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ABSTRACT: This paper deals with the design and experimental implementation of an extended state
observer for a fabricated quarter-car suspension platform with a McPherson mechanism equipped with
different sensors. The algorithm aims to estimate uncertainties and road input, leading to an accurate
dynamic model for the vehicle suspension system. In the proposed method, the terms including
uncertainties and unknown road input are added to the system equations as new state variables and then
estimated along with other state variables using data of sprung mass and un-sprung mass displacements.
A nonlinear Kalman filter with unknown input is also designed to be compared with the extended state
observer. The comparison results using the experimental data under measurement errors indicate the
high accuracy of the extended state observer in constructing a precise dynamic model for the system.
Meanwhile, the extended state observer uses fewer sensors and its regulation is easier. Both observers
are used within the structure of the active suspension system under an optimal nonlinear controller to
provide the objectives of the suspension system. Co-simulation results of Adams/MATLAB show the
better performance of the proposed controller using the extended state observer.
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1- Introduction

Active suspension systems (ASS) are designed to enhance
ride comfort by isolating vibrations due to road irregularities
while ensuring tire contact with the road to improve braking
and steering capabilities [1]. Accurately estimating road
irregularities and obtaining precise information about the
suspension system are essential for the development of a
dynamic model used to design model-based controllers. To
achieve such a model of a vehicle suspension system in the
presence of uncertainties and road irregularities, estimation
algorithms based on sensor information can be utilized.

This paper aims to provide an extended state observer
(ESO) to simultaneously estimate the road input and model
uncertainties of vehicle suspension systems. The proposed
method utilizes information about the sprung and un-sprung
mass displacements to estimate model uncertainties and
disturbances. Given that this information is unavailable via
sensors in real-world environments, the necessary outputs
of the observer are derived through the double integration
of band-pass filtered accelerations. Practical tests for a
fabricated suspension system with a MacPherson mechanism
are used to verify the presented estimation algorithm in a real
environment. For comparison with other common methods,
the obtained results are contrasted with the unknown-input
Kalman filter developed in references [2, 3]. The results
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indicate the superior accuracy of the proposed method
in estimating the states of the system, road inputs, and
uncertainties. In the rest of the paper, an optimal nonlinear
controller based on the provided observers is developed. This
control method has previously been introduced by the authors
in references [4, 5]. The primary objective of the proposed
controller is to enhance ride comfort, ensure admissible
working space, and maintain tire contact with the road.
The efficacy of the controller is verified through ADAMS/
Matlab co-simulation studies. Furthermore, the results are
compared with those obtained from the controller utilizing
the unknown-input Kalman filter. The comparative analysis
indicates that the ESO can effectively estimate the state of
the system, road input, and uncertainties. Consequently, the
resultant controller demonstrates a robust performance in
reducing body acceleration despite the physical limitations of
the active suspension system.

2- The Overview of the Estimation Algorithm

Figure 1 presents an overview of the proposed estimation
method for a quarter-car structure. This method utilizes
two Wilcoxon-777B accelerometers to capture vertical
accelerations of the sprung and un-sprung masses at 100 Hz.
Data is collected and processed using LabVIEW software via
a data acquisition card. The estimation algorithm corrects
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Fig. 1. The overall structure of the proposed algorithm.

mismatches between the theoretical model and the actual
platform using displacement data derived from the double
integration of filtered accelerometer outputs.

3- State Space Model of Quarter Suspension System
The state space of the model of the system can be derived
as

X =X,

)‘CZ :f; +?u

X, =X,
X, =f,+dx, —Lu, 2)
m

us

where x; ., , are the states of the system including the

displacements and velocities of sprung and un-sprung masses.

4- Extended State Observer

By utilizing Egs. (1) and (2) and augmenting the terms
of uncertainties and unknown inputs as additional state
variables, the state space model is effectively expanded as

& =AE +EH, +Bu,

3
y, = Cgi’ ( )

(i:1,2){

where
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inwhich F, = f, and F, = f, + d,x, . With these definitions,
the observer state-space is obtained as

2, =Az, +Bu+L,(y, -y,

Y. )

(i=12) {

where the observer gains are shownby L, =[8 5, /ig]T

and L,= [ﬂ4 ﬂs ﬂs]T .

5- Results and Discussion

The comparative results of the proposed observer with
the unknown-input Kalman filter are presented in Fig. 2. As
illustrated in this figure, the proposed method demonstrates
superior performance in estimating the displacements and
velocities of both sprung and unsprung masses.

6- Conclusions

In this article, an extended state observer algorithm has
been designed for estimating uncertainties and unknown road
inputs. The results indicate the efficiency of the proposed
extended state observer in reducing estimation error in the
presence of various sources of uncertainty and disturbances.
Additionally, comparative results with an unknown-input
Kalman filter demonstrate the high accuracy of the proposed
observer in providing a reliable dynamic model for the
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Fig. 2. The comparative results of the proposed method
with unknown-input Kalman filter.
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Fig. 2. The schematic of the quarter-car suspension system.
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Fig. 3. Experimental platform of a quarter suspension system.

o S5 51 ES Ll g0 ol ol edly i Y S > oS bl o
ol 93 ad o odlatul o3> (6395 Mei (sly (S yaumg Sl
b Bleoys 5 3lao p > (3908 slaclis (g, Soiluil (sl TS iShis
G503l S du 3l ecpl s 0gMe Canl 0l A B Vv ulS)8
Bhe pr> 2bulr g Bl abmle 6ySejlul oy TSyl brle
Lol il dg ol ond odliiwl il lex b oodls (63555 o
LS‘)'.’ Lads d...»lnj oKiwd (59, oM ua ‘_;o.hl Q.Sb slaodly &S
Ol pas s edS wpeSll 53 g Ngdioe elitul (oxiwlie]
SSoilul glaodly (Ngd b a8)S IS 4 a8l (55005 1> odldiul
Jloyl a9cd 53810 35 4y Caiog i) Jluis &8y 00> )8 33,1 5l o
bealadsie dacdls s ly pwolbils (cboodly e jd g oo
.J)y»u.c odlaiwl P9Lw1; D)l} $29)9 9
2 € e gl (Oliyy aiBldnng Al Sy (038 @l
ke €= 0N Hlade F S wyp b sl odd ool ol ¥ S
Sl Blro e 5 Blae pr2 o g Lo pbule (e3S 3 1) 3)Slas

S abrls b 5055 Sl 3l 3)50 Sla 295 g o0 03] (34055
L oodd 03] (pedS (slagusl (pizred Miad Blaopd g Bl o>
B9y p oMb cuas (Sl sl Sus lawg sl g puSejlul glaosls
b obay ool @l ol )3 85,8 0 )15 (i)l 2050 Stalojl elStsd
A 53 - Ngd oo dunlie polaali (639)9 b (o pé (llS yild o1y )oS]]
[ o (gl 38l 5 5 oozl b adls 13 38l 5 g0 s S gulis pgd
hb bl Jdle s s Bl Jae Gisu ol g g e 4l el
oAb 03] eSS 03> (63959 5 s I edlatwl b oaiS J S 4 ond
S (oo dwlna | 5l 390 JIb (695 ) Sy Bl it 2
39l p wmla b (63959 9 b 3918 (b BalaS it 048 S
92 2 e JUb g Jldpd Gl it gl Cules 53 0535 o0 L2

b dinlg duolie SCog) g9

a5 gy 3,5bos i) sl 2l8islol slaosls jl uols gols -V -5
O 5Sn p3lSe b BaleS s S 08 il ool ol

3 Wilcoxon
4 Opkon

1 MATLAB®
2 Adams

VoA



VOYY B AYAR doxio VFY Jlo VY 05l DO 095 ¢S ool SilSn i 4y

'—e'= 0.005 ===1¢ .: 0.01 ==¢ =‘0.1 g 0.05
0.01} 5
3
—_ [}
E 0
o S
%
-0.01F é"
; £-0.05 ' ' :
0 5 10 15 20 ) 0 5 10 15 20
Time (s) Time (s)
o ol
—¢e=0.005*+¢=0.01 ==¢=0.1 0.5

e, (m/s)

Sprung mass velocity (m/s)
o

- -0.5 : .
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
< <
%102 —€=0.005+++¢=0.01 ==€=0.1 E 0.04
£ 0.02
2
Z 0
g
£.0.02|
Ey
- £-0.04
0 5 10 15 20 ;é) 0 5 10 15 20
Time (s) Time (s)
& &
—€=0.005 ¢ = 0.01 ==¢=0.1 % 0.5 . .
T T T E
z
2
;o
<
g
o0
5
o
5-0.5 : -
) 5 10 15 20
Time (s) Time (s)
c '

) Blro o2 almle (mesS gl (0 (Blae 2 (alomle (W) (alejl 5 ilisee pa3lie gl (53ldubay (09 gl G lie .F JSUS
tule s b (g (Blro pf 02 2l (& (€ = Z; ) Blao 2 Cat s e85 (U8 (& (Blro 2 Cut s (0 € = 2,
(€ = 2,) Blropt o2 o o (o5 glbd (g c3lao el 012 Sy (g € = 2, ) (shaoped 012

Fig. 4. Comparative results for the proposed method for different values of in test-1, (a) Sprung mass displace-
ment, (b) Estimation error of sprung mass displacement ¢ = Z , (¢) Unsprung mass displacement, (d) Estima-
tion error of unsprung mass displacement ¢, = z, , (¢) Sprung mass velocity, (f) Estimation error of sprung
mass velocity e, = zZ, , (g) Unsprung mass velocity, (h) Estimation error of unsprung mass velocity ¢, = z, .

yo+4



1;:5

05t o

los
[ a i L St R

Sprung mass displacement (m)

~——Measured
-0.5 +=="Double integrated with band-pass filter
----- Double integrated without filter
0 5 10 15 20

Time (s)

—

o
W

et
NP AN PN G NN TP NN TIPS PULINTNI NP

Unsprung mass displacement (m)
o

—Measured
==Double integrated with band-pass filter
=0.5 [ weemDouble integrated without filter
0 5 10 15 20
Time (s)
)

By 052 ool (2 Glre 02 ol (W gbuly BIUSmw aulie b JSW0

Fig. 5. Comparison between different signals of displacements, (a) Sprung mass
displacement, (b) Unsprung mass displacement.

slbs sl onds S s Qall =8 IS 50 0ud ool i cwgiaww o3l
Ohgy B Cawl 0ad 03y lis =F S 50 &S edls (6099 (eSS
W o s 1y e Glilice] 5 bacuabadpie oo j3 (ol
il pae (il (gl g (sl 45 canl 53 & oY 5 )
piY aSS plilonds olwlud M3 28ly piwaw ¢ 3uds oSb;y Jdo
@olid gl [T ] a2pe 3 0ad &l lagty) 5l &5 wilioe )55 &
Cawl o 0dlatl Bulsd pits (sl sl )b
abdrwg b Sugy bwy pimmw caskisie & Jb;
LS5 ol dgbien (Sloyirh gl whese @Bly ) Wgd e 03] (eSS
e | adgl S Gl Scagy (Sl jo a8 wib o S5 4 p5Y
s o Soliy> ly s gl Jso (ol 4051 90 48,5 55
lolid g 0391 (b e ©jg0 ) Bl glaiel)l g 0l aidgs Bl
5 Blo py> e wSle ola el glh Solnd cpl Ll o o
25 Jb 0 gloy Jsb j0 a8 wil e edls Byl 51 64,9 clilizel
b adgl Solus ol 51 ool olwl ey 39 o0 (2Bly Jto
2 Db ee Jdo (e 0diiS S 5 Sles yialS Carge oniS S
3y adsl Salid 4y g 0ad 035 (re3S (aBly Jao sla 295 bl
g1ty 02435 J 55 Sl 5 3905 (Sloyisn |y Saoliz> o b g o

slp g b (IR (23FL Cop €SS )5 pilie sl a3
5 x50l g & gl gy slagoly 3529 b 5SasS olie
b ol il e laled aous

2 Srepd g sl p obelr loodly | wd S5 &5 pshailen
o yiwd ¢ xlg bawsme 15 48" ool ) g o edliil (odlgrin Scug,
92 b oysSIl nl 5o nlpls Al ced phlSal Waosls cpl 4 it
L3S oke sl o bawg ond Jild Qs slaodls I oS Sl L
@ Glaoyd g Bl 2 abmle coodl ¢ 5 Yo g o /D glad (il 8
bl Bl (gl o o0 alad 8 L ISV ilE sl e s
Sl lp g Ve ghd G538 L)l lS 5 5 baieolis
buwg osi &l Sluls ooy I plply 3] Wloads edlatsl 39
SIS ao 5 ity piysN b))l slp Bro plbrl b ySKus
Bl pr 2lmlr oS G duglie 8 JS5 290 00 o3litul gols
Comad 028 yild Qb gla 29,3 89> ISl jl g y5ts (3lany
Sl L ey ol 1) ol by S (295
Mol gty 5,51l glallas s 4y 13,8 ik cygls sl
I8 e b gl camlio alad LS 3 S, 5] oolitl | il oo
Sagy vl gl b obrly dly Jod BB o JiSew ol
Dol Cawd 4y

6399 bawgi wiuam 00,5 alnMe YU 1 o zls a8 islel

‘A K



VOYY B AYAR doxio VFY Jlo VY 05l DO 095 ¢S ool SilSn i 4y

—¢=0.00522¢=10.01 ==¢=0.1

0.01

-0.01 1

0 5 10 15 20
Time (s)

Road input estimation error (m)

<

0.05
E
g 0
el
’.g
&

-0.05 : * :

0 5 10 15 20
Time (s)
&I

N Glnlojl 3 0ole (639,5 (oS (glas (0 odl (9399 (W15 JSUo

Fig. 6. (a) Road input, (b) Road input estimation error in test-1.
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Fig. 7. Comparative results for the proposed method in test-2 with and without model updating, (a) Sprung
mass displacement, (b) Estimation error of sprung mass displacement ¢ = Z, , (¢c) Unsprung mass displace-
ment, (d) Estimation error of unsprung mass displacement ¢, = z, , (¢) Sprung mass velocity, (f) Estima-
tion error of sprung mass velocity e, = Z, , (g) Unsprung mass velocity, (h) Estimation error of unsprung
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tion, (d) Control input.
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Fig. 14. Comparative results of active suspension responses based on extended state observer with non-

linear Kalman filter with unknown input, (a) Sprung mass acceleration, (b) Suspension deflection, (c)
tire deflection, (d) Control input.
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