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THIET KE BQ BPIEU KHIEN TOI UU CHO HE THONG ON PINH NGANG
CHU PONG TREN O TO CON

Vit Vin T4n", Nguyén Minh Trung
Truong Dai hoc Giao thdng Vdn tdi

TOM TAT

Tai nan do 6 6 bi 1at ngang thuong dan dén hau qua hét sirc nghiém trong ca vé ha ting giao thong
va tinh mang con ngudi. Hién nay trén hau hét cac 6 to da dugc trang bi thanh 6n dinh ngang bi
dong tuy nhién ching c6 nhugc diém 1a khong cung cap du mémen 6n dinh trong nhimg tinh
huong khan cép. Trong nghién ciru nay tac gia dé xuét xay dung bo diéu khién tdi uu LQR cho hé
thdng 6n dinh ngang chu dong trén 6 t con, bang céch tao ra mot md men véi co cau chap hanh ¢
gilta thanh 6 on dinh ngang noi gitra 2 phan khdi luong khong dugc treo cia 6 to. Két qua mo phong
trén mién thoi gian va mién tan so da thé hién rd hiéu qua trong viée néng cao 6on dinh ngang cua 6
t6 voi viéc giam goc lic ngang than xe khoang 70% va dich chuyén thiang dimg ctia banh xe
khoang 35% khi so v6i 6 t6 str dung thanh on dinh ngang bi dong thong thuong.

Tw khéa: Dong luc hoc 6 t6; hé thong on dinh ngang chii dong; diéu khién toi wu; 1t ngang ciia 6
t0; diéu khién tuyén tinh

Ngay nhdn bai: 26/02/2020; Ngay hoan thié¢n: 30/3/2020; Ngay dang: 04/5/2020

OPTIMAL CONTROLLER DESIGN FOR AN ACTIVE ANTI-ROLL BAR
SYSTEM ON CARS

Vu Van Tan’, Nguyen Minh Trung
University of Transport and Communications

ABSTRACT

Accidents caused by the vehicle rollover often lead to very serious consequences both in transport
infrastructure and human life. Currently, most cars are equipped with passive anti-roll bar system, but
they have the disadvantage of not providing enough stable torque in emergency situations. In this
study, the authors propose an optimal LQR controller for the active anti-roll bar system on cars, by
creating a torque with an actuator in the middle of the anti-roll bar connecting the two wheels at each
axle. The simulation results in the time and frequency domains show the efficiency in improving the
roll stability of the car with reducing body roll angle by about 70% and vertical displacement of the
wheel by 35% when compared to cars using conventional passive suspension system.
Keywords:Vehicle dynamics; active anti-roll bar system; optimal control; vehicle rollover; linear
control
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1. Gi6i thiéu

O t6 danh 1ai khi chuyén dong & téc do cao
hay trong cac truong hop tranh chudng ngai
vat khan cap déu duogc coi 1a nguy hiém boi
khi d6 lyc quan tinh ngang ctia 6 to ting rat
nhanh, lam tang nguy co 0 t6 bi lat ngang.
Khac voi cac dang tai nan khac lién quan dén
0 t0, hién tuong 14t ngang c6 muc d anh
hudong dén tinh mang con nguoi va phuong
tién cling nhu ha tang giao thong rét 16n [1],
[2]. Pé nang cao tinh 6n dinh ngang cua o to,
cac giai phap co thé dugc 4p dung bao gdm:
thay d6i két cu ciia thanh 6n dinh ngang bi
dong, su dung cac hé théng ¢6 diéu khién nhu
hé thong treo, hé thong 1ai va hé thong
phanh... Tuy nhién, hiéu qua cao nhéat voi
muyc tiéu ndy phai ké dén hé théng 6n dinh
ngang chu dong, voi tén tiéng anh 1a active
anti-roll bars system [3].

He¢ thng 6n dinh ngang chii dong dwoc phan
thanh hai dang khac nhau cho hai ddi twong
chinh 1a 6 t6 con va 6 t0 tai trong 16n. Vi dac
trung 1a tai 16n va chiéu cao trong tdm cao
nén cac nghién ciru vé hé thong nay trén 6 to
tai trong 16n dugc nhiéu tac gia quan tim hon
[2], [4] [6]. Trong khi do cac nghién ctru vé
hé thng nay trén 6 t6 con van con chua duoc
hoan thién.

Hinh 1. M6 ta nguyén Iy hoat dong ciia h¢ thong

on dinh ngang chu dong trén 6 to con.
Vé6i 6 t6 con, hé thdng 6n dinh ngang chi
dong thuong dugc thiét ké bao gdm mot mod
to dién hodc mo to thiy luc dit gitra thanh 6n
dinh ngang thong thuong, dugc mo ta nhu
trong hinh 1 [7], [8]. Tuy theo trang thai dao
dong khac nhau cia 6 t6 thi hé théng nay s&
tao ra CAC mOmen theo hai phuong ngugc
nhau tac dong 1én hai bén banh xe, tir d6 lam
giam goc nghiéng ngang cua than xe cling
nhu dich chuyén ciia cac banh xe.

Cac phuong phap diéu khién h¢ thong on dinh
ngang chii dong c6 thé ké dén 1a PID, LQG
CNF nhu trong nghién cliru cua tac gia
Zulkarnain va dong nghiép [9], [10]; diéu
khién LQG nhu nghién ctru ctia tac gia Balazs
Varga va dong nghiép [11]. Tuy nhién, cac
nghién ctu trén méi dung lai & mic co ban
khi so sanh d6 dich chuyén cta banh xe trén
mién thoi gian trong ba truong hop: co diéu
khién chu dong, c6 va khong c6 thanh on dinh
ngang bi dong.

Bai bao nay dé cap dén viéc didu khién
mémen sinh ra bai co cdu chdp hanh dién tir
bang cach thay d6i mirc d6 wu tién giam gia
trj bién do cua goc lic ngang than xe va dich
chuyén banh xe & hai bén, trén timg cau. Viéc
ap dung phuong phap didu khlen t6i uu dang
toan phuong LQR dé giai quyet muc tiéu trén
12 mot cach tiép can mdi vé hé thong 6n dinh
ngang chu dong trén 6 t6 con.

Bai bdo dugc phan bd véi ciu tric gébm 5
phan. Phan 1 gi6i thidu tong quan vé hé thong
on dinh ngang chu dong va tuong quan cua
nghién clru nay so véi cac nghién cuu trudc
day. Phan 2 gi6i thiéu md hinh 6 t6 nghién
cuu, trong do6 dac biét nhén manh dén tin hiéu
diéu khién 12 momen cua co céu chap hanh.
Phéan 3 thiét ké bo diéu khién LQR vo&i muc
tiéu nang cao do an toan chuyén dong cia 6
t6. Phan 4 1a mot s6 két qua mod phong trén
mién thdi gian va mién tan sb. Phan 5 1a két
ludn va dé xuét hudng nghién ctru tiép theo.

2. M6 hinh 6 t6

Mo hinh 1/2 6 t6 con v6i 4 bac tu do ¢o trang
bi hé théng 6n dinh ngang chu dong dugc
biéu dién nhu hinh 2.
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Mo hinh bao gém 3 phan: Khdi luong dugc
treo m;, khéi luong khong duogc treo bén trai my,
khdi luong khong dugc treo bén phai my.
M@men ctia hé thong 6n dinh ngang chu dong
[& M. Cac ki hiéu va thong sé cia md hinh
duoc thé hién trong bang 1 [11]. Phuong trinh
dong lyc hoc cua 6 t6 dugc xac dinh nhu sau:

M, Z, =—(C, +C,)Z, +(c, —C,)re
_(kl + kz) Zs+ (kl - kz)r ¢+ Clzl (1)

+c,Z, +k; Zl+ K, 22

Trong do: vécto trang thai

;
X :|:Zl ZZ ZS ¢ Zl ZZ Zs ¢:|

X :‘:21 Z, Z; ¢ L, L, L @:l

Kich thich tir mat duong W =|q qz]T, tin
hiéu diéu khién U =[M . ].

Trong d6: A=[A A)]

0 0 0 0
) ' 0 0 0 0
mZ =cZ —cro+k Z . g g 8 8
: ; 2 T —(ct,+c)/m, 0 c./m —cr/m
—k,ro—k, Z,—(ct, +¢,)Z; ) 0 —(ct+c)/m ¢ /m, crim,
+ct +M / (2a c/m, c,/m, —(c,+c,)/m, (c,—c,)/m,
1ql act ( arn) —cr/l cri/l (c,—c)r/l  —(c,+c)r/1]|
m,Z, =C,Z,+C,ro+Kk,Z, . 2 8 8
: ; 0 0 1 0
+k,r o—k, Z,—(ct, +¢,)Z, (3) Al © 0 0 1
_ =k /m, 0 k,/m, —Kk,r/m
+Ct2q2 M act / (Zaarn) 0 —k/m, K,/ m, K r/m,

. ) k/m k/m  —(k+k)/m  (k—k)/m,
lop=(c,—C,)rZ,—(c,+c,)r ¢ | —kr/t Ko/l (k—k)r/1 (k4 k)P
k) 1Z,= (K + k)17 ) o0 0

_ . 0 0 0
—CZ,r+C,Z,r =K Z,r+k,Z,r 0 0 0
Phuong trinh dong luc hoc (1-4) dwoc viét g_| © 0 |5_| O
dudi dang khong gian trang thai tong quat & Yot /m 0 * | 1/2arn
phuong trinh (5): 0 ct,/m, ~1/2arn

X = AX +BW +B,U (5) 0 0 0

Y =CX +DW + DU L0 o/ L 0 |

Bang 1: Thong so ciia mé hinh [11]
Ki hiéu Théng s6 Gi tri Pon vi
m Khéi luong duoc treo 1300 kg
I Moment quan tinh kh(‘)i’luqng dugctreo 500 Kgm?
Khoang cach tir tdim khoi lugng duogc treo dén cau bén

r x 1A . 0,8 m
trai va bén phai ) ) o
Khoang cach tir tAim co cau chap hanh dén cau bén trai

a. LA . 0,3 m

va bén phai

k, Hé sb giam chin bén trai 4500 Ns/m

K, Heé s6 giam chan bén phai 4500 Ns/m

c Do cung 16 xo bén trai 50.000 N/m

c, Do cing 10 xo bén phai 50.000 N/m

o, Do ctng 16p bén trai 200.000 N/m

o, Do ctng 16p bén phai 200.000 N/m
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3. Thiét ké bo diéu khién t6i wu LQR cho

hé théng 6n dinh ngang chii dong

3.1. Co s6 Iy thuyét diéu khién t6i uu

Xét hé v6i phuong trinh c6 dang tong quat [12]:
d

o - xrBu, v AeR™ BeR™ (6)

t

Hinh 3. So do téng qudat hé thong diéu khién
Thong thuong néu hé (6) 6n dinh thi khi
khong bi kich thich hé ludn co xu hudng tién
vé vi tri can bang. Nhu vay, diém trang thai
cAn bang 1a nghiém ciia AX =0 va néu co gia
thiét A 1a ma tran khong suy bién thi hé tuyén
tinh (6) [uén c6 mét can béng la géc toa do 0.
Bai toan dit ra 1a tin hiéu diéu khién u(t)
diéu chinh hé théng tir trang thai dau X, bat

ky vé trang thai cudi cung X= 0 sao cho tbi
thiéu chi tiéu chét lugng:

Chon ham Lyapunov V (X) =X"Px,V (x) >0, Vx

dV (x)

Pé hé 6n dinh thi xé4c dinh am, dat:

dt
=—X"(Q+K'RK - 2NK)x

= (A-BK) P+P(A- BK)+(;—T

=—(Q+K'RK —2NK).
Chi tiéu chat lugng dugc tinh 1a:
J(xK)

= j(xTQx +X"KTRKx — 2x" NKx)dt
0

0

dv(x) _

V) _ [(A— BK) P +P(A- BK)+(Z—I:}X

J(x,u)=T(xTQx+uTRu+2xTNu)dt @)

Bai toan nay con c6 tén goi 1a tdi wu toan
phuong LQR (Linear Quadratic Regulater)
[12], [13]. Dé bai toan c6 nghiém, ma tran Q
duoc gia thiét 1a ma tran d6i xtung, xac dinh
khong am va R 1a ma tran dbi xung xac dinh
duong, tic la:

Q"=Q, a'Qa>0 V6i moi véc to a,
R"=R,a"Ra>0 v&i moi véc to a,
a'Ra=0 khi va chi khi a=0

Gia sir u(t) la tin hiéu diéu khién dugc tao ra boi
K d@ thoa min didu kién t6i wu voi
u(t)=—Kx(t), khi d6 phuong trinh (6) trd thanh:

X = (A— BK)X
J(x,K) :j(xTQx +XTKTRKx — 2x" NKx)dt
0
=ij (Qx +KTRKxX — 2NKXx)dt
0

X' [(A— BK)" P+ P(A-BK) +(:j—ﬂx

=—XPx . (8)
=—x" (0)Px(e) + x" (0)Px(0)

J(K)=x"(0)Px(0)
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Dé J(K) dat gia tri nho nhat thi:

d_‘Jzo hay d_P:()
dK dK

Pao ham (8) theo K ta thu duoc:

-B"P+(A-BK)' @
dK

+d—P(A— BK) - PB+d—P

dK dK

=—2K'R+2N 9)
= -2B"P=-2K"R+2N

K=R*(B'P+N")

Khi @6 phuong trinh (9) c6 dang:

AP+PA—(PB+N)R*(B"P+NT)+Q

dP (10)
CdK
Phuong trinh (10) con dugc goi la phuong
trinh vi phéan Riccati. Nhung vi phuong trinh
vi phan Ricati 1a phuong trinh phi tuyén, c6
nhidu nghiém, nén dé xac dinh chinh xéc
nghi€ém nao thoéa man bai toan tdi wu, ta can
phai khao sét tiép cac tinh chat co ban ciia ma
tran P(t). Bo diu khién K xéc dinh theo (9)

duoc xay dung dé dua hé théng tr mot diém

trang thai X, bat ki v& gdc toa do 0 (trang

thai 6n dinh) [13]. Nhu vdy 2 dinh 1y sau phai
duoc dam bao:

Dinh Ii (2.1) [13]: Ma tran P(t) cta bai toan
toi uu c6 cac tinh chat sau:

a) P(t)=0, trong d6 ® chi ma tran trong do
tat ca cac phan tur déu bang 0.

b) P(t) khong phu thudc vao X;.

¢) P(t) 1a ma tran ddi xtng.

—X" P, = J_ . (gi4 tri nh6 nhét ctia ham muc tiéu).
d) P(0) la ma tran xac dinh ban am.

e)P(t) phu thudoc vao thoi gian T va khi
T=wthi P (t) =P, 1a mdt ma tran hang.

Binh Iy (2.2) (Sylvester) [13]: Diéu kién can
va du dé ma tran vudng ddi xtimg:

qll q12 qln
On G - Oy

Q — 21 22 2 ’qik — qki
qnl qn2 e qnn

Xéac dinh duong 1a cidc ma tran nam trén
duong chéo chinh ctia né cé dinh thirc duong;:

Oy, >0
4. 9 O G O
det(qll qlzJ > 0, det Oy Oy Oy |> 0’
a Uz Oy Os O

Dinh 1y Sylvester néu trén dugc sir dung dé
xac dinh chinh xac dinh am cia mdt ma tran
Q bang cach kiém tra xem ma tran —Q ¢0
xac dinh duong hay khong. Néu —Q xéc
dinh duong thi Q xéc dinh am.
3.2. Xay dung bd diéu khién LQR cho hé
thong 6n dinh ngang chi dfng
Ham muc tiéu tong quat ciia phuong phap
dicu khién toi vu LQR c¢o6 dang:

J =J'(xTQx+uT Ru + 2x" Nu)dt (11)
0

Muc dich cta hé thong diéu khién t6i wu la
nang cao tinh 6n dinh ngang cua 6 t6. Do vay
ta luya chon ham muc tiéu nhu sau:

J :T(plzlz + P2, +p3§02)d'[ (12)
0

O day tic gia mubn nhan manh rang do 6n
dinh ngang cuia 6 t6 dugc danh gid thong qua:
Z,,Z,, ¢ tic la: gia tri cua dich chuyén cia
2 bén banh xe va goc lic ngang cia than xe.
Trong do, Pps Prs Ps >0 1a cac trong sb. Gia
tri cua cac trong s6 thé hién muc dd wu tién
khac nhau cho céc chi tiéu da xac dinh ¢ trén.
Trong nghién ctru nay tac gia lua chon gia tri
trong s6 nhu sau : p, =10°; p, =1; p, =10°

Tu (11) va (12) ta tinh dugc cac ma trin Q

nhu sau:

34
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p, 0 0 0000 0]
0 p, 0 00O0O00O
0 00 0000 O
0 00 p 0000

Q=19 0000000
0 00 0000 O
0 00 00O0O0O
(0 0 0 0000 O]

Ta thdy, Q 1a ma tran ddi xtimg xac dinh
duong nén bai toan diéu khién phan hoi trang
thai t6i vu LQR c6 nghiém.

4. Két qua mé phéng va danh gia

O phan nay tac gia danh gia hiéu qua cua bd
diéu khién dé xuat trén cd mién thoi gian va
mién tan s0. Voi duong nét dut cho hé thong
bi dong va nét lién cho hé thong chu dong.
4.1. M6 phéng trén mién tan sd

Dé danh gia hiéu qua ciia phuong phéap dicu
khién trén mién tan so, tac gid khao sat voi 2
tin hiéu kich thich tir mat duong la q; va s,
vdi tan sO gidi han khao sat 1a 100 rad/s.
4.1.1.Két qua mé phong véi tin hiéu kich
thich 1a q,

(a)

(b)
Hinh 4. Ham truyén tir tin hiéu kich thich Q) dén

».L.

Ham truyén giira tin hiéu kich thich 0; dén
goc xoay than xe ¢, dich chuyén khi luong
khong dugc treo bén trai Zl duoc thé hién
trong hinh 4. Chiing ta thdy rang bién do cua
hai tin hi¢u @,Z;déu giam twong Ung
khoang 10dB cho ¢ va 4dB cho Z; trong
truong hop st dung hé théqg 6n dinh ngang
chu dong khi so voi hé thong treo bi dong
thong thudng trong mién tan s6 1én dén 100
rad/s.

4.1.2. Két qua mé phong véi tin hiéu kich
thich la (,

Két qua khao sat ham truyér; cua goc xoay
than xe ¢, dich chuyén khoi lugng khong

dugc treo bén phéai Z, vai tin hiéu kich thich

0, duoc thé hién trong hinh 5. Bién do cia
cac tin hi¢u déu giam so voi trudng hop sir
dung h¢ thong treo bi dong, tuy nhién d6 giam
chi 1a 5dB cho ¢ va 2dB cho Z, . Két qua
nay nhé hon truong hop trén ciing hoan toan
phu hop voi mirc d6 wu tién khi lya chon gia
tri p,,p, khi thiét ké bo diéu khién.

.__\
\\
\_‘
@)
N\
\\
| \.
(b)
Hinh 5. Ham truyén tir tin hiéu kich thich dén
».L,.
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4.2. M phéng trén mién thoi gian

O phan nay, dé danh gia hiéu qua cua phuong
phép diéu khién trén mién thoi gian, tac gia
khao sat tin hi€u kich thich tir mat duong cho
banh xe bén trai (; v6i 2 dang mat duong 1a
dang tuan hoan (sine) va dang béc (step).
Trong khi d6 mat dudng ¢ banh xe bén phai
1a bang phing, tirc 14Q,= 0. Thoi gian gidi
han khéo sat dugc xac dinh la t = 10s [14].
4.2.1. Mé phong trén mién thoi gian véi kich
thich dang bdc

Kich thich dang bac ¢ banh xe bén trai 0,

duoc lya chon c6 bién do tang 1a 0,1m sau
thoi gian mo phong 1a 10s. Két qua mo phong
dbi voi goc lac ngang than xe va dich chuyén
banh xe bén trai dugc thé hién trong hinh 6.

Paswrye
LT

@

(b)
Hinh 6. Ddp itng thoi gian ciia @, L, véi tin hiéu

kich thich Q dang bdc.

Ta thdy rang cac tin hiéu @,Z, véi b didu
khién LQR déu cho thiy két qua rat tét khi so
sanh voi truong hop st dung hé thong treo bi
dong. Cu thé, doi véi dich chuyén khoi lugng
khong duoc treo bén trai Z; da giam khoang
35%, d6i voi goc xoay than xe (@ di giam
khoang 74 %.

4.2.2. M6 phong trén mién thoi gian voi kich
thich dang tuan hoan (sine)

Kich thich dang tuin hoan lua chon cho banh
xe bén tréi g, c6 bién d6 1a 0,01(m), & tan s6
1a 5(rad/s). Két qua mo phong trén mién thoi
gian ¢ hinh 7 ciing da thé hién rd hidu qua ciia
bd diéu khién dé& xuat. Cu thé, hé thong 6n
dinh ngang chu dong di giam 79% ddi véi
goc xoay than xe ¢, dbi véi dich chuyén

khéi lugng khong duge treo bén trai Z, da

giam khoang 36% so voi hé théng bi dong.

a

(b)
Hinh 7. Ddp itng thoi gian cia P, L, véi tin hiéu
kich thich O dang tuan hoan (sine).

Céc két qua khao sat va danh gia hiéu qua ciia
bd didu khién LQR trén mién thoi gian va
mién tan sb cho théy, hé théng on dinh chu
dong di 1am giam dang ké gia tri bién do cua
cac tin hiéu so vd&i hé théng treo bi dong.
Trong d6, muc ti€u nang cao dd an toan
chuyén dong cua 0 to da dugc thé hién mot
cach rd rang. Tuy nhién, tac gia ciing nhin
manh ring, hiéu qua cia bd didu khién LQR
phu thudc rat nhiéu vao su lya chon ham muc
tiéu J ciing nhu cac trong s6 p, .

5. Két luan
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Trong nghién ciru nay tac gia da tap trung téi
viéc 4p dung phuong phap diéu khién ti wu
LQR vao thiét ké bo diéu khién cho hé thong
on dinh ngang chu dong trén 6 t6 con. Két
qua md phong trén mién thoi gian va mién tan
s6 di thé hién rd muc tiéu nang cao on dinh
ngang cua 0 t6 da dugc dam bao voi do giam
trén 30% cho tat ca cac chi tiéu khi so sanh
v6i hé thong treo bi dong.

Hiéu qua ciia phuong phéap diéu khién c6 thé
dugc cai thién hon nita khi thay doi cac trong
s6 cua ham muc tiéu. Do vay, viéc lya chon
tbi wu cac trong sd nay bang cac phuong phap
méi nhu thuat giai di truyén co thé s& duoc
thue hién trong cac nghién ctru tiép theo.
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