Vé mot phuaong phdp dién khien cye tri ... 25

10(4):25-34 Tap chi Tin hoc vi Didu khién hoc 12-1994

VE MOT PHUONG PHAP DIE U KHIEN CUC TRI HOI TU NHANH

Nguyén Vin Manh

Dai hoce bach khoa Ia noi

l. M& dau

Mot trong nhirng chi tiéu chat lugng quan trong nhat cud hé théng diéu khién
cue tri 1a dd tac déng nhanh, tive 1a thai gian can thiét dé hé thong dat dén dicm
to1 v cua ham muc tién. Vi vay van dé cai tién ting cudng do tac dong nhanh
cua hé théng dicu khién cure tri xua nay Inan ludn ¢6 tinh thdi sy va dwrge nhiéu
téc gia quan tam [1,2,3.4]. Ngoai yéu & tro va quan tinh do han chat vat 1y cua
dSi tuong quyét dinh thi do tac déng nhanh cua hé théng phu thuée chi yéu vao
phuang phap t6 chire tim kiém tGi ru hay chinh thuat toan téi wu hoa co s&. Vé
cac thuat toan 161 wu hoa ¢6 thé xem trong [5,7]. Mién nay cdc phuoug phap dieu
khitn cwe tri diwa chil véu trén co s& cac thuit toan don gidn nhw thuit todn Gause
(tut theo toa dd), thuat toan Gradien, thuat toan ha nhanh nhat, ... Nhirng thuat
toan ké trén tuy rat don gian song ¢6 mot nhirge diém co ban 1a hoi tu chdm. Dic
biet ddi vl cac haun muc tién 6 dang “khe” vo rét (khi méat dong mie cua ham
muc ticu bi kéo dai theamg ho#e cong) toc d6 hoi tu thue té cud cac thudt toan nay
trd nén cham chap téi mie khong thé chap nhan duoce [5,6,7). Dicu dé lam cho
chit luong cua qua trinh diéu khieq cuce tri xau, doi khi con ¢ thé lam mat kha
ning bam theo diém téi wu khi toa do cua no thay doi khoéng ngirng theo thoi gian.

Ngay nay khi kv thuat cua may tinh dién vy va vi xa I da phéat trién téi mie
c6 kha ning thye hicn moi'thuat toan t6i wu hod phire tap dirdi dang chuong trinh
gai cimg trong ho nhé EPRCM. chitng toi dé xuat g dung mét thuit toan didu
khién cue tri ¢é d6 hoi tu manh hon rat nhidn so véi cac thuat toan néi trén. Thuét
toan cd tén ghoi la "Vugt khe theo hudng Gradien trong khéng gian kéo dan” (goi
tat & "VK-D") [6]. Theo két qua nghién ¢ru va tht nghiém cud ching t6i day
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cung la thuat toan hoi tu vao loai nhanh nhat trong so cac thuat toan to6i wu hoa
phi tuyén da biet hien nay doi vdi cac ham dang khe néi chnung [6].

2. Mb ta thudt toan "VK-D"

Gia si can cue tién hod him muc tiéu J(U), J(U) rd mét diém cye tiéu U, va kha
vi litn tue trong khéns gian Oco'it » clueu: £, (U € E7). Thuat toan tim kidm t8i
wu VA = D dirge <Ay ding in nguvén e Lip ién tidp theo cong thire dudi day
véi i s6 k tang dan

("K'-H = I + (-JA-+1S£-~ Si € E”, Qpgr > 0, =12,.., (1)
trong dé U, Ugpy € E7, 1 i dda va dicu cudi cua bude lap thir &+ 1: S 1a
hudng chayén dong ena toa d6 tim kiém. dirve xde dinh teén co s toan tit kéo dan
khong gian [8]: apqr la do dai bude chuyen dich, nac dink theo nguycn ly viegt khe
[6.9]. i

Ban chat vuwt khe cua thudt toan VK- thé hién & cbo diém dau 17 va diém
cuoi Ugyy cua moéi bude Ep (hir 4+ 1 luan 130 ndm vé hai phia cua diém cye tiéu
cna hinm e ticu trén hudng S, bat dau tr Uy,

Cach tnh vée to chuyen dieh S va do dai bude aggy trong moi chn trinh ldp o
thé 16m it duoi day.

Ndc dinh bwde chuycn dich Sy

Ny hicu J/(Uy)y 1a Gradien cua Lian muc ticu J(U) tai diém Uy € E*. Tai mdi bude
k+1, (k=0.1,..), xac dinh ma tran Byy,. O buéc dau tién (k= 0) cho B, =1, I la
ma tran don vi, va hudng So = —J'(7). Ké tir bude thir hai trd di S dwge tinh
theo cong thie sau

e = gr = g1 = BLIU) = BT (Uiey), k=12 (2)
& day 1 la ddu chnyén vi ma tran, g, la Gradien trong khéng gian Ii kéo dan qua
phép bicn ddi cua ma tran By

rkr{

Re=T41/px — D=2, pp >0, (3
LTk

B[\‘+1 = l}h /f‘ (4)

trong dé R, 1a toan tu kéo dan khong gian véi hé sé kéo dan py doc theo hudng ry,
con By thire hién phép kéo dan tich Iy trén cac bude lip. S¢ gan Biyy = I néu

WBE T (U] < gl Bl 7T, L >0 >0, (5)

[l Ja ky hicu chndn ma trén va vée to trong khong gian Oclit.
Cudi enng hirdng chuyen dicli o budce k + 1 tinh theo céng thic

Sk = -Bp. IBEH-/I(UI:)- (6)

Xac dinh do dai buwde gl Fhe
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Ta ky hidu hi(e) = J(Us + «S5). Bude vuegt khe apyr duge xac dinh theo dieu kién

sau
I4 (o) ]
a(; ‘K:’Jk-{—l >0 (7)
hi(arer) <min hg(a) + &, (8)
S 20, lim & =0, Y fi=6<co. (9)
- k=0 :

Vé mit kv thudt budic virgt khe 6 thé xdc dinh bing cich clio véc to diéu khién
I" thay déi dan theo hudng S vdi tée 46 khong d8i cho t61 khi thoa man bat di"i‘ng
thire (7). Ngav khi d6 (8) eting dwoce thoa min. Tién quan difin logic s6 hude vugt
khe ¢6 thé xac dinh nhu sau:

Buoe 1 Cho o > 0.

Néu hy(a) > hp(0) thi gan a =0, g = a: trdi lai, tang a theo quy luat ‘cé'p s6 nhan
v4i cong boi ¢ > 1 cho dén khi he(a) < he(q”) thi gan B = qo. Sau d6 chuyén sang
bude 2. ,

Bude 2. Tinh céc gia tri: 0 =a+v(3—a), hp(d). 0< y < 1.

Néu |2 — o] <z >0, chuvén sang bude 3.

- hi(8) < hi(a) thi cho o = 0 va lam lai bude

-hi(0) > hi(a) thi cho 3= va lam lai budge

- trong trudng hop con lai, chuyén sang birde 3.

Bude 3 Cho a=0. Cho a4y =60, Bude vugt khe da tim xong.

2
2.

finkh 41
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Ditu kien (7) the hicn buée vaot khe, dam bad cho todn ti kéo dan Ry, thue hién
the . phuorg hau nhw “nong gée véi long khe [6]. Whi dé cdc mit dong mire duge
& ra va hudng chuyén ddng Sy cua quy dao tim kiém sé tin gan vé 1)11fa diém t5i
wu. Do dé tao hidu qua héi tu rat cao cua thuit toan. Diéu kitn (8)-(9) dam bad
cho thuat todn héi tu dai vdi I6p rong cac ham muc ticu thugng g3p trong thuc té.
Day s6 & k=1.2,... cu thé chon 1& mdt cAp s6 nhan v&i cdug bdi nhd hon 1 va s6
hang ban dfu & la s6 duwong thich hop.

Qua trinh tim kiéin 131 wu theo thut todn VK- c6 thé giai thich trén hinh veé
(xem hinh 1) doi véi ham muc tiéu hai bicn J(U), U = lu,, us]. Vi diém ban dau
U = [u10.us] qua trinh tim kidm bwée ddu tién i theo hudng Sy = —J'(Uy) vuot
qua diém cue ticu tréun Inréng So cho t6i Uy sao cho thoa man Aidu kién (7)-(9). Tir
diém U; bat dau thye hien bude Lip thi hai thee hwdny S) = =B BIJ/(Uy). S la
két qua cud hudng antigradien tai dieém U7y sau khi thue hién phép co p; 1an thanh
phan hinh chién cud né lén hudng ry = BI(J/(Uy) = 1'(Ug). Su chuyén dich tiép tuc
vigt qua didm tring nhat twong ing véi gia tri min hi(a) cud ham muyc tiéu cho
t&i diém 5 nao d6 thoa man diéu kién vuot khe (7)-(9). Tuong tu nhu véy qua
trinh 13p iép tuc bwde thiv ba tir didm o, ... chio dén khi thod man diéu kién dirng
cua thuat toan:

”U,’ — Ui—l“ < g1, €1 >0, (10)
[7°(:) = J(Ui2)|| < €a, 22> 0, (11)
HJ(U,‘)“J(U,:..])H < €3, £3 > 0, (12)
trong d6 ||U7]] = (272, w2 1a chnan Oclit hay d6 dai vét to trong 17,

3. M& hinh hé théng

~ ’ .2 oAt ~ - . A A i A~ , Y I x
Mot plurong an diéu khien hé cye tri xay dung trén co s& thuat toan VK-D dan
frén hinh 2.

y Jy(ut))
> 1) X > 2) J(Y) >
3
J'
Ur du
L

4) Co céu xd Uy

Hinh 2
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v " A A g A N . . N C. A A A
Nhu thong lé doi tugng dieu khien cyce tri chia lam hai phan: phan doéi tugng
’ ’, e . i’ . ~ a , , 4 31 A A .
¢6 quan tinh va phan doi twong phi tuyén khéng ¢é quan tinh. Phan doi tuong cé
quan tinh néi chung ¢é thé dwge mo ta bang hé phuong trinh trang thai sau:

= F(X,17,1), (13)
Y = H(X,U), (14)

trong d6 X la véc to trang thai m chiéu: U la véc to diéu khieén n chiéu; ¥ 1a vée
to dau ra n chiéu; ¢ 1a bién thoi gian. Cac ham véc to F() va H() ¢ the phi tuyén
hofc tuyén tinh. Phan doi twong phi tuvén khéng 6 quén tinh ¢6 thé 1a ham bat
ky nhing phai ¢d diém cire tri.

Hé thong lam viee theo nguyén tic 1p lien tiép. Trong mdi chu trink lap xay ra
tuan tu ba cong doan chinli sau

- Cong doan I: Tinh véc to Gradien J/({') cud ham muc tidu bang bang phuong
phép loc dong bo theo cong thive

gy 2 T

i - == J(U 4 80)aSin((2i + wt)dt, a=constant >0, (15)
Juy Ta Jy,

6U = [Suy, u,.bu]T, by = asin((2i+ 1)wt), i=1,2,..,m, (16)

J'() :[{/1..._,gn]T (0

hojc loc ké tiép (xem trong [3]). Cong doan nay chiém khodng 10% thoi gian cua
chu trinh.

- Céng doan 2: Xéc dinh véce to hudng tim ki€m S; theo cic cong thite (2)-(6).
Céng doan nay (‘hiém thoi gian khong dang ké vi chi phy thude vao tdc do cud co
cau xir Iy trung tam 4 .

- Cong doan 3: Xac dmh diém 13p ké tiép theo nguyen téc vuot k he (7)-(9). Cong
doan nay chiém phan 16u thoi gmn trong moi chu trinh 15p. Da) cing la cong doan
quan trong nhat, phu thude rat nhiéu vao do quéan tinh cud déi tuong.

Trong cic cong doan 1 va 3 sé thay doi vée to diéu khién U va nhéan théng tin
o dau ra qua gla tri ham muc tiéu J. Dang hé thdng cho trén hinh 2 da dwoc thi
nghiém bang s6 véi nhiéu dang déi twong khidc nhau. Dudi day sé dan két qua cua
hai truong hop. .

4, Tinh todn thi nghiém

Vi du 1.
M6 hinh d6i twgng ¢6 da ang tuvén tinh véi hai bién didu khién

1.0
0 |1

i,’]
.I‘,’Q

U1
Uz

n
Yo

—0.45 -1 ’ 0 1

L2

_~ -1 —0.35

_}1 0‘

xl’

JOY (U, 1) = 1000y — o) + (1 + 12
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Diém xuat phat Uy = [0.85.0.46)7, Jo = 24.2. C6 mot diém t6i wu Uy = [1.35,1.45]T, J, =
0. Trang thai ban dau X(0) = [1,1]. Dic dién ham chi tiéu t6i v J & day 6 tinh
chat khe rat ro rét [7].

-7 . ~ , ~ e I X . A LAY
Vi du 2. Dol twong cung ¢6 dang tuycn tink nhung ¢6 3 bién dicu khién

i ~1 0 =02 0 ||= L2 0y
I B A R 21 I B u"
o R S T -2 0 ||z3 1 1 o
ia 0 -03 0 —1 |lz4 0 o 1/1%
¥ 1 0 ¢ 0 - zl'
wpl=]0 1 1 0 0 1?
U3 0 0 0 1 -3
&Iy

JOY (U )) = 100057 —yo 4+ y3) + (2 — 1 +w3)2 + (11 + 92 — v3)°

Diém xuat phat (7 = (0.3.4.35.2.1]7, Jy = 215.997. C6 mdt diém t8i wu U. =1[0,0,0], J. =
0. Trang thai ban dau X(0) = [1,-2.3,4]7. Dic diém cua ham chi tiéu nay la ham
toan phirong ¢6 tinh chat khe it hon so véi ham trén [7].

D61 v6i hai vi du trén qua trinh toi wu hod duoc bit d au bing viée dwa hé thong
trd vé trang thdi xdc lap g véi vée to di¢u khién ban dau U. Gia tri ham muc
tiéu 1ing véi moi gia tri vée to didu khién thay doi U duge xac dinh sau mét thoi
gian xdc lap ¢, k& tir thoi diém dau mdi lan thay doi U cho dén thoi diém khi tSc
dé bién thién cua vée to trang thai |N(f)||e=r, khong 16n hon mét gid tri duong e
nao dé. O day chon ¢ = 10-°. Bing cach khdc ¢6 thé xdc dinh thdi diém xac lap
theo t6¢ d6 bién thién du nho cud ham muc tiéu |dJ/dt|,—,, <e.

Trén mé hinh 58 vée to trang thai X (1) duoce xac dinh bang cach giai hé phuong
trinh vi phan md 1a trang thai theo phuwong phap s6 (vi, du phuong phép Ole hodc
phuong phéap Runge-Kuta) bit dau bang mot trang théi xdc dinh ndo dé dén trang
théi xdc lap mdi theo dinh nghia trén. Tong cong sy thay d6i bién thoi gian ¢ trong
méi lan tich phan hé phitong trinh trang théi, tuong duong véi tdng gia trf thai
gian thue cdn thiét trong qud trinh t&i wu hoa.

Két qua thi nghiém dan trong bang 1 ddi véi vi du 1 va bang 2 ddi véi vi du
2. Dé dé so sanh hiéu qua t8i wu hod bing thuat toan VIX-D va cac thuat toan
thong dung trong cac bang 1, 2 dong thoi dan ra kit qua t6i wu hoa tot nhit cua
cac phuong an theo thuat toan Gradien thong thuong. Cac chi s6 d€ sanh gom: N,
buée s6 1ap 161 wu hod da thire hien: ¢ thoi gién thue hicn twong Ung sau sau bude
thi Ny AJ(t) = JU) = J(U'.) - do sai léch so véi gid tri £0i uu thue sy cua ham
muc tiéu dat duge sau Ny, bude 13p & thai didm ¢; |JAU@)) - khodng cdch t6i dicm
toi wu thye sy, dat duge sau bude N, tai thoi diém ¢

Bang 1. Neét qua tdi wu hoa vi du 1
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Theo thuat toan VK-D Theo thuit toan Gradien
Ny ! AJ(t) Armi A ! AJ(t) |AL ()]
0 L3 24.2 3.2 0 13 21.2 3.2
5 116 2.51 1.33 200 181 2.67 1.67
10 205 0.76 1.26 70 526 0.88 1.37
15 276 0.24 0.85 L1100 937 0.23 0.878
20 352 0.023 0.275 700 3587 0.023 0.316
25 110 0.00038  0.029 1000 4778 0.010 0.216

Bang 2. Két qua toi wu hod vi du 2

Theo thuat toan VIX-D Theo thuat toan Gradien
Ny ! AJ(1) AU Ay ! AJ() Al
0 12 215997  5.196 0 12 215.977 0 5.196
1 7l 28.47 3.135 1 202 27.33 3.127
2 120 0.03 0.123 20 1016 0.0196 0.235
3 130 0.0098 0.108 30 1432 0.0185 0.110
4 139 0.0065 0.1138 150 1708 0.0135 0.139
5 oy 0.00005  0.0025 500 2571 0.0183 0.128

Tir két qua thi nghiém ta thay dé dat cing mét do Chmh xdc ve gia tri ham muc
tiéu trong ca hai vi du trén, thuat toan VR-D can s6 birde 1Ep it hon trén 30 1an
thoi gian t8i wu hod it hon trén 10 1dn so vai thudt toan Gradien. Ngoai ra thuat
toan VIN-1) hoi tu nhanh dan téi diém t61 wn va luan ludn dat nghidm véi do chinh
xac cao vdi thoi gian ngdn trong ca trudng hop ham muc tidu ¢6 dic tinh khe 1o
nét (vi du 1) cing nhu khi tinh ¢hat khe yén hon (vi du 2). Ngwge lai, thuat toan
Gladien tlur(\)ng, bi tic & khie div né thé hién it hay nhicu. Thuc té qua qua trinh
tim kiém t6i wu theo thudt toan Gradien xay ra qua lau, va néi chung khéng cho
phép nhan duge nghiém 161 wu véi do chinh xéc cao.

5. Két luan

1- Vé ban chat thuat toan VIK-D la mdt thuat toan t8i wu hod phi tuyén hoi tu
manh. (‘6 thé ng dung duge trong cac truong hop ham mue ticu licn tuc bat ki
cho duéi dang giai tich an (nlnr trong hai vi du trén) hoge giai tici hién.

2- Viée xdc dinh hudng chuyén dong Sp tuy ¢é phite tap hon so vdi thuat toan
théng ding nhiung cach xdc dinh buée viegt khe lai rat don gian va dé dang thue
hién vé mat kv thuat.

3- D61 vdi thuat todn VR-D doi hoi bo nhé cho ma tran kéo dan tich luy By,
nhwng dic¢u dé khong lam gidm tinh hap dan cud né trong cic bai toan diéu khicn
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cue tri, vi néi chung céc bai toan didu khién cue tri thire té thuomg ¢ s6 bién nhd.
B nhé can thiét danh cho ma tran By, sé khong dang ngai.

4- D&i tugng diéu khien cue tri cang ¢6 do tré va quan tinh 160 thi tinh wu viet
cua thuat toan V'IK-D thé hién cang 1o rét, dic biét trong cac truong hgp ham muc
tieu ¢6 dang khe.
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Abstract
On a fast converging algorithm for extremal control

A very fast converging algorithm for extremal control systems is presented in this
paper. The algorithm is called "Cleftover stepping in sequentially streched space”.
The papcr describes the optimization algorithm as well as, a model of extremal control
systems and results of exrperimental compulalion.

Phu luc
clatng nminh sw hoi tu cua thudt toin VK-D

A' 2 . * " N \ A s . o . N “ Fea N ’
Bo de 1 Gia s J(U) la ham cwe tiéu hod bi chdn dwdi va khd vi lién tuc tht hudng
Sk 2y ding theo cdc cong thice (2)-(6) luan la hwdng giam cud ham muc tiéu, tic
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la lugn co
J(U)T <0, YJ'(Ur) #0.

Chwng minh. Chy y dén diéu kién (2)-(6) ta c6
J' (1) Sk = =J'(Ux)T Begr BL, '(U)

= — (Bl /' (U)) (B ' (Ur) = = (B ' (UR))TI? < 0.

B6 dé duge ching minh.

Bo dé 2. Cing theo gid thict cud d¢ I ta ¢ bdt ddng thite
IS 1P/1=5¢ 7' (Ui )] < | B .

Chitng minh. Ta bién doi vé trdi cua bat ding thite

ISl _ B BLL DI
—STJUy) — (Begt B J(UNT J/(Uy)

T By BE T (U) (B WU B, Bega (BT, J'(U4)
J(Us) By BL, ' (Ur) BT, J U

k41
<||er+1] U ””BL+1BH1””BA+1 (I )“
- 1B U

) A ’ N
Bé de dwgce ching minh.

= 1Bt By Il 1 Braa|I*.

Dinh ly.  Gid J(I7) b clu7n flu‘()"i k/z([ 'vi licn tuc va gradien cud né thod man diéu
kién Lipschitz: ||J'(U) - J'( , L.V €E™ L la hdng s6. Khi d6 vdi moi
diém rudit phdt U, € E® (/(ly diém {(/L.}, k=0,1,. xay dung theo thuat toan VK-D
(rem cde cong thite (1)-(9)) héi tu vé diém dirng, tice la

limg—oo||J(Us)|] = 0.
Ngoai ra néu T(U) la ham 161 chi’ ¢ mét dicm cwe tiéu la U,, tip hop diém
[(Uo) = {UJ(U) < J(Uo) + 6},6

§ chon theo (9) gidi ndi thi day diém {Us} k +1,2, ... l& ddy cwe tiéu hod hoi tu vé
diém dé. |

Chitng minh. Tir diéu kién (8) ta ¢
hi(0) = b (k1) > he(0) — minghi(a) — O,

hay la
/I;\.(O) - hk(ak-fl) + b > hk(O) - hk((l)



34 Nguyén Vin Manh
D61 lai k¢ hiéu ta ¢6
JWe) = J(Upgt) + 66 > () = J(Us + aSi)T(aSk), Va > 0.

I3 A ~ . . a ) . . =
Ta bién doi vé phai cua bat dang thire nay dugce tuwong ty nhu trong [5]

J(e) = J(Uy + aS5;) / (] (Uk+aSk (O(Sl\)dT

1
= (I.S'Z.WJI((‘YL-) + QSZJ/(UL-) - / (J'(Uy, + a,S';\.)T(aSk)(IT

0

1
=—aSTJ(l}) - / (J'(Ur + aSi)T (aSk) = J'(Ux)T (aSk)dr
0

IV

1 1
—as{,l’((,fk)~/ Ll]ruSk||||aSk||<lr:—aaS{J'(Uk)—a2L||Sk||2/ rdr
0 0

—aSTJ(UL) ~ o LISe|*/2 = —a ST T (1)1 = 0.5a L||S, ]2 /(=ST I (1))
> =STJ' (U )a(l = 0.5aL||Biyir])®).
Vi bat déng thire trén day ding véi moi o nén néu thay a = 1/(L||Bi]|?) ta sé duge
J(Uk) = J(Ur + aSi) = =0.557 J'(Us)/(L|| Br41l}*)
= 0.5J(Us)" By Bl ' (U)/( L||Bk+1H )
> (0.50%/ L)1 (Un)IP*.

xem [3]. So sanh v& trai cua bat ddng thirc 1rén ta dugc
T = T (Ukg1) + 6 2 (059° /DI (UI* 2 0,

J(Uk41) < J(Ur) + &, & chon theo (9).

Vay theo bd dé 2 trang 101 trong [5] thi day s {J(Us)}, k — oo phai ¢6 mdt gidi
han hiru han: timJ(Uy) > —oc. Cung nhu trong [5] ta dwgc

lim [J(U) =T k41)] =0

k—oc

et hop var bhat dang thire vira nhan duoce trén dav va cho k - o~ (khi do e — 0)
ta cdroge

k/im [./((".)—./(('A.H)]Alim S I ) )|F = !m) [17(U]) = 0.

Phan con lai cua dinh 1y ¢é the suy ra mot cac dé dang twong tir nhu trong [5].



