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MOQT SO PHUONG PHAP GIAM BAC CHO HE KHONG ON PINH DUA THEO

THUAT TOAN CHAT CAN BANG

TOM TAT

Vii Ngoc Kién”

Truong Pai hoc Ky thudt Cong nghiép — Pai hoc Thadi Nguyén

Trong bai bao nay, ching t6i gidi thiéu va so sanh mot s phuong phap giam béac cho hé khong 6n
dinh dua theo thuit toan chit can béng. Céc két qua cho théy thuat toan can bfing ctia Zhou cho két
qua giam bac t6t nhit trén toan bo dai tin sd. Thuat toan can bang LQG c6 két qua sai léch giam
béc 16n nhit trong ba thuét toan giam bac. Thuat toan can bang cta Zhou c6 sai léch két qua giam
béc nho nhat trong ba thuat toan. Két qua mé phong cho thay uu nhuoc diém va pham vi tmg dung

cua cac phuong phap giam bac

Tw khéa: Giam bdc mo hinh; thudt toan chdt can b&ng; hé khong én dinh; ddi tan sé; sai léch

giam bdc

DAT VAN BE

K& tur khi bai toan giam bac mo hinh duoc dat
ra, da co rat nhiéu thuét toan duoc dé xuit dé
xudt. Trong d6 phuong phap giam bac phd
bién nhat c6 thé ké dén 1a phuong phap chat
can bang ctia Moore [1]. Phuong phap chit
cin bang duogc thuc hién bang cach ap dung
diéu kién twong duong 1én qua trinh duong
chéo hoa dong thoi hai ma tran Gramian diéu
khién va Gramian quan sat dong hoc cua hé
trong tu duy hé ho. Viéc tuong duong hoa hai
ma trin dudng chéo nhu thé cho phép chuyén
moé hinh gbc biéu dién trong hé co so bat ky
thanh hé tuwong duong biéu dién theo hé toa
d6 trong khong gian can bang ndi. Tir khong
gian can bang d6, mo hinh bac thip co thé tim
dugc bang cach loai bo cic gia tri riéng it
dong gop cho su tao dung mdi quan hé giita
dau vao va dau ra cua hé, tirc 1 loai bo cac
trang théi it kha nang diéu khién va quan sat.
Trén co sé phuong phap chit can bing cua
Moore [1] dd ¢6 nhiéu thuat toan khac dugc
dé xuit nhu phuong phip cin bing ngiu
nhién [2], can bang thuc duong [3], phuong
phap x4p xi chuan Hankel [4], ... Cac thuat
toan duwa trén thuat toan chat can bﬁng chu
yéu 4p dung cho hé tuyén tinh 6n dinh béi cac
khai niém géc cia phuong phap chit can
bang (ma trin Gramian diéu khién va
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Gramian quan sat) ludn di kém yéu cu hé 1a
6n dinh tire 1a hé c6 tit ca cac diém cuc nim &
bén trai truc do. Pidu trén ciing gip phai ¢
hau hét cac phuong phap giam bac khac — dé
1a cac phuong phap nay chu yéu 4p dung cho
hé tuyén tinh On dinh. Tuy nhién, trong thuc
té cac mo hinh tuyén tinh bac cao (m6 hinh
dbi tuong bac cao, cac bo diéu khién bac cao
[5], [6], [7]) ciling c6 thé khong on dinh, do d6
dé dap g yéu cau bai toan giam bac thi cac
thuat toan can phai c6 kha ning giam bac
duoc ca hé on dinh va khong on dinh. Dé ¢6
thé giai quyét bai toan giam bac hé khong 6n
dinh thi c6 hai hudng:

Huwéng thir nhat 13 mo rong pham vi cta cac
thuat toan giam bac cho hé 6n dinh sao cho né
6 thé giam bac dugc cho hé khong on dinh
[81, [9], [10].

Hwong thir hai 1a xay dung thuat toan hoan
toan mdi co thé giam béc ca hé 6n dinh va hé
khong 6n dinh hay thyc hién giam bac khong
phan biét hé gbc 1a 6n dinh hay khong 6n dinh
[11].

Moi thuat toan giam bac theo hai huéng nay
déu co cach tiép can riéng va can dugc danh
gia dé st dung vao cac img dung cu thé. Voi
mong mudn dua ra duge cac danh gia cu thé
céc thuat toan di duoc dé xuit dé giam bac hé
khong On dinh, trong bai bao nay tac gia tic
gia tap trung gidi thiéu va danh gia cac thuat
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toan giam bac hé khong on dinh theo hudéng
thir nhat— cy thé 1a danh gia, so sanh ba thuat
toan giam bac hé khong 6n dinh 14 phan mo
rong cla thudt todn can bang do 1a: thuat toan
can bang LQG [8], thuat toan cin bang cia
Zhou [9], thuat toan can bang cua Zilochian
[10]. Véi muc tiéu nhu trén, trong cac phan
tiép theo ciia bai bao 1a tac gia s& gidi thidu
cac thuat todn gidm bac h¢ khong on dinh dua
trén thuat toan chit can bang va két qua tng
dung céc thuat todn da gidi thiéu dé giam bac bo
diéu khién bac cao, tir két qua giam bac tac gia
dua ra dugc danh gia vé wu nhuge diém cua cac
phuong phap giam bac da duogc gioi thigu.
MOT SO THUAT TOAN GIAM BAC HE
KHONG ON DINH DUA TREN THUAT
TOAN CHAT CAN BANG
Bai toan giam biac mé hinh
Cho mot hé tuyén tinh, lién tuc, tham sd bat
bién theo thoi gian, c¢6 nhiéu dau vao, nhidu
dau ra, mo ta trong khong gian trang thai boi
hé phuong trinh sau:
X =Ax+Bu
D)
y =Cx
trong d6,x e R, ue R, ye R, Ae R™ B
e R™, C e R¥™,
Muc ti€u ctia bai toan giam béc ddi v&i méd hinh
mo ta boi hé phuong trinh da cho trong (1) la
tim mo hinh mo ta boi hé cac phuong trinh:
X =AX +Bu

2

yr = CrXr ( )
trong do, X, € R, u € R”, y,eR" A, € R™ B,
e R™ C, e R™ véir<n;
Sao cho m6 hinh mo ta boi phuong trinh (2)
c6 thé thay thé mo hinh mo ta boi phuong
trinh trong (1) tmg dung trong phan tich, thiét
ké, diéu khién hé théng.
Thut to4n chit cin bang mé rong ciia Zhou
Nhu da dé cap ¢ phén 1, van dé kho khan khi
ap dung thudt toan chat can bang cho h¢
khong on dinh do la Viég xac d,inh cg'lc
gramian luén di kém y€u céu h¢ goc la on
dinh tiém cén. B¢ c6 thé xac dinh duoc cac
gramian cua hé khong 6n dinh Zhou [9] da
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ching minh dugc rang co thé st dung cac
ham dac biét X va Y la nghiém cua hai
phuong trinh Lyapunov (3) nhu sau:
XA+A'X-XBB'X=0 3)
AY +YA'-YC'CY =0

Tur hai ham déc bi¢t X va Y qua phép dat
F=-B'X va L=-YC', ta c6 thé xac dinh
gramian diéu khién va gramian quan sat cia
hé khong 6n dinh qua hai phuong trinh
lyapunov (4) sau:
(A+BF)P+P(A+BF)'+BB:O @
Q(A+LC)+A(A+LC)+C'C=0

Sau khi x4c dinh dugc gramian diéu khién P
va gramian quan sat Q ta thuc hién cac budc
theo thuat toan chat can béng cua Mpore s€ thu
dugc hé giam bac cua hé goc khong 6n dinh.
Noi dung cu thé cua thuét toan chit can bﬁng
cua Zhou [9] nhu sau:

Diu vao: Hé (A, B, C) dugc mo ta trong (1)
(hé khong 6n dinh)

Buwdc 1: Tinh ham dic biét X va Y theo hé
phuong trinh (3).

Buéc 2: bat F=-B'Xva L=-YC'
Bwéc_3: Tinh gramian diéu khién P va
gramian quan sat Q theo hé phuong trinh (4).
Budc 4: Phan tich cac ma tran sau

Phan tich Cholesky ma tran P=RR", v6i R
la ma tran tam giac trén.

Phén tich SVD ma trin RQR" =UAV" .
Buwde 5: Tinh cac ma tran L = V2

Tinh ma tran khéng suy bién T!=RTULY2
Buoc 6:

Tinh (A, B, C)=(TAT, T8, CT).

Budc 7: Chon sb bac can rat gonrsaochor<n.
Biéu dién (A B, C) ¢ dang khdi nhu sau:

A, A B
Az{ 11 12}32{ 1}(::[(31 CZ],
Ay Ay B,

trong d6 A;; eR™, B, eR™, C, e R¥.
Déu ra: Hé giam bac (A, B, C,).
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Thuit toan chit cAn bang mé rong ciia
Zilochian

bé vuot qua kho khan trong viéc xac dinh cac
gramian ctia hé khong on dinh, thi Zilochian
[10] dua ra y tudng chuyen dbi hé tir dang
khong 6n dinh vé dang 6n dinh thong qua
phép dich chuyén truc toa do (hay phép anh
xa). Khi h¢ di ¢ dang 6n dinh thi ta ¢ thé
giam bac h¢ theo thudt todn chdt can bang
Cubi cung, thuat toan thuc hién phép chiéu
nguoc (dich chuyén gbc toa do nguoc) dé
chuyén hé giam bac 6n dinh vé dang khong
on dinh giéng hé gbc ban dau.

Pé ¢6 thé thuc hién dugc y tuong trén thi
budc dau tién va ciing rat quan trong do la
xac dinh gia tri dich chuyén truc toa do la bao
nhiéu dé két qua giam bac 1a tét nhat co thé.
Zilochian [10] d3 chimg minh dugc ring dé
c6 két qua giam béc t6t 1a co thé dich chuyén
truc toa do dua vao gia tri phén thuc cta diém
cuc khong 6n dinh c6 phﬁn thuc 16n nhat.
Thuét toan chit can bang cta Zilochian [10]
cu thé nhu sau:

Piu vao: Hé (A, B, C) dugc mo ta trong (1)
(hé khong 6n dinh) c¢6 biéu dién dang ham
truyén 1a G(s):=C(sl-A)"'B.

Buwoc 1 Xac dinh diém cuc o khong 6n dinh
16n nhat ctia hé (1). bat g=real(a)+7,
trong d6 6 € R nho tuy y va 6 >0.

Chuyén doi h¢ (A, B, C) thanh hé¢ G,(s)
6n dinh theo hé phuong trinh sau:

Ag=A=pl
B,=B
Cp=C

Budc 2: Tinh Grammian quan sat Q, va
Grammian diéu khién duoc P; cua hé théng
(Aﬂ, B, Cﬁ) bang cach giai hai phuong
trinh Lyapunov (5) nhu sau:
T _ T
APy +PA,=-B,B,
T T
AQy+QuA,=-C,C,.

Buwdoc 3: Phan tich cac ma tran sau:

()

Phéan tich Cholesky ma trdn P, =R, R;p ,
Vo1 R, la ma trén tam gidc trén.
Phan tich Cholesky ma tran Q 5= =R R;O,
V01 R, 1a ma tran tam giac trén.

At A T T
Phan tich SVD ma tran R ;R =U AV,
Budc 4: Tinh ma trén T, khong suy bién

T =Ry VA"

Budc 5.

Tinh (Aﬁ’ By, Cﬁ):(TélAﬂTﬁ’ T,'By, C;Ty)-
Bugc 6: Chon s6 bac can rit gon rsaochor<n.
Biéu dién (Aﬁ, éﬂ, éﬁ) 0 dang khéi nhu sau:
AL Al s Byl A ra s
A= erlg T E :[clﬁ Czﬁ]

A, A B
218 28 2p

trong do Allﬂ eR™, ém eR™, ém e R¥.

Ta thu dugc hé giam bac (Allﬁ' Bl/i' ém)
on dinh.

Budéc 7: Chuyén doi hé (A élﬁ élﬂ) on
dinh v& hé én dinh — S ( B, él) theo
h¢ phuong trinh sau:

Ay :Allﬂ -pl,

=B

o>
=

18"
C,=Cy.
Diu ra: H¢ giam bac (Anv Iél, él)

Thuit toan cin bang LQG
Y tudng cua thuit toan can bang LQG [8] la
thay vi tinh toan gia tri gramian diéu khién
dugc va quan sat thong qua phuong trinh
Lyapunov, thuat toan dé xudt tinh toan
gramian diéu khién dugc va quan sat duoc cua
hé khong on dinh bang thong qua phwong
trinh Riccati mo rong (6) nhu sau:
AP +PA —PC'C'P+BB'=0 ©)
A'Q+QA-QBB'Q+C'C=0
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Sau khi xac dinh dugc gid tri cia gramian
diéu khién P va gramian quan sat Q ta thuc
hién cac budc theo thuit toan chat can bﬁng
cua Moore s¢ thu dugc hé giam bac cua hé
gbc khong 6n dinh.

Thuat toan can bang LQG [8] cu thé nhu sau:
Diu vao: Hé (A, B, C) dugc mo ta trong (1)
(hé khong 6n dinh)

Bugc 1: Tinh gramian diéu khién P va gramian
quan sat Q theo hé phuong trinh (6).

Buwdc 2: Phan tich cidc ma tran sau

Phan tich Cholesky ma train P=RR", véi R
la ma tran tam giac trén.

Phan tich SVD ma trin RQR" =UAV" .

Bude 3: Tinh ma tran L = V"2

Bwéc_4: Tinh ma tran khong suy bién
T'=R'ULY

Buwoc 6:

Tinh (A, B, C)=(TAT, TB, CT).

Buge 7: Chon s6 bac can rat gon rsaochor<n.
Biéu dién (A, B, C) o dang khdi nhu sau:

A, A B
A:{ 11 12}52{ 1}0:[(:1 Cz],
Ay Ay B,

trong d6 A, eR™, B, eR™, C, e R¥.
Diu ra: Hé gidm bac (A, B;, C,).
MO PHONG VA THAO LUAN
Giam bac bj diéu khién bac cao
Trong [7], tac gia di thiét k& bo diéu khién
bén vitng RH,, dé 6n dinh goc tai may phat
ddng bo, két qua thu dugc bd diéu khién co
bac 28 nhu sau:

N(s)

RO=5)
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N(s) = -0.004867s*® —0.7519s*" —58.85%°
—25265% —8.35.10%s%* —2.128.10°s%
-4.383.10"s% —7.542.108 5% —1.108.10"°s%
-1.41110"s" —1.527.10"s"® —1.544.10"s"
-1.341.10"s" —1.032¢e"s" - 7.021.10" ™
—4.211.10"s" - 2.213.10""s'* —1.01.10"s"*
—3.954.10"s" —1.306.10"s® —3.564.10" s
—7.845.10"s" —1.348.10%°s° —-1.723.10%°s®
-1.52.10%s* —8.162.10"s* —1.984.10" s?

+3.89.10"°s -125.2

D(s) =5.25e °s*® +0.0097865%" +0.86755%
+48.85% +19655%* +6.056.10*s% +1.49.10% 5%
-3.018.10"s?! +5.14.10%s%° +7.483.10%s"°
+9.425.10"s™® +1.035.10"* s’ +9.968.10"s'®
+8.43210%s™ +6.266.10* s +4.079.10%°s*
+2.314.10%" +1.134.10" s + 4.74.10" 5"
+1.66.10"s° + 4.762.10"s® +1.085.10% s’
+1.891.10% % +2.399.10%s° + 2.062.10%s*
+1.065.10%s® + 2.479.10"%s% —1.59.10%s
+2.945.107"

Theo ly thuyét diéu khién [12], bd diéu khién
bac bac 28 dan t6i nhiéu bt loi khi thuc hién
diéu khién thyc nén van dé cap thiét dat ra la
can phai giam bac bd didu khién bac 28. Bo
diéu khién bac 28 1a mot mo hinh tuyén tinh 6n
dinh nhung c6 hai diém cuc cta hé xap xi bang
khong. Tac gia s€ st dung bd diéu khién bac
28 nhu 1a dbi twong dé danh gia hiéu qua cac
thuat toan giam bacb da duoc gidi thi€u 6 muc
2, két qua thu dugc theo cac bang 1, 2 va 3.

Bang 1. Két qua giam bdc b diéu khién bdc cao
theo thudt todan chdt cdan bang cua Zhou

Bic R.(5

5 -92.89s° — 925.9s" - 6851s° — 4.932.10"s* —1.635.10"s —1.999.10*
s° +42.24s* +706.8s° + 6955s° + 2143s + 2639

4 —92.89s* —912.8s° — 6772s> — 4.801.10" s —1.106€04.10*
s* +42.1s° + 701.4s* + 6869s +1312
3 —-92.89s° —906.5s? — 6518s — 4.763.10"
s® +42.03s? + 696.4s + 6757
2 -92.89s? +521.2s — 4377

s’ +26.29s° +178.7
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Luu y: Ta s& goi bo diéu khién giam bac (bac
r) labo diéu khién bac r.
Bang 2. Két qud giam béc bj diéu khién béc cao
theo thudt toan chdt can bang ciua Zilochian

Bang 3. Két qua giam bdc bg diéu khién bdc cao

theo thudt todn cdn bang LOG

20>

R, (5)

—92.89s° —560.55" — 7588s® —3.197.10"s” — 2.632.10"s + 37.48

Bic R, (5

s° +36.31s* +587.8s® +5599s” + 28455 + 0.006441

—92.89s* —547s® —7030s’ —3.139.10%s + 65.45

5 -92.89s° —438.1s* — 7570s’ - 2.603.10's* — 3.759.10"s —1.26.10"
s° +36.855" +557.65° +4799s + 4428s +1653

s* +36.17s® +577.1s® + 5360s —0.01912

4 -92.89s" — 424s® — 7535s* — 2.483.10"s — 3.513.10*

-92.89s° +278.7s* — 3613s + 3.781
s® +29.28s% + 254.1s + 0.003809

N| W B~ O

s* +36.7s° +552.55% + 4720s + 3923

-92.89s” +891.7s +0.1328
s® + 22.68s*-0.0004031

3 -92.89s° — 407.55% — 6853s — 2.386.10"
s® +736.52s% +538.85 + 4446

2 -92.89s* +220.1s — 4576
s’ +29.11s” +336.2

Step Response

Bo dieu khien bac 28
Bo dieu khien bac 4 theo LQG.
Bo dieu khien bac 4 theo Zilachian
Bo dieu khien bac 4 theo Zhou
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Magnitude (dB)

Két qua mé phéng va binh luin

Dé danh gia va xac dinh mé hinh giam béc thich
hop, ta st dung dap ing budc nhay va dap Gng
tan sb ctia bo diéu khién gdc va bo diéu khién
giam béc thé hién trén Hinh 1 nhu sau:

Bode Diagram

Bo dieu khien bac 28
h
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Hinh 1. Bdp itng qud dé (a) va dap img tan sé (b) ciia bé diéu khién goc va b diéu khién béc 4
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Bo dieu khien bac 28
Bo dieu khien bac 2 theo LQG
Bo dieu khien bac 2 theo Zilochian
Bo dieu khien bac 2 theo Zhou
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Hinh 3. Pdp itng qud dé (a) va dap img tan sé (b) ciia bé diéu khién goc va b diéu khién béc 2
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Qua céc dic tinh m6 phong ta thay:

Vi dap tng qua do:

+ B0 diéu khién bac 4 theo thuat toan giam
bac cua Zilochian bam sat nhat dat dap ung
qua do ciia bd diéu khién gdc so voi bo diéu
khién béc 4 theo LQG va Zhou

+ B0 diéu khién bac 3 theo thuat toan giam
bac cua Zhou bam sat nhat dic tinh dap ung
qué do cua b di€u khién goc so véi bd dicu
khién bac 3 theo Zliochian va LQG

+ B0 diéu khién bac 2 theo cac thuat toan
giam bac déu sai léch nhiéu so véi bo diéu
khién gbc bac 28. Bo diéu khién bac 2 theo
thuat toan Zilochian c¢6 mirc do sai 1éch so voi
dit tinh qua do cua bo diéu khién gbc nho
nhét trong ba bd diéu khién bac 2.

Vi dap tng bién do

+ Pap ung bién d6 cua bo diéu khién bac 4,
bac 3, bac 2 theo thuat toan Zhou trung khép
gan nhu hoan toan véi dap tmg bién d6 cua bd
diéu khién gdc.

+ Pap ung bién d6 cua bd diéu khién bac 4,
bac 3, bac 2 theo thuat toan Zilochian sai 1éch
nhi€u so véi dap Ung bién do cia bd diéu
khién gbc. Bac ciia bo diéu khién cang giam
thi mirc d§ sai 1éch cang tang 1én.

+ Pap ung bién d6 cua bd diéu khién bac 4,
bac 3, bac 2 theo thuat toan LQG sai léch
nhidu so v6i dap ung bién do cia bo dicu
khién gbc. Bac ciia bo diéu khién cang giam
thi murc do sai 1éch cang tang 1én.

+ Céc bo diéu khién giam bac theo thuat toan
LQG c6 mirc d6 sai 1é€ch cua dap trng bién do
cua bd diéu khién goc 16n nhat so véi cac bd
di€u khién giam bac theo thuét toan Zilochian
va Zhou.

Qua phan tich cac dap tmg qua do va dap ung
tan so ta thay rang:

+ V6i dap tmg qua do: Cac bo didu khién
giam béc theo thuét toan giam béc Zilochian
cho két qua tdt nhat (bam sat dit tinh qua do
cua bd di€u khién goc).
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+ Vi dép Gmg tan s6: Cac bo diéu khién giam
bac theo thuat toan Zhou cho két qua tdt nhat
(tring khép véi dat tinh bo didu khién gdc).
T day ta thiy:

+ Néu yéu cau cua bai toan giam bac bo diéu
khién chi quan tdm chu yéu dén sai léch dap
ung qua do - ta nén lya chon thuat toan giam
bac Zilochian.

+ Néu yéu cau cua bai toan giam bac b didu
khién chi quan tdm chu yéu dén sai léch dap
ung bién do - ta nén lya chon thuét toan Zhou.
+ Néu yéu cau cua bai toan giam bac bo diéu
khién qua tim dén ca sai léch dap ung qua do
va dap tng tan sd - ta nén lya chon thuét toan
cua Zhou.

Nhu viy, ca ba thuat todn giam béc truc tiép
hé khong 6n dinh déu c6 kha niang giam bac
h¢ khong 6n dinh véi nhitng wu nhuoc diém
riéng va dé Iya chon phuong phap giam bac
phit hop cho hé khong 6n dinh ta can bam vao
yéu cau dit ra cho bai toan giam béac hé khong
on dinh dé lya chon thuat toan phu hop

KET LUAN

Bai bao da gidi thiéu ba thuat toan giam bac
hé khong on dinh trén co s thuat toan chat
can bang. Qua phan tich cach tiép cin cua cac
thuét toan dé giam bac hé khong 6n dinh va vi
du minh hoa da cho théy mdi thuat toan déu
¢6 nhimg wu nhuge diém riéng ma tir nhimg
danh gia nay, ta c6 thé lya chon phuong phap
giam bac pht hop véi yéu ciu cia bai toan
giam bac hé khong 6n dinh. Huéng nghién
ctru tiép theo cua tac gia 1a tién hanh danh
gia, so sanh cac thuat toan giam bac truc tiép
khac véi ba thuat toan da néu trong bai bao,
ddng thoi sir dung cac két qua giam bc trong
céc bai toan ung dung cu thé dé c6 danh gia
chat lugng hé giam bac chinh x4c hon.
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SOME MODEL ORDER REDUCTION METHODS FOR UNSTABLE SYSTEM
BASED ON BALANCED TRUNCATION ALGORITHM

Vu Ngoc Kien”
University of Technology — TNU

In this paper, we introduce and compare some model order reduction methods for unstable system
based on balanced truncation algorithm. The results show that Zhou's balanced algorithm gives the
best reduction result in the overall frequency range. The LQG balanced algorithm has the largest
order reduction error in three order reduction algorithms. Zhou's equalization algorithm has the
smallest order reduction error in the three algorithms. The simulated results show the advantages,
disadvantages and the applicability of the reduction methods.

Keywords: Model order reduction; balanced truncation algorithm; ustable system; frequency

range; order reduction error

Ngay nhdn bai: 01/11/2017; Ngay phdn bién: 04/12/2017; Ngay duyét ding: 05/01/2018

“Tel: 0965 869293, Email: atv324@gmail.com

197



