra: xe[n|n] (4) + xe[n+1]n] (4) + P[n+1|n] (16)
=(24)

%Dau vao: u[n] (1) + y[n] (2) + xe[n|n-1] (4) + P[n]|n-1]
(16) = (23)

u=Input(l);

y=[1nput(2); Input(3)1;

xe=Input(4:7);

P=[Input(8:11) Input(12:15) Input(16:19) Input(20:23)];
P=P";
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% xX[n+1]=Ad[x] -x[n]+Bd[x]-u[n]+Gd.w[n]
% y[n]=Cdx[n]+v[n]
% w[n], v[n] la cac vecto nhieu he thong va nhieu do

luong

Y%========= Cac ma tran mo hinh =================
Ad=zeros(4,4);

Bd=zeros(4,1);

Cd =[1 00 0;0010];

Gd=eye(4,4);

lf ============—===—==—=—=—=—=—=—=—=—=—=—=—=—=—==—=—==—=—=—=—=========
Yp========= Cac Tham so he thong —=—==—=—=—=—=————————————=—=—==
Y- ———————— Cac tham so cua mo hinh --———————————-
m1=0.0319; 11=0.1572; Ku=0.0636; Kt=0.0706; Kb=0.0707;
Ra=0.9;

JO=0.008591; C0=0.006408; J1=0.000217;
C1=0.000158;9=9.8;L0=0.0312;

Ku=19.6/253;
Kt=0.0706*1.15;
Kb=Kt;
C0=0.006408*4;
J0=0.008591*1.2;
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C1=0.000158*5;
J1=0.000217*0.5;

%Tham so nhieu
Q=[1e-5 0 0 0;0 1 0 0;0 0 1e-5 0;0 0 0 0.5];
R=[0.00001 0;0 0.00001];

Uoc luong bien trang thai

Mn = P*Cd"/(Cd*P*Cd"+R);

Xe

xe + Mn*(y-Cd*xe);
P = (eye(4)-Mn*Cd)*P;

Tinh cac ma tran Bq,Cq,Gq,T

% xe[n]|n]
% P[n|n]

%Mo hinh toan: Bg*g_2dot + Cg*q_dot + Ggq = T*u
b11=J0+m1*LO*LO+m1*11*I1*sin(x3)*sin(x3);
b12=-m1*LO*11*cos(x3);
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b22=31+m1*11*11;
Bg=[b1ll bl2;b12 b22];

c11=CO+Kt*Kb/Ra+0.5*m1*11*11*x4*sin(2*x3);
c12=m1*LO*11*x4*sin(x3)+0.5*m1*11*11*x2*sin(2*x3);
c21=-0.5*m1*11*11*x2*sin(2*x3);

Cg=[cll cl12;c21 C1];

it abs(x3)>0.1
Gg=[0;-m1*g*11*(sin(x3)/x3)];
else

Gg=[0;-m1*g*I1];

end

T=[Kt*Ku/Ra;0];

%-- Tinh toan mo hinh lien tuc ----
Bl1=inv(BQq);

a2=-B1*Gq;

al=-B1*Cq;

b1=B1*T;

A=[0 1 0 0;0 al(1,1) a2(1,1) al(1,2);0 0 0 1;0 a1(2,1)
a2(2,1) ai1(2,2)];
B=[0;b1(1,1);0;b1(2,1)];

%---- Chuyen sang mo hinh roi rac----
X=[A B;zeros(1,5)];

M=expm(X*0.01);

Ad=M(1:4,1:4);

Bd=M(1:4,5);
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xe = Ad*xe + Bd*u; % x[n+1]|n]
P = Ad*P*Ad" + Gd*Q*Gd"; % P[n+1]n]

Out=[[x1;x2;x3;x4];xe;(P(1,:))";(P(2,:))";(P(3,:))";(P(4
) M

function Out=EsUpdate(Input)

%#codegen

%Dau ra: xe[n|n] (4)

%Dau vao: y[n] (2) + xe[n]|n-1] (4) + P[n]n-1] (16) =
(22)

%Kalman mo rong loai 3 (EKF3): CON LAC NGUOC QUAY

y=LInput(l);Input(2)];

xe=Input(3:6);

P=[Input(7:10) Input(11:14) Input(15:18) Input(19:22)];
P=P";

Cd =[1 0 0 0;0 0 1 O];

R=[0.00001 0;0 0.00001];

Mn = P*Cd*/(Cd*P*Cd"+R);

xe = xe + Mn*(y-Cd*xe); % xe[n]|n]

Out=xe;



