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The Investigation of Increasing the Degree of Freedom on Improvement of Stability and
Reduction of Rollover by using Sliding Mode Control Method

A.H. Kazemian

M. Fooladi

Mechanical Engineering Department, University of Sistan and Baluchestan, Zahedan, Iran
Mechanical Engineering Department, Shahid Bahonar University of Kerman, Kerman, Iran

H. Darijani Mechanical Engineering Department, Shahid Bahonar University of Kerman, Kerman, Iran

Abstract

Stability control system is a part of active safety systems in vehicles which is designed to control the vehicles” dynamic motion in
emergency maneuvers. In the present study, design and simulation of sliding mode controller has initially been conducted for a
suspension system with 4 degrees of freedom (4 DOFs). In order to improve the efficiency of controlling system, a new suspension
system with 6 DOFs and using hybrid semi-active damper is developed. By employing this novel approach, the passive model with 4
degrees of freedom is modified to hybrid semi-active model with 6 DOFs. Thereupon, to examine the effects of enhancing of DOF
on the stability, a new hybrid semi-active suspension system with 8 DOFs by combining passive 4 DOFs and hybrid semi-active 6
DOFs suspension system is designed and simulated. Numerical results from a typical vehicle that is simulated in CarSim are the
input for MATLAB simulation. Investigations show that increasing DOFs accompany with applying hybrid semi-active damper lead
to better stability and good handling characteristics of vehicle.

Keywords: Stability control; Good handling, Sliding mode control, Semi-active hybrid system, Liapanov theory.

Wil e Gl ) gy 1 o analbly SsS3ls Tazalsly
0,850 Hle 4 9,095 RU &5 sl (S5 (S5T5ly cnl 5l (ladiges
ailoly e Se55ls auled Colsl ool LS )0 )8 4y 5,095 L oS

doddo -
3ol bosl> ;o e g Sye 1 ool aoys SOl @ 4y b
e 5 )15 0 W ailie Job s Js> Lagyoe> (5555

P Sl ool 0 gl o UL Lo e ols 5l sl . . L e
S35 % ) 9 = ST 2 T 2 P e B emn 99 9y095 U Joely g S slagyet (G955l

Q9,085 S aS Gl i S6551g ol 5l (6l diges ol >
Loy ) 095 (S5 2 e Blo S L 0,55 5 5l 5ol jslate
UL e Cepw ool 0 Gz o ST L g w0 s

¥ Untripped Rollover

Sl (Jsb yome Js> 90395 (23 Sde 4 SSly 05 o0

' Tripped Rollover

fooladi@uk.ac.ir : g Sl oy (o y0T c00isS 43150 o0 55 %
B0+ 8 - sedl s g
WN NA oy b



2 Bl e )3 58 ST g 18 alpd g o)l eslr Lailyh @
o3b ;o il 3 Bis o Coogaze lls g o0g ol Jled
Sheslial & plilugy005 pole S8 pinn b adl oo oy (o5 2
Gelss Gl 0 )s] (g5, JUb 5 Jlbaass Gl Sl
CS o aF Aliwd 9,065 udad slop ol 5l elgil Jladanns 5 Jlad
Syolly Sy gy (3 03k 13 1) 9)995 Slagz (so9es
& 505 b a5 A e S glalind 3,555k 3k 3l 55
S 2SI B3y s 00 b g Uk ooly Laulyd 4 iy Jies b
oo b3t b azg bojgpel 1Y) 008 (dls 5,095 (it
pae g el 385 olulid pae izmes 5 9095 Sealuo
b e slooaisS J,uS sl eslail 9,095 (Seolns Jaw ;o coalad
Slodas oS J S daoasS J S cnl alax ) el il 2l
Slgies |y T sty oge oanS S g H, euiS S Wl slas
999 $553ly Solnl Sone jshite 4 ol Sea 5 (LIS 5y b
S 3 ool b JUb sy JS5S i Sy Sl ol (Lo
alyl golil a0 18 (Sl Joo o jo polie ot e JS
5 JAS e S 0T (5535 5l RSl pslate a5 ol
9P SiluishS g (Sh5H 990 JFS Ghg) S L epglie (oS
$8e S e 655,150 b olSen 5 o 0all VY] woges o110
w5395 J55 1, Jbtes Goles i S il Sz sls,
b el s 2 i) S by olfSen 5 555 1Y
el 1 S5 ab n (SA5dsge JpuS by, I MR ST
Ol 5 ,mle, 5655l 5 6 mSolr olite 4 [10] g sl
polie J,uS (03d Sge oS S b, 5l eolizul L [V#]
20,5 b goliT az s A 5055 S Gl ) slag ddaasis
Pk 4 5t Sileihs () ilusiedan b o) Ses 5 Sk
wloyy SUly gyoe S0 b led pieas o (5l 00isS S
9095 cde o8 > gilelubogs VAL jo ol 5en o Sl [V V]l
) gl e Gl @z laie S (Db, g eolo)l Bl e ],
DAl s ol Kan 5 gownm isls 13 JuS Gaaly Se55ly alea]
s 00liial L 1) Slagls Jom 500505 5,055 5 e gl

ool )|)§ sl 0)5&)&41.6 J}.A—AS
i g i Jlos! Colls a5 (MR) [14, 20] 51,00 5l alio oyl 4o
o5 onl 50 nlply el 0ud solasiul i Slslas jo 5 jls |,
T Ceend A ()l &0 4 Solus 0y 93 (o903 8L L
(V1] 5,055 s Joto S Jlab o (sl a0 ¥ 5elad s o0t
mdos ool axy0 # 5ded e MR 00 5l eolitul (pizeen 5
w390 JFS gy 5l 0Ll b e g 0l (2l (o o 0
S s Sy By Sl TS 5 G554
s S pd S (o) st 4 e S9doe (ALb Soe
) PRSI X UUOV-Sy (P PUNC I N P SPCOWIURIPP- | INCH PSS W [
Jlsbinss 5 428 F Jleb b 3ol s o oo 5 b g3l a0
ol Sl GB530g0 0aiiS J5S (giluand 5 (b olil az 0 #

¥ Sliding Mode Control

oy 58 by iz BByt job 4 5p055 S5l [V ]asl asls
Solas edeo VY 4 Sop jlow] e LS e (Saddl
YL YoV Jloys oy g dly il (wls L g)lge slag oo
TV 4 S dlgnl b asl (oo (G555l a4 barye Sols as)o
Jol 1) 6 )lam slagyog wlslaijl (5L eeg Sy ples oo
Yeof Jlo ,0 NHTSA oo yumie olelll ulol 5 i0ed
e S slog 095 Wolgmas oV o ale 5l L5l Slolas

Iv]aslosss

abldly e Se53lg (@
Y] 595515 elgl -Y IS

axle UL J&5 55 50 L (slag 095 5l oslitul hles (o by &y 295 b
s 5,955 (sl Ae )3 (ot 9090 4 (F55Sly Lo TaSUV
axls g0 o bowe awy ool 0 oladoy e8]l ouds
GBS Syse S553ly 5 Dol g5y Sy 5 [P Y] lolis
555y alin] lales b bls )l o Salite sl lne [A-0] ol
Sl Il Slre 4 plgoe bojlxe pl alox 1ol oud 1))
L $853ls B oley e 5 pimn (2 (5551 2 (e Sl
i Aoz 5| oplSe glgil 51 oolial (ol Ulie Loges oLl
JAS p5lSoy S (5,5 505w (] glite Golas (slo
S sk & Glise (S8 Glahy, 65 @ b ol il
by ALl L e g sldge [V Talosls @yl 5,005 5653l
Wloyd Jud JiBS g )0 aten (b)) laptann 2 (Se
Spiac [NV ] wilasls |15 Judow 5,90 1, 5,095 oiitle Saliyo
slaslyeal 5l 26 la ;) S b 2alS sl 95095 Gelw
Sllug el o> b as Wyl anby g Wgd o a3 )3 IS4y ool
Jiie oy 4 g > G,k 5l a5 1) eol> las,lgenl 51 30
Gl s 00 18 (o) 2 990 Jud g Jlad dos (b a8 09,5
@l @il B SeS g b Judn polie jleslinul b byl

' Passenger car

¥ Sport Utility Vehicle

o S e S )3 BaleS s 5011 Sl ST ()

YE-



b8 e g s0Ugd dzme (LS ane sl

Y¥)

Oz g 0dd (gakyd Ceend 4 ylie Golew pix g0 59,5
a3l ax o Agay e 3l e MR oo 51 oslail
sunlice Jab s Ji.i).) 45)5.!44Lo.® . (f sza) Cowl o0l L§'>|).|o
9y985 00 (G0 8 Ceownd Ay odladlsl glap > il m,, oW

JUd dod (g9 pod (6013 Az 50 A Gudal i Juto —F Sl

S oy ol 4z Ay £ sladae lp (S5 50559
Sl 5SS Ssrfag, S92 Sagpuma 9 fag, ke
oud ALl 0> (sl (IS $955 Sagrpyng 9 CDSEIRAS p2
G g8 Ly 1 Gusip) oglle 4 adl oo cniigun 8 Ceend @
Jelse eizmen willioe 5,955 G 5 Couly oo SLled S
ek A, g Ly 2, e dw B lp gl ol SG S
S5l gy g ST pedtes b WS 83 i oS jshailes
ol Gimgh )0 Wz 0,55, S ¢ oad adlal lap > Lawgt ool
I Jis Dpge f1g oSy, SLe 56 alply bl
Ngdige 8,5 10,5 fig 9 [ b pé 6 ppes sy o Shos
WS sl ol g2 B sysE S g oSle lloles gliial
Sl g eslr slagdgyy WS (oo CS > e s )3 55095

IS el ol @l Sale po el a8 S el 55 et
an 2550 &1 Az )0 A5 P Glagia 50 0 lp wax
Ctdghte 059 el oS 5 PIDY (J 208 (39, (mizme 9 905 (00 )8
Ag P Sealas Joe 99 (nl $ln 5o el cano 5 (S B,
3oled ilwand bl a5 cul oals 0oy S5 4 olil ax
5 @l 42,0 A e sl (53 S50 0aiiS J 1S g o Shes
W) A g Pt 93 52 )3 )3 9)39% (S5 3ly 5l 6Ky iz

Syls gals]

F bl gl a0 0l L VY] o e o Sl
@ catls Bire g Judog 4 5095 0 Jao S50 goli] am o
oale Hlzd ¥ S jo oS cB ey aniloly 3655l 5l (6 Kty jelaie

W PR

V1] o131y F JUsb s (le5 it Joo —Y JSC

e B S N S
Cond (§ 58 (P ki Sz agly @l OlS g, wad
(9,09 o3BG Ceond (olian upd dy 995 0ud (o
g bl 5w k05,095 00l (G008 Cwowd (58 LB K,
Oeed Al (pl) gy saidganyd ke, m,
oLl 9,093 Couly 5 G e @ oS A 1y [ g
Jelo 50wz olil 4z )y 7 Jae 18 ol ragh 50 0SS e
@ o)l Sglee pr7 50 (nlpli 09,5 o0 (Brre S5T3ls Sl
adlol Jd e golyl az 0 F Gl i o0l (00,8 Coand
Jiddess Galai s Sz gJ5,905 ST 5l oalitul L 5 o0
ool lis (F) UKo j0 oS ogd o (>lb goli] axy0 & gy e
Jshaie 4y ol Slays 9,5 Wlol a8 cusls azgh wl el oud
ssbilen il o prp Slo B S53 5 ol 5, OF U (o2
—ouds adlol slap > Sl m, el oad ools LS ¥ ISs yo oS

el 00l a8Lol g 3053 00lS (g pd Ceowd 4 AS dliws (gl
GrRdAS 05 rize 5 oI Ssrte (s Hsbiie 4 asldl o
Gy Jld o Galsd pics 3051 Bl yd (Rl b et
5az,0 T g Gl prcs Joo oS5 b golil azyo A spae
Wlal b shate ol sl ol onss >lb oolsl az,s & b ans

‘proportional-integral-derivative control method



2
(Ixx +tmgh; )¢ =[kg (xs 'xuzr)
/0 (QRD)
—kg (xs “Xupl )"Tfarsky ~fa sky ]Zi"'ms yhr
Agu‘bs)wml;'}g‘_;al)‘] a0 A Gl ps &S > Ololas
5l Ol 5,93 ool &5 > Alolas cplplo gl o Cas
mslfsl =_kszr(xsl _xsrz)_kszl (xsl _xslz)_
dszl (x'sl _xslz)_dszr (xsl _xsrz) ay)
+f, dlgky +f, arsky
Xsly 9 Xspy 9 (g‘u)“\“dwﬁ S =-'39*° Xs1 as L_§'L>
odd (g Ceond 4y oabadlol glap s> Cosdge cdumslis
e, pl oS> Slole (YY) 5 (V) Lailg; jo 0l oo 9,945
6ol Az 10 A Gl i 50 00l (Gon 8 Coomd 4y o0l ABLa
mszrx'SQ =_kszr(xsr2 _xsl)_kslr(xsq _xurz) \Y)
%jszr (x.srz 7x.sl)7ds1r (xsrz 7x.ur2)*farsky

mszlfslz :7kszl (xslz 7xsl)7ksll (xslz 7xu12) 'y
R . . . [QAD]
_dszl (xslz _xsl)_dsll (xslz _xulz)_falsky
bwd&«:{]é L;LQ(:);? u...dyo Xupl § Xupr Oy P Aay) JaJ"j) 59
S yd glap e ol &S e Slolae g il o g,05545 cuiadlal
)| ..).;J)L,.c odhdsls| sais

muzlfulz = 7ksll (xulz — Xl 2)

)

—ky; (xulz _x“ll)_f“lgmund
muzrx.urz = 7kslr (xurz 7xSP2)
(o)
—kyy (xurz ~Xun )_fa”ground
Slsles pioren 5 WS g0 paseion |y (b pl) 9,065 oo 90 40
odbganyd o GiS s CS5,> dble 5 Lpb Goges 2S5 o
iWigdse Olo 25 D)ge 4 9)355 (Jsb jeme o> (ould)

mullx'ull =—ky (xull _xulz)_kt (xull -z7)

Qo)
Jrf"lgmund
mulrx'url =_kur(xur1 _qu)_kt(xur] _Zr) av
Jrf"’gmund
2. . .
Uy +mg b )P =lkso) Cogy =X g1y) +dlso) gy =X 515
M)

N
Hhgor gy =X g ) Hdgpr (Xs) =X )]Ev +mg by

el g ool aBlal lap > ol 130 b ocal SO oLLS
o Slobs ((Jgoro (Glojes b (g0 e Jddes slo s
Al e s 0 V] e olyl a0 F (5udas

3l eolaiwl b Gudas i ouisS” J oS’ o1, Y
0y o090 J 45 9
S @ s Ll 0l G (L34 050 J5UST hg) (heol o]

slbolee 4 853 gl el 0 035 Sao G 9 G353
clitie |y 5 giie s Uas clo Seolys Jolds a5 o5 o UL

5 e slo e 4 (s mhaw (pl g5 g wBl e la>

p9d 0P 5l 5 wllios 9,393 Bold e S &y (>
el oss ooliil 5085 oS Slolas gll gl s
P) Lgol)"l e F b, Gl 65056 gl oS, Slslee
e 53 50051 4z A g £ Jlebdass (0 e Slopians (rize
Syp0 alilaz job 4 ((wld) oadigan ;b oy @ Jate Slatse
a0 b oGl pies Glp oS Slolee 05,5 oo )3 asllas
el 058l Casd @ g g gl 5l eolanul b ylgs e 1) gol5]
139 o0 00D (G 8 oy IS > dlslee
oy = kg (5 )~ (55 o)
—kgp (x5 —xy ) =dg (X5 =%y1)
A 5 Xyl g Xy g Sblioe eadigak b ey Condae xSl

M

9 9095 o 9 Sy Coow ediigan 8 Sleeyr Cumdge i
s s Cwly g G Gl s O abol 55
i,z Sy Aolie g ouid guiyid e gy S > Slolee

Sl ol i 4 9095 (Job jeme Jo> ond (o e
= kg (x5 - Xy )¥dg (X5 - Xy )by (X -2,) (V)
my Xy = kg (X -0 ) Fdgg (X5 =Xy )-ky (xur-21) ()

(Ixx + mshrz )¢ = [ksr ()CS 'xur)+dsr (xs 'x.ur) (f)

murxur

. . /
_ksl (xs “Xul )'dsl (xs “Xul )]Zi'*'msay hr

S JUd dod Balad pitas &8 > SlUslas (g (o 9 @
oy S, dolee plply anloe Cans a4 s golil a0 #
)| Sl s_:)L.c m.;':.‘_;_x.;.g).;_é
. Iy .
mgXg =—kg (xs +A7£sm(¢)7xu2r)

/ )

—kg [xs +§Sin(¢)*xu21 jJrfa;jqky Jrfalsky
Gh Slapyr CusBse S A Xypr 9 Xy Wb Gl o
Cond d oabadlsl ‘5&?)? J).> Slsbe (V) 9 &) Jag‘s)
IRCCON- S [PPSR O V1 P PRI SR AR CIL.

. Iy .
MyyrXuyr = kg (xs +?‘“” (¢)_xugr] .
*)

Ky (xuzr “Xupr ) ~far ground

.. I, .
MynlXuyl = kg (xs 7?‘”” (¢)‘xu21) y
)

Fui (x upl = Xuyl )‘f d ground

Sz Sumdee cui S A Xyt s Xupr (V) 5 ) sle Aol o

e Wbl oo (B 1) 9,055 G g Cowl) Cooms oaiiguiy 8

S, g Cwly g o cadsgan,d gl oS > Sl

O 5 O (A Lailsy 30 9,095 Job jome Jo> (ool (2552
IRY IRV

My Xuyr = kur (xuzr “Xuyr )' ktr (xulr “Zr ) +fa’gmund )

mullfull =ky (xuzl “Xuyl )' ky (xull -z )Jrfalgmund @

o S e S )3 BaleS s 5011 Sl ST ()

Y¥Y



Sl s e 5 53Us8 e (Lol s il

Y¥Y

6&‘}] a0 F d,..l.u" RCSIW tS‘):’ > slas ‘_ghbw).‘iu Q_i‘ﬁb.g
109 o0 ool (YV) alal, PR A

Al A Ags By Dy v
A= AZl A22 A23 5 B= Bz 5 D= DZ
A3l Az Az B3 D3

St Jddes Gulad ptuw lp soges Slapate ol 0 g
g on g 25 b & bl azps A

X =Xg), X0 =X, X3=Xgly, X4 =Xg/, A

X5=Xsm X6 =XS12 s X7 =Xyly s X8 =x.ulz

X9 =Xy »X10 =xur2 SX 11 =Xyl - X12 =xu[1

X3 =Xy s X14 =Xy 2 X15=0,X16=0

O ygo A L;.;l)‘] a0 A Gudad gl 1 > slad slo s 5L
20,5 oo didgs g ool o

(A1l A Az A

Ayl Az Az Ay

A3l Ay Az Ay

[A41 Ag Ag3 Ay

- (Y9)

By Dy

Dy

D3

| B41 Dy;

@l az 0 ¥ e ile sloadlge wiile i b G yile (ol sloaidso
Silioe cans &

e 53 Bl 28lS 553 g0 oS J S oLk 5] s
Sl s 4 ye g, opl 5l wibice @Ol a0 A 5 # L F cla
Sl A g 7 ¥ pln o (G053 350 waz saS S8 (b
90,5 o0 Gl p3 Soge doad ools liss b as (i) mhaw g

d n-1 X))
s(t):(ﬁ+—) X(t)
dt

Haie b be e 5l plaS jo oo slas lgie 4y X () oY) aobes jo
9 Saliy Cute Hlade b gyl A (Xd (t)) = ol wsllae jlads
e e gl L (nl o a8 sd oo iyl gl ddye 1

5 Xg=0 wslae e b iie
v

Dl oo iy 2 1=4,6,8
d n-1
s(t)=[i+5j X(@)=0

5 ol S psin Sy 00l (1) 553 g S0 Slee &
B9l g0 00l las Lol doles S g 4

oaS J S (b o e Ol (Sisky G Ll
Sl el g s BB Sl 4l Sl eslaiul b (o55alsge
S 35 1 wdlhee 555 Syl apyls ol o (S5 i
5 b Az el oK1 05, Jelod atsgy j5b 4y (Sl ol
Sl Tl 55 905 [ Ken 4k K & Lgll ol e 4
S Sl (w2 by Sl peditae gy Gob e S
aSST (g WIsi oo s (551 Grie 5 Sl pdg ISl S 1
Sk ol pasis o gilae adl LS e (A8ly mul @
Sobld 4k sl eslinal b (A58 jesie 5k el sl 008
39l g0 48,8 a5 1o (YY) dlobae &j90 4 Bsibld wuils’ &b ol
Sl 4 Joe ;0 (B33 090 0ansS JiuS (2Ll dles ) Gl g
Bedn e SPbld &l 5)lnk

vyl 35l LQ.'J Slows
Lilsy @50 & gl az o wiz Jow S (sl Sl gl aloles
09 00 Ol (Y2) 5 (V)
Xx=Ax+Bu+Dz \9)
y=Cx )
(o (S Gyl iy 4Dy C B LA &S ol
Ll laggys L ile 5 pla (29,5 oins SBGS39)3
s Sy da ple sladdlse ond sl aibie e
D9800 2 2 sogee Slo it (Jlad pi golilaz 0 F 3ulas
Xyg=X,.,
. 4 .ur RAN)
X5 =Xy, X6 =Xy, X7 =@, xg =4
@ ol az 0 F Guled s (gl 2l (slad s 5le (nlpley

R

Xp=Xg, X =Xg, X3 =Xy,

Ay A B D
A:[ 11 12}13:[ 1}1):[ 1} Y)
Ayl Ap B, D,
50l i S e ile sloadlge o] jo 4
0 1 0 0 Y)
_ (ksr L ) _ (dsr +dg ) & dl
m, m, m, m,
A — S s S s
1 0 0 0 1
kl d\'r _ (kSr +ktr) dsr
L " My My My
_ 0 1 00
0 000 (k +k ) d,
| Hhy ,
Ap=| my myg Ay = 0 0 01
0 0 0
L0 0 00 koo du g
q q
o 0 0 0
ki o da g
my ny
Ay =
A7 0 0 0
kg kg dy-dy kg Ay
L ¢ q 9 q
Slasle coip 4 BD L jle slboadlss
0o 00 0 0 0 f)
0 00 o ki 0
D1: 0 00 ,D2: my|
ko o 0 0 0
L Mur 0 0 mgh.p
[0 0 3 1 (Y0)
p="—"7
0 0 I +mgh?
By=| |.By= ’
0 0 /
qg=—"""—"5
L0 0 21, +mgh?)

Gyl ool ey ol drys T mple gl 5 sSilen
Slapite 35 6olil ax)s £ sapme S des Godas piees

29,5 (g0 SLUl (VY) alayly &0 &) sog0e
X =Xg, X =Xg, X3=Xy 5], %4 =Xy5] (%)
X5=Xuyrs> X6 =x.u2r>x7 =Xuyl > X8 =xull

X9 =xu1r’x10=xu1ra xX11=4,x12=¢



k Jus stw%ujumﬁ—kxsaz(fﬂ (F)) doles @b
Gl e S 6 s Joe s Conbad poe il L s=0 mlaw

boe Giali8l ( J5aS oy g Jow o Cosdad pae il38l Ls=0
WS (oo gy |y Sardad pas ongup kel )y azes o

8Os (gilw s -F
ay 92y Zy Jols a5 ool> sl (699)9 (soue Julow jelate
W08 oo (Byre O S sl loges Jawgs wiil go

0.05

0.04

0.03
T

Roud bump Z,, (m)

0.02
T

0.0/
T

| | | 1
1 2 3
Time (5)

L coly o (gl 00l 31 s (I

5

Road bump Z |

Rowd bump Z,.(m)
002
T

oo
T

2 3
Time (s)

72y «& Caw gl oole Il cows (@

—_—ay

3
T

* Time )

ay (Sl ol (g
ool sldgyg -0 J

ol (5L 5 554 350 2 9 o Cand S5 4 o3
Jed g VO ey a ol a0 f o ;0 0 9 A slayall
@ iod [0 g WY ol a0 A Jaw slp polie cpl g diog
dojid (J5w) pas lp Jolae (So5d ls> Gend (sln oglle
I O R T R e
slgiion gloosls g polie jelaie (pl (gl .ol oolaxwl Carsim |33l
ooy sus olsasl Carsim L1381 6,5 5l oo (g3l 9,045 ool

a0 A g F F o Jae sl cud i a8l a5 ool 5l edel Cans

V(t)=%s(t)><s(t) A

iebls pealys (FF) Wolas )3 4 (23] whaws 2857 )13 o b

d n-1 (YY)
H(t) :(lJrfj
dt

4 050 g0 yzmie (loj e 4 Coad (VY) abayl) 51 (65 gt J>

V(6)=s()xs 0) =2 sy iy=s@e)xH@)xx &

o ls b slad clsles 51 (19) abayly (6, iSle b 58T

V (t)=s(t)xH (t)x(Ax+ Bu+Dz) (Y'0)
b4 V(D) (Bna L
V(t)=1x(u-G) (%)

Dype 4 ¥y G gl sl ] o a8
G=—(H@)xB) (H@)xAxx+H(t)xDxz) V)

y=sxH xB (*A)
g ge i yoS

2yl 50 2 dlaily O g0 Jolae (J S (69,0 cnlpl
U, :G—(éxyfl) )
FEMCTRN

V()=—y5y ' <0 (f+)

A5 5598 5 calyliy ol 8 G5 (5355 8520 Ly L
Ol JSe Lo 9 958 5185 (LB5a) byd oS ol Sl plir Ueg
Sl Koo s 4 a8 wblios a5y ey SRl b,
B pae ade 4y K0 O jle 4y el pacen UL 8 ouis e
5l Glacdls o UL LS5 sloSaliys wile b Siasl 4o
e oo ye Jalge plo g oad S0 eyl g onisJos
Sl fely g s Cslae Joe )3 5 g oad (1)) s Gl
el i Sl K S ol S5 85 S
Sty Cools S0 Ojle 4 Ll anlys S5 5
S5 g S5l slacaakd pas g LA jga> 3 (> i
Jdo @ (Saloo oo53d 090 J50S 50 cpl o oogle .ol walgs lad>
S el B Sy xS JBSw ol e p S 1R 992
WNigd ogwsme b Sasl o giluJos jo s pae aSul gl 1Y
@ Sobe a0 gllol gl B33 gl 5) 2 JS 09
S Ol ) s (e S SEe Gl p ek sl
b aspine S 55 laSiagli 03,5 fyad b 5| SKiameipm
39y 50 ) @ Jgere yob 4 a5 Cuslle @i 5 ol 0 00,51 sy
dolae &j90 4 2l S5 @I 5 09800 o3l bl 2 L

25,5 oo duls (FY)

u=v, —kxsat(%] = U=U, +Uy A

! Chattering

o S e S )3 BaleS s 5011 Sl ST ()

YFY



1o
1]

LN

T nmew

@151 42 )0 A Baled s (I 555 (59 5 (0

Gl sl (o 555 sl —F S

b8 e g s0Ugd dzme (LS ane sl

a0 8 5 F Joo sl Xy wld obulA oY Gl IS Jlaged 4o
Gl s (sl Xy ool bl A S o etzmen g sl
ol 00 oy 0t 7S g 0 Sy > g0 0 soliT az o A

§
H

T g
Time (9

¥ ‘_9.3.1:.: ot k5|l‘3 Xg swLw @L‘:ul’ C.wb —VJS..»
oI5l 450

———— Controlled by SMC e
g ---e- Unconnolied A
* - Conrolled by PID ¥
ir 4
i ;
el
‘X
i L
3 T T g i
Hme ()

P Gulad e gl Xy (owld (olmle Gl —A S
3157 az o

nars

——————— Inconrolled
———— Conirofled by SMC - st —r
'''''' Controlled by PID <
F
s ;
.
B ‘
3 r
s b
f
K PSS ey
i g g 3
e )

A Gdrd s 1 Xs) b glule fwl -1 s

oI5l 4z 50

i Lgé‘ﬂ Ol o Gl aS 098 oo cdwlive by jlogel 4y axg5 L
& s a8 Sl soliT lays o S Jleel 5 5,055 il
9,995 oad gy Cwend G5l 5l GxSel 5 Jols ek
2 55 Oley S Az gl Slpd Geizmen S (e (L)

AR A

F Galed b e oo 5l (9 b (oS gous polie ) Jgua

ol as 0 A o8

soliTaz s A

solilax o 8

solilaz s f

Keyr = 70kN/m
kg1 =70kN/m
Kuyr = 20kN/m
Ky,1 = 20kN/m
kyr = 20kN/m
ky =20kN/m

ke = 400kN/m
ky =400kN/m

mg, =1600kg
mg, =70kg
mg,| =70kg
my, =135kg
my,; =135kg
my,, =35kg
my,| =35kg
I, = 614kgm>
hg =1.Im

Iy =1m

kg =90kN/m
kg =90kN/m
Kyr = 20kN/m
kyi = 20kN/m

k¢ =400kN/m
k¢ =400kN/m
mg =1600kg
my, . =135kg
my,| = 135kg
my,y = 45kg
my,| =45kg
I,, = 614kgm?’
hg =1.1m

Iy =1m

kg =90kN/m
kg =90kN/m
K =400kN/m
ki = 400kN/m

mg =1600kg
my, =135kg
my =135kg
I, =614kgm?
hg =1.1m

Iy =1m

Sdme Gla slajos Glp s mas ol JS Joe

Soges i (5 3lwannd Todio 38l ey o eollar,o A g f was
S o golilaz,o A 58 e gl 4 Jlael (J S (gloag s

Kloas 43|)|

Time )

SO13T 4250 F Gala pitumnns (Y5 (5938 (A1

‘MATLAB



3 T F H 3
Time (9)

(Xur) d«wb [y ).g.l.‘f (!

x, (m)

wonz

z ]
Time (s)

(Xy1) @z cows b (@

Cowly 9 o oulid (guia 8 Gl (2lmler Gl -NVUSS
@151 42 30 F sl iamrns 5152 (102 6)

ol 03255 15 Jloel L 45 5 sn saalie VY S5 & 455 L
Secshee A ar e oo Fe 5l ol az )0 8 pis cosl) G
R O 8 e S U Glp Geimes S oo by a8
oI WS e gy 2l e he A 4 e o 00 5 5l

Sy oo 0ablie 6 plp O 5l i g 0l3] A )0 F i

£
: 3
2 5 <
H L ;
v ¢,
!
ik y .
3 F;
/
t L s
Al T E} ¥ ¥
Time (s)

(xulr) d«w‘) [LIP W) ).!.U (!

¥
S J
i ’
LR J
f /
) -
! R} f,
- i . i
Ey / g ¢
e e ™ |
B i 21

! ¥ tmets”
(X“ll) e S J.y.li‘ (u

Cawly 9 G 0uuld (g0 38 Sl y= (i loml Fowly -1V ISl
S o 53 55 @137 a9 7 3l s 12 (1 20)
ouls ] y5S g ou

20liS S lé 0 (o logas By el o 0l lis Ve S
Sl po o)ls 1) 093 (Job e Jo> (G55l 4 bl (ould
S ol dly it 55 e o5 |y 555l 4 bl (S
Jae 59 5,085 sk jsme s> 5 4 oeld bl GialS )l

il 5T solsT az o A

Rollangle (dexi

T 7 G 7
Time 5}

G151 4250 B Bl pias 55 Sy gl (I

e
138 L

"

4

——

" Time st

5 [
‘I \\
i \
E ! i
K| :
!
L A\
=
g
.
h
a0 ;
? s
4 b
| e :
T 5 T 0
Time (5

6913 4230 A Galad i 53 (5 52 49l (2

S g o JyiiS o 99 58 (6) iy aasls -V S

IRV

Coly 5 o el gunyd gbnl pbuly o ol SSU
2 el e Ay P Gl lagiens gl (myrmy)
35 so blatul la,loges cpl 5l aloads &8I VY g VY Y sl S
o 5 wmse 28I Gl sl 3 |y Sl S &5
Shaad Bl Ly samd Gals Slapten o Sllug als
ol HISET ji Clie 4 e 00T Sl jo

A8 Jleel b a5 05,5 oo onalie VY S5 @ 4255 b (izeen
ok ¥ ay o lee Yo 5l ol az o A s 5 50 50 gl
Sgute 5Ol Az 0 A i ;0 45 e ol s S e la ialS
Sgdgo ol oaome b aliwe ol a5 098 oo 0dalive (5l A Lo yas
Sl o 0SS Jlael 5wl 3] Sl iglidl S
S ol alEl Dl 4y 5,065 (sl UL o]

o S e S )3 BaleS s 5011 Sl ST ()

At d



b8 e g s0Ugd dzme (LS ane sl

Y¥Y

2
<
’ \
' )
g ‘ .
= / ;
0 G oo 2
Lo I TESN Y. i e L i
. K Ziy
v /o
= N J
3 \ ¥
\ '
1 '
& " /
3 . *
.
v
- a2
z =0
Fo T 2 3 *
Thme ¢}
(xuzr) wl) Cooms (A
H
A
H PEE
. "
(, \
3 / b
P
= . :
T e et et
= . ]
- LY i
+ ' ;
H | f
\
i 1
Y S Uncontrolied Lo
H
| ———— Controlled with SMC |
...... Controlled with PID ",
H ; 5 5 + ]
Tome &)
(Xuzl) ST o (&-J

ool a8lal suid (guiy yid Sl (ol Gl —10 D
JAS Sl 95 55 go03T 4z p0 A Galad Gl piwcw (1
ol ] y5S g ou

Coond )0 39250 Sllug solad 098 0 cdalice VO IS0 4y 4z g5 b
ol g 05, s00pm 3 Lo, oauid (guiy 8 Sy 4 ealadlsl o>
sio oasS S8 Jlael b JS oo Sl 4 s yieden Y-

Spdee

G5 A -0
¥ Gl pis b gp095 S G555l oolly ol heghy o
3 eSslr jobie 4wl a3 S5 anlllas 0,90 (g0l ax 0
@ e p g0 o5 LAl L Gl g 9355 S553l
Sl 5l 50 s aizmes g Al 00ld Dgugy 0db G0 8 Coand
a dalol jo .l eoly yoss Jlddes pd S Jow 4 Jld,e
o <531 Ol 0 Bl b s (§ S (o) jplaie
s Joo S 5 L o051 4z p0 A iz gy e Jlabaa olas
OS5 ol 3 # 5t b Jaa b Jleb e 3ol
5 Phb (Bl g 00l Gunyd Cwnd @ )lEe py g
IS 5l (b et S JSdie (g plite 4 2iS (g3ludends
@S Gk p oS oolitul Seilbld a )l (053 950 ouiS
00,5 a8lal a5 ol so aid 5 azes i l38] o33 5l ool (g jlwand
s @1 Sl Gl 4 e o Gl e 4 22
aS 0ed oo blawl iz 00 F o Slils )l jalS cel wed o
Sl gy sty S Jebans & Jb e g5 ) Sl s

2,18 el

3
3
.,
A
o T »
g Tome
{ \
- i 3
2 # Y
< i A
~ . %
O ]
™ \
* -
% .
s < |
\ /y
| S— Uncontrolled ) £
St———— Comrolied vith s;ic™y “o--" f
== Conmrolled with PID  * e
z " L Teoal i
Yo 1 2 3 4 Ll
Time f)

(Xulr) C.ou‘) o ).g.l.‘f (Al

%
H
o " ‘I
S Loe
1570
A
s r g
H f A
: h
- y
£ ﬁ:--\-m;//\\:‘\‘__/
5 e
¥ ;
s
e Uncontrolled " i
SH——— Controlledwith SMC", “o-#" f
===~ Controlledwith PID % s
T sl
Rl it F] T ¥

Tome )

(Xull) G o »b(e

ol y g e 00l Gy i Loy (ol Fwly VY UK
JAS Sl 95 58 (69151 4z 50 A Galad s 5 2 (Lo )
XV JUIL R W)

Gels s @2 00BN slag > om0 9V lajloges )
Az o A g 7 Gl i Gladoe jo 0 (Myyp, Myyp) Legysss
Jloel b a5 35,8 o osalice 3 VFUSE 50 sl 00y s yi (53]
S Cend Ay ol ABlal Canly G pyz el caiiS S
P lp g WS (o0 g 1l e oo ¥ 4 joles Vol onis
A5 ot Gy G o 005 (05 o ALl Gy Caas

bor 2l e les ) 4 e e

281
—

X, (m)

2N
Fal
2 v
] ‘\
. s :
H B y
g 3
% v
g L g
P2l P
o \
)
\
" X i
1 [
] \
3 : ,
. /'
\
s
s L " . )
¥ 1 B E] i 5
Time (s)
(xuzl) G o (u

oS (g i oud ABLSl Slewyr (o lmler Gl VP USY
J S o 95 30 63131 4255 8 Galad (5lb i 52
o J yisS g ou



0 0 0 0
] 0 0 0
0 0 0 -—— 0 0 0
B3 = m Dy =
! 0 0 0 l;”r tlooo
0 0 0
N; -N; 0 0
0 0 0 0 0 0
0 0 0 0 k; 0
DZ = 0 0 0 ,D3 = mu]r
ko 0 0 0 0
Myl 0 0 mgh,.N >
E = ksrls JE, = ksils 5
2(1XX +mgh, ) 2(1” +mgh, )
N;= ls Ny= !

adgo L;alﬂ a0 A oy e Jlad Ao Budad piiwn Sl rizmen
1805 ce (e ) Dyge ar bl Gl

2(1xx +msh,2)’

2(1xx +mshr2)

o o o o
o o o o

0 1 0 0
7(1{321 Jr,"xzr) ’(dle +dszr‘) kxz[ dle
Ao mg, mg, mg, mg,
n= 0 0 0 1
kle dxz[ 7("'32[ Jrksll) ’(dle +dxll)
L Mgyl Mol Mgyl Mol
[ o 0 0 0
Fspr - dsyr 0 0000 0
| M sy AL |0 000 0
2709 0o o 0o ™70 0 0 o™ o
o o Kt dy 0000 0
| Mgyl Mgyl
[0 0 0 0 0 0
kszr dszr 0 0 kSlr d?ilr
Msor  Mgyr Mgsp Mgy
Agp= Ap=| 2 :
0 0 0 0 0 0
k
0 Sal 0 0
L muzl
0 1 0
7(k32r +"‘Sl") 7(‘152" +d51r) 0
mszr mszr
An= 0 0 0
0 0 ’(ksll Jrkul)
L muzl
[0 0 00 0000
Ay = 00 00 Any = 0000
27000 0 oo o0 o0
100 0 0 00 00
0 0 0 0
k
) U 0 0
mu2r
An= 0 0 0
0 o fu

o o o o

Cﬂnm—f‘

97 Gels Glapinw sl > lad Sloles slo s yilo adlge

Siloass al)) ceand cpl o goliT 4z 0 A

25 Do & paple sleladl solil az e £ sded g sl

i 0 1 0 0]
_ (ksl +ksr) 0 ksl 0
A mg mg
11=
ksl 0 (ksl+kul) 0
My, My,
| 0 0 0 0
0o 0 0 0
ke 0y 00 0 0
A mg A 0 0 0 0
12 137
0 o Ku 00 0 0
Myl 00 0 0
0o 1 0 0
0o o o0 0]
ke 9 0 0
muzr
Ayy =
79 9 0 0
0o o fu
L mu]l
i 0 1 0 0]
_(kSV+kM}’) 0 0 0
My
Asy =
2 0 0 0 1
0 0 (kut +k0) 0
L mull |
0o 0 0 0
' 0 00 0
r—0 0 0 0 00 0
A3 =| Muzr A=l 00 o
0 00 0
E,+E, 0 0 E
L0 0 0 0 e !
0 0 0 0 0 10 0
ksr 0 0 0 _(kur kt) 0 0 0
Az =| Mupr JAz3= My,
0 0 0 0 0
| -4, 0 0 0
) 0 0 0
N
mS mS
Bi=l 0 0 0
Ly Ly
My, My,
0 0 0 0
0 1L, L
m m
B2: uzr uzr
0 0 0 0
0 0 Ly
L mull

o S e S )3 BaleS s 5011 Sl ST ()

YFA



Sl s e 5 53Us8 e (Lol s il

YF4

[5] Lul., Messih D A., Salib., Roll rate based stability control-
the roll stability control system, Proceedings of the 20th
Enhanced Safety of Vehicles Conference, 2007.
[6] Penny D N., Rollover of sport utility vehicles, The Physics
Teacher, Vol.42, pp. 86-91, 2004.
[7] Dahlberg E., Commercial vehicle stability-focusing on
rollover, PhD thesis, Royal institute of technology , Stockholm ,
Sweden , 2001.
[8] Chen B C., Peng H., Rollover warning for articulated heavy
vehicles based on a time-to-rollover metric, Journal of dynamic
systems, measurement, and control, Vol.127, pp. 406-414, 2005.
[9] Chen B C., Peng H., Differential-braking-based rollover
prevention for sport utility vehicles with human-in-the-loop
evaluations:, Vehicle System Dynamics, Vol.36, pp. 359-389,
2001.
[10] Cech I, Anti-roll and active roll suspensions, Vehicle
System Dynamics, Vol. 33, pp. 91-106, 2000.
[11] Solmaz S., Corless M., Shorten R., A methodology for the
design of robust rollover prevention controllers for automotive
vehicles with active steering, International Journal of Control,
Vol.80, pp. 1763-1779, 2007.
[12] Solmaz S., Shorten R., Wulff K., Cairbre F O., A design
methodology for switched discrete time linear systems with
applications to automotive roll dynamics control, Automatica,
Vol.44, pp. 2358-2363, 2008.

St (81 poliie Jub Jgy J5ES s o e Smw 55 obl5 VY]
S e Sl (puaige dlme Jlow Jol> (Jaie 5,395 (S953ly s )lwb
ATAF XPETOY o 5 00

[13] Balamurugan L., Jancirani J., M Eltantawie., Generalized
magnetorheological (MR) damper model and its application in
semi-active control of vehicle suspension system, International
Journal of Automotive Technology, Vol.15, pp. 419-427, 2014.
[14] Quoc N V., Park J H., Choi S B., Design of a novel adaptive
fuzzy sliding mode controller and application for vibration control
of magnetorheological mount, Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering
Science, Vol.228 pp. 2285-2302, 2014.

[15] Rezapoor J., Bahramijoo B., Jamali A., Nariman -zadeh N.,
Robust optimal multi-objective controller design for vehicle
rollover prevention, International Journal of Automotive
Engineering Vol. 4, No.4, 2014.

[16] Buckner G D., Schuetze K T., Beno J H., Intelligent
feedback linearization for active vehicle suspension control,
Journal of dynamic systems, measurement, and control, Vol.123,
pp.727-733, 2001.

[17] Wang J., Shen S., Integrated vehicle ride and roll control via
active suspensions, Vehicle System Dynamics, Vol.46, pp. 495-
508, 2008.

[18] Saecedi M A., Kazemi R., Azadi S., Improvement in the
rollover stability of a liquid-carrying articulated vehicle via a new
robust controller, Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile Engineering, 2016.

[19] Ahmadian M., Integrating Electromechanical Systems in
Commercial Vehicles for Improved Handling, Stability, and
Comfort, SAE International Journal of Commercial Vehicles,
Vol.7, pp. 535-587. 2014.

[21] Rajamani R., Phanomchoeng G., New rollover index for the
detection of tripped and untripped rollovers, IEEE Transactions
on Industrial Electronics, Vol.60, pp.4726-4736, 2013.

[22] Slotine J J.E., Li W., Applied nonlinear control, prentice-
Hall Englewood Cliffs, NJ, 1991.

0 1 0 0
’(kslr +kl¢r) 0 0 0
m
A33: u2r
0 0 0 1
0 0 7(kul +kt) 0
| m"ll
0 00 0 0 00 0
ke 00 0 Ky 00 0
Azy =| Myyr ,A43 =| Myyr
0 00 0 0 00 0
| 0 000 0 00 0
[ 0 0 0 0
0 0 0 0
Aar= 0 0 0 0
7(kxzr +k,\'21 )W (dxzr'*'dle W _kle wi _d,\'zl w1
0 0 00
0 0 00
A= 0 0 00
ko xwy gy xwy 000
[ 0 1 0 0]
7(kur+kt) 000
Agq = mulr
0 0
0 0 0]
[0 0 0 0 00 0 0
! ! 00 00 0 !
Bl _ mA\'l mA\'l ’B3 _ muzr
0 0o 00 00 0 0
L0 00 (- 0
7”’\2[ i Myl
0 0 0 0
1 00 0 0
0 0 0 1
Moy 00 0
B) = By = m
2 0 0 o of* “r
1 00 0 0
0 0 0 000 0
muzl
000 000
000 000
D= ,Dy =
000 000
000 000
0 00 0 0 0
0 00 0 ky 0
D; = 0 0 0 ,Dy = Myyr
k
‘ 0 0 0 0 0
Myl 0 0 mSlhr1W2
wi= Iy 1

Wo =
2
) Ixx +mA'lhR

2(1xx +ms1h§

&&=V
[1] Odenthal D., Biinte T., Ackermann J., Nonlinear steering and
braking control for wvehicle rollover avoidance, Control
Conference (ECC), European, IEEE, pp. 598-603, 1999.
[2] Phanomchoeng G., Rajamani R., Prediction and Prevention of
Tripped Rollovers, Intelligent Transportation Systems Institute,
Center for Transportation Studies, University of Minnesota, 2012.
[3] National Highway Traffic and Safety Board,
http://www.safercar.gov/Vehicle+Shoppers/Rollover/Fatalities,
U.S Department of Transportation, 2011.
[4] Walz M C., Trends in the static stability factor of passenger
cars, light trucks, and vans, National highway traffic and safety
administration, 2005.



