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Table 4.1 Type of suspension

Rubber mount

Passive suspension

Semi-active suspension

Mass

|

Mass

Mass

Constant damping
coefficient

Non linear damping
coefficient

Non linear damping
coefficient

No control

Constant valve current

Control valve current

41. E¥Y A

TYM®] 106 kW TX15008 =

ARlew Adase Aes Azstr] flste] AR 2HA] Abolol A 474 @7FEA]

TR
ca )
\\\:_ .\,‘

AR ER A F ol
Wik el A9 el

Ark. ¥ 41

Figure 4.1 Tractor used in this study.

Table 4.2 Specification of tractor

Specification
Model TX1500
Power, kW 106.65
Rated engine speed, rpm 2,200
Total weight, kg 5,656
Front tire 380/85R28
Rear tire 460/85R38
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sz
Zyy T Ly Ler T Zyy
Figure 4.2 Configuration of rubber mount tractor dynamic model.
Cabin dynamic equation
mez. =— krf (Zcf - be) - krr (Z(fr - Zbr) 4.1)
o Crf (Zcf_ zbf) —Cpp (Zcr o Zbr)
]cgc = krf(zr’f be)ch krr (zm" - zbr)Lm" (4.2)

13 A2 ]



Body dynamic equation

myz = k(2 — 2) k(2 — 2,)
+Crf( Zef be)+c (2 — 2,)
4.3
k.tf (th T ) ktT (Zt’r - er)
th (th - z'!‘f) - Ct'r‘ (ZtT - ZTT)
bgb krf( Zef be)[/bf—f—k ( _Zbr)Lbr
Crf( of be)Lbf +e (2= 2, ) Ly m
f(ztf ) tf kt’l'(zt’r T Ry )Ltr
+ th(ztf )Lff CtT (Ztr - Z'r"r‘ )Ltr
Zcf —Z:T chec (45)
Z(’T = Z(: + L(;rgc (46)
4.7
zyr = 2y~ Lyt (4.7)
Zor T *p + Lbreb (48)
49
zip = 2y Ly g, (4.9)
Ztr = Zb + Ltreb (410)
where,
m, 1s mass of cabin, kg

I, is pitch mass moments of inertia of cabin, kgm®

m,, 1s mass of body, kg

I, is pitch mass moments of inertia of body, kgm®

k., is stiffness coefficient of front rubber mount, N/m

CTf

k

rr

1s damping
1s stiffness

1s damping

- 1s stiffness

1s damping

_ 1s stiffness

coefficient of front rubber mount, Ns/m
coefficient of rear rubber mount, N/m
coefficient of rear rubber mount, Ns/m
coefficient of front tire, N/m

coefficient of front tire, Ns/m

coefficient of rear tire, N/m

14 21 ]



is damping coefficient of rear tire, Ns/m

L 1s length from cabin mass center to front rubber mount, m
is length from cabin mass center to rear rubber mount, m
Ly, 1s length from body mass center to front rubber mount, m
is length from body mass center to rear rubber mount, m
L;; is length from body mass center to front tire, m

L,, is length from body mass center to rear tire, m

z. 1s vertical displacement of cabin mass center, m

0. 1s angular displacement of cabin mass center, rad

z, 1s vertical displacement of body mass center, m
0, is angular displacement of body mass center, rad
z,s 1s vertical displacement of cabin at front rubber mount, m

z,. 1s vertical displacement of cabin at rear rubber mount, m

zy,; 1s vertical displacement of body at front rubber mount, m
2z, 1s vertical displacement of body at rear rubber mount, m
z,; 1s vertical displacement of body at front tire, m
z,, 1s vertical displacement of body at rear tire, m

z,; 1s vertical displacement of road at front tire, m

2, 1s vertical displacement of road at rear tire m

A 4D~U4dHE FEAo= Aystd 4 (411) & (412)9F #ow, Z4zp A
(413) & (414)= +efs] £

15 fxi i 1_]| oy



[mco} 2 __[ 11 ka 0] ’ch—zbe

0 LI6,| =L Lol 0 k20— 200
11 ] [ers 02— 20 @10

; [7 Ly Lc’l] [ 0 ¢y _écr _‘.Zbr:|

[mbo} {zb} 11 [k o0 ch—zbe

0 5116, 1= Lor Luel| 0 k] [20r = 20

e 0] |2
A S (4.12)

[ 1 1 ||k O ||z 20p

B | = Ly Lir] | O Ky ] _Ztr_zrr]

11 | fey 0] [z 2]

Ly Ll o ctr} L’n- — Zpr
M.X,=—RK, (Z,-2)-R.C(Z,~Z,) (4.13)
M,X,= RK, (Z,—7)+RC(Z,—Z,) (4.14)

~RK, (4~ 2)-RC(Z,~Z,)

where,

_ mco _ Tnb0
MC[O I} Ml’[o IJ

SlolA Aold WAL R, B, RS A (U5)~(AI0)E ol §ate] UEd W A}
oo BAET A U15~U2000% AT & Qov, oF Fa TG wEA

(413) & (414)= v AYstd 4 (421 & (422)= vepd 5 3l

16 ] 8- r



Z,=R'X, (4.15)

7, = RX, (4.16)
7 = RtT‘Xb (4.17)
Xp, _ (RCTY 120 (4.18)
Xb _ (Rty)— 12t (4.19)
Z‘ , _ RbT(RtT)7 IZ . (420)
where,
X = Z, X = Zh
c 90 ’ b 91)
Z( _ [Z:cf}’ - [th}
Zep Ztr
Z.==R'M) 'RIK, (.- 2)+C 2.~ C.RJR") "7, @20
Z, = R'"M) 'RIK, (2—-2)+C 7.~ CRR" ' Z,] (4.22)

~ R (M) 'RIK, (2~ 2)+ C 2]+ R'(M,) 'R, CZ,

=

£

WA S AEH FiH(state space) XA 2 UERT] fte] AdE] W
(state variable)E 2] (4.23)¢} o] Aosilom, HH ¥ey T o= WHEsto
21 (4.24) ~ (4.2 2 e AT

Ty = ZCf_ be

Lo = Zep = Rpyr
Ty = 2.

_ (4.23)
Ly = Zep

Te = Z¢r — Zpp



Ty = Zyp
Ty = Zitr

where, 1z, is deflection of front rubber mount, m
z, 1s deflection of rear rubber mount, m
x4 1S velocity of cabin at front rubber mount, m/s
z, is velocity of cabin at rear rubber mount, m/s
z; 1s deflection of front tire, m
zy 1S deflection of rear tire, m
z, 1s velocity of body at front tire, m/s

zg 1s velocity of body at rear tire, m/s

Zq

o (4.24)
7I27 1'4
Sle=RT) RE, |7 |- RIOL) T RG [T
En 4 (4.25)
+ Rr:T(Mc)i IR(: a R})T(Rty)i ! [i7}
8
w5 _ [m] (4.26)
1 Z6 ] Ty
.’E | _ X _ X« _ X
= RrM(M,) leK.[ 1}+RtT(M,)) 1Rb0,[ 3}—RtT(M,)) 1}@1@[ 5}
| Ts ] EP) Ty T
_ _ N (4.27)
+[r(M,) 'R, C, — R(M,)” ' R,C.R(R)"] I;

+R'(M,) 'R, CZ,

ol H T x@EAS AP FEe AER vEhlE 4 (428)% #Zo] e

| W% 10 AR F5 Ad HF

N
%0,
lo
&
9
N
>,
b
=y
S
&
&~
5
S
0%
Ul
rlo
N
1>
(o]

18 M 8T ]



L'U = Ar‘u,b‘r + LrubZr (428)

where, 4,,, is the 8 x 8 matrix, L., is the 8 x 2 matrix

’xl' Rsuf — Rslf 9.31 Z:suf_’?slf
Ty Zsur Zsll' T9 Zsm' - Zslr
T3 Zsuf T3 Zsuf
_ Ly _ Zsur N Ty _ Z sur
xTr = - o , = |. = . .
Ts Zif T g T 2o 2,y
L Rir = Zpr 556 2})‘ — Z
. tr rr
7 ?tj ; 2y
L L8] z, . b
tr EN i 2z,
Zr L + f\ X 1 X
—) > — »
Road velocity input RTD P S State output
ARTD

Figure 4.3 Block diagram of state space representation of RTD.
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Table 4.3 Rubber mount tractor parameter values

Parameter Symbol Value Unit
. Mass m,. 275.0 kg
Cabin )
Inertia A 2,526.5 kgm?
Mass my 914 kg
Body .
Inertia 1 1,679.0 kgm?*
Stiffness ki y 570,690.0 N/m
Front tire Damping Ciy 4,394.0 Ns/m
length Lyy 1,508.3 mm
Stiffness Ky, 483,790.0 N/m
Rear tire Damping Cpr 2951.0 Ns/m
length L, 1,244.1, mm
Stiffness k, 1,132,550.0 N/m
Front rubber Damping Cry 2,208.0 Ns/m
mount Ly 798.6 mm
length ‘
Lb f 40 9 mm
Stiffness k,, 618,599.0 N/m
Rear rubber Damping Cry 1,278.0 Ns/m
mount L., 667.4 mm
length
Lbr 1,4251 mm
20 '}‘ﬂ 5 ih'::r
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fo=c, (z,—2z,) (4.29)
where, f, is equivalent suspension damping force, N

L(‘f er

8, Tzr

Body
M,

sz

“of Lij b Zre

(a) Suspension tractor dynamic model with nonlinear time-varying damping
coefficient.
Ll'f er

Cabin 7. T -
M, =
z zrr T

cf
ksf % L!J Csf kg fs
!

Zypp T Zpy

Tzh

L,

(b) Suspension tractor dynamic model with equivalent suspension force.
Figure 4.4 Configuration of suspension tractor dynamic model.
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a9 44(b)°] dA7MEA EdUE F9% 12

e
rlo

A% A& (lumped mass) o= 7}4
& AN (m )T 2HA () el AF Sl tall 524 BF L&, 2)H A 50,
0,)¢] 4 AFEZ FAEACE AHT A Alo]o] AR AbA ok AAE Efol
o= =z A AF(k, k)t @3 AHAF(,, )= EEstsAT Add
EYH 9% 2d2 4 (4.30)~(4.33)9 #e 593

bk AVPEA 7 AR A A2 AR FA WA (2, 2., 2y z,) B
ofo]7} Al AAR A FA WA(z,, z,)e A AWELAVF FES] Hrha
ok ARl A A Tl 2 Aeiel v ALl sl 4 (4.34)~(4.39)
7 o] AR

o

st gANoR Edol sbed

A

Cabin dynamic equation

mc;c - ksf(ch - be) - ksr (Zcr _Zbr)

. . (4.30)
— Cyy (Zcf_ be) +fa
[(ﬂc = k‘;f(zf - zbf)L(’f_ ksr( Rer Zbr)Lm“ (4.31)
+ Cg ( Ref — be) +fs er
Body dynamic equation
M2y, kbf(ch be) + ksr (Zcr — )
e lay—ay) =/, (4.32)
ktf (’th er) - ktr Rgp T ZT‘T)
=% (th er) Gy (ztr Ztr)
19, ks f(ch zbf)Lbf +h,, (2, = 2,) L,
C@f(zr’f ij)Lbf fs’Lbr (4.33)
+ktf(ztf er )Lff ktr (zfr Zpyp )Lfr
+ th(ztf Zrf )Ltf e (2 =2, )L,
Zcf Zc - chec (434)
= sAIf (4.35)
B (4.36)
zy = 2+ Ly, 0, (4.37)
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4.38
Zip = 2y~ Ly ( :

2y = 2y 1+ Ly, 0, (4.39)
where,

m, 1S mass of cabin, kg

I, is pitch mass moments of inertia of cabin, kgm®

m, 1s mass of body, kg

I, is pitch mass moments of inertia of body, kgm®
ky is stiffness coefficient of front suspension, N/m
c;s 1s damping coefficient of front suspension, Ns/m

k.. is stiffness coefficient of rear suspension, N/m

ST

c,, is damping coefficient of rear suspension, Ns/m
k., 1s stiffness coefficient of front tire, N/m

¢;; is damping coefficient of front tire, Ns/m

k,, is stiffness coefficient of rear tire, N/m

¢, 1s damping coefficient of rear tire, Ns/m

L,; is length from cabin mass center to front suspension, m
L, is length from cabin mass center to rear suspension, m
Ly is length from body mass center to front suspension, m

L, is length from body mass center to rear suspension, m

L;; is length from body mass center to front tire, m
L, is length from body mass center to rear tire, m

z, 1s vertical displacement of cabin mass center, m

c

6. 1s angular displacement of cabin mass center, rad

z, 1s vertical displacement of body mass center, m
0, is angular displacement of body mass center, rad
z,s 1s vertical displacement of cabin at front suspension, m

z,. 1s vertical displacement of cabin at rear suspension, m

cr

zy; 1s vertical displacement of body at front suspension, m

24 ___:rx ! _ki_ ]_-,l: A



2z, 18 vertical displacement of body
2z, 1s vertical displacement of body
2, 18 vertical displacement of body
z,; 1s vertical displacement of road

2z, 1s vertical displacement of road

2 (430)~(4.33)9] EoE WS

2] (442) & A (443)0. =

o, 77

R el
0 L6, [~ Les Lol 0 kgl 20—
_[ 11 HCSfO} lﬁzef—fzbf
Ly Ly, |00 Zo — 21y
[mbo} ol [ 1 1 [k 0 ][z
0 4lle,| L= Loy L]l 0 Kyl [20r
SRR %cf%bf]
L™ Lor Lrl L O 0] |2, — 2,
[ 1 1 ] 7k7tf 0| 7fo_
B = Ly Ly || 0 k] |20, — 2
1 1_ctf0'['ztf—
|~ Lis Lin) [ 0 1] |2, —
[ 1 11][0
B |— Ly Ly, | _fs]

— Zbr ]

at rear suspension, m

at front tire, m
at rear tire, m
at front tire, m

at rear tire m

PHA o7 AHes
Zrers] A Eoh
beJ
Zpr

Lkl

Zhf

Z, ff

rr

er
z

rr

MCXC:_RCKS (Zc_ Zb)_ Rcaef(z(‘,_ Z?))—"_RCFS

MbX:b:Rst (Zc_Zb)+RbC;f(Zc_Zb

- RbF s
where,

m00:|7 M):[mb0}7

M‘:
0 £ 0 1,

&

)_ Rt[(t (Zt
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cr Zpr Zir Zpr
z z . z V4
Zep by Zty Zpy
0
F =
s [fs]

ol Ao wadE R, R, RS 2 (444 ~(446)& °1 &3t e}
[ez]

Abolo] FAE A (447)~ 4490z AT 5 9on oE EI =

(4.42) & (4.43)s Al Aystd 2 (450) & 45D)= YERd = Q)

Z(} = R(JTXC
Z, = RbTXb

7, = R'X,
X,=(R) 'z,

)"(b:(RrTylét

Z b RI;T(RtTy 1Zt
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(4.50)

+R/(M,)'R.F,
z, = R'M) 'RIK, (2,-2)+Cy2,— CuR/(R') 2]
- R'(M,) 'R|K, (z,—2.)+C, Z,] (4.51)
- R(M,) 'R, F,+ R'(M,) 'R,C,Z,
T3t AN A T3 ¥dAow Y] Yate] AE WSS 4 (452)¢h

| Aelstion, A Mg FAAor WHEeto] 4 (453)~(456) 02 HEFHA

Ty = Zep ™ Ry

LTy = Zep = Ry
T3 = Zef
T R (452)

Ty = Zf,f _er

Te = 2 — Zpr
L7 = ét f
-
where, =z, is deflection of front suspension, m
x, 1s deflection of rear suspension, m
x4 1s velocity of cabin at front suspension, m/s
z, 1s velocity of cabin at rear suspension, m/s
z: 1S deflection of front tire, m
zq 1s deflection of rear tire, m

z, is velocity of body at front tire, m/s

rg 1s velocity of body at rear tire, m/s

?1 _ [x3] (4.53)
[Zo] L T4

T UARY I ) BRI TR ]

B ) 4 (454)

+ Rr:T(MC)i IR(: Gs'beT(RtT)i ! [iY] + R{:T(Mc)i IR(:FS'
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(4.55)

(4.56)
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el
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z=Aprpr + Bprph, + LPTDZ r

(4.57)

z = Agrpr + Byrpl, + LSTDZ r

(4.58)

where, Ap;p & Agpp is the 8 x 8 matrix,

Bprp & Bgpp 1s the 8 X 2 matrix,
Lprp & Lgrp 1s the 8 x 2 matrix
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T L §
Road velocity input PTD

Road velocity input Lsrp
Fy + AN X 1 X Fy + AN X 1 X
e ___.( = L E— _,( =
Suspension force input BPTD g S State output Suspension force input BSTD + N\ S State output
+ +
Aprp Astp

(a) Block diagram of PTD. (b) Block diagram of STD.

Figure 4.5 Block diagram of state space representation of PTD & STD.
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Figure 4.7 Damping force-speed curve according to applied valve current.
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Figure 4.8 Circuit diagram of valve solenoid.

V="Vy+V,=iR+L— (4.59)

= (4.60)

where,
V 1s voltage applied to valve solenoid, V
Vy 1s voltage across resistance, V
V, 1is voltage across inductance, V
i 1s current flowing through valve solenoid, 4
R is resistance of valve solenoid, 2

L 1s inductance of valve solenoid, H

Higl Aol B o] A&} IYEl A= WHe 2o weh Wstely] e ==E
A 7IH A& gdas SAHSAY. EYH W BHe] 2= £33 10T ~
!
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Thermometer

valve

in dry oven

Figure 4.9 Test device for measuring valve resistance and inductance.
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Table 4.4 Specification of proportional control valve

Nominal plant(2,) Model parameter
model parameter uncertainty range
Resistance, 2 6.1428 [5.1193, 7.4221]
Inductance, mH 0.043 [0.0508, 0.0686]
P, (s)= 1 (461)
" 0.0543s +6.1428 '

g AojlH o] A7 dukA o2 PID(Proportional Integral Derivation) #©]7]

2 ALgEte] AA AF7F 715 A5 (reference current)d] EEE £ JEE ¥

ol FYel ¢kt 7tElFE WS Alojsitl PID Aoz AA A



Al Adkel vlastAv33]. g 7t EFE AN S whes dAUPEAE
23l 5 4% 2= AlEd o]H (four-post road simulator)o] A AldS Z Y3}t
2 AlgdolHoA AlPES B3 o= AT AP oA WHEARS o=
o golatn, et = e dis) A de AT = 7] WEolth 3% b
A} AS7E AFES] AR AA A FAY 72 VMERE S5 on

AW A oFAe] =% AnE Al shel o34l

o Al A S R b ke g AsE SHE A& 5 3l
7] el oA AU K= ATk gele] AlaE SEe B Sl
T otk AdE FEe sAHoR AW JEs el dEd FEe 74

AR Aty )E 1.9817secolth. @7FEA= WHO 32+ HA79 S 200mA

(hard) 2 FA138 M= AdS APstArh AEdeld Zdl 5 dA7PEA EE

wa
Atsiey = 77 (4.62)

tractor

where, Atg,, is time interval between front and rear step input, sec
L,, 1s length of tractor wheel base, m
v

tractor

is velocity of tractor, m/s

O 4115 AFEGoA e Ag AJEdolde] HAoE vug AR (a)e
He] 4 7hErolm) (b= AAle] ZhEmoltt. AP AolA Al a AlEH ol
< O% 4128 Fa5 G A AdH AlEdeldS Hug FFT(fast fourier
transform) Aol (a)&= 7WHIe] 42 7l& %ol (b)& A9 % 7H&Eolt)
A AR AnE AvEA a9 4119 AIRF Yol Ade dAHer d=a
# I A zke] kAol vl FARSHA e 1F 4129 Fukg o o
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0.487 m/s%, 0.545m/s*E Al E#H | AA 11.91% ¢ <Qx7F TAEATE H)
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f
£
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Cabin acceleration (mlsz)

Cabin acceleration (misz)

Test result
Simulation model

[\ /}\\/(\ ["'pc\ m\ MO "]
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(a) Cabin acceleration

Test result
Simulation model

2+

A

Time (sec)

(b) Body acceleration

Figure 4.11 Comparison of result between test and simulation in the time

domain.
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Table 4.5 Test and simulation FFT results at maximum peak

Frequency, Hz  Acceleration, m/s? Error, %
Test 3.000 0.487
Cabin 11.91
Simulation 2.999 0.545
Test 3.000 0.433
Body ) ) 7.62
Simulation 2.999 0.466
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Ly - G.D
k, = Lw, k;= Rw (5.2)
ks+k
sy = T w(Ls+ R) (5.3)
s s
(©P) s
C(s)P, .
y _ 5 i -5 W (5.4)
r 1+ C(s)P,(s) 142 stw

where, k,, k; is control gain of PI controller
w 1s cut off frequency, Hz

C(s) is transfer function of PI controller

ol

A A" Bds Yo R 100 Hze AdF34E o] &3ste] AAlE PI #|of7]

= 2 65 Zrh

Cls) = 5.4273:614.3 (5.5)
5.1.2. @ #AZ7] AA
A A MR JFE AT FFL 9istel AgE PL Alelv]E WHe) 2%

7 80CE Wahx] o= Aol ¥ Alxa® mulS giaoz AAFC 1y
EHEO A4 54 4 #BEde 2% ¥yt A 2 # glom 2xo net
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Figure 5.2 PI control system with disturbance observer.

u,=u+d (5.6)

y=Plu+d) (5.7)

u,= QP 'y= QP Plutd) = Qu+d) (5.8)
u,=01Qu+d) —u' t=d{Qut+d —u)} (5.9)
w=u, — Uy (5.10)

ATFAZF7]0 AHEFHE Q ZHe 2 G1D)H 22 JHE wEsioof r[37]
sdle] A3 2d pol(s)o] A (nominator)$} X (denominator)®] k4= o]
ol Au) 24 (relative degree)7} 10]7] wj&o], Q ZE 9 Aa4E 10 He2 A
AR Q HE O AAS(time constant)™= 0.01 s& AA At AAH Q@)Y

Ay= A (512)¢F 2

Ck(TS)k+Ck,1(TS)k71 +-F e
(Ts)l+al,1(75)l_1 +--- al(TS)+a0

Qs) =

45 A . !_' .



Edz pdE i e AlEe ol

Disturbance 4
Reference current —b@—b PID(s) ;ﬂ p+" s -
_l u_r zZ u up ﬁ

~
.

92 a9 539 #oh

PI Controller

r Plant model (Valve)
u_d_hat =]

dhat Current measured

Valve actual current

DOB Controller

g AaE ol &stdt AlEH el

Ir

Al dl o] Al = (time

(P oIA = 26.7%

Figure 5.3 Valve simulation model.
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Figure 5.4 Valve current of simulation model with PI controller only.
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Figure 5.5 Comparison of valve current results between simulation model
with PI controller only and with PI & DOB controller.

Table 5.1 Time constant of simulation results under system uncertainties

PTn PTmin PTmaz
Time PI only 0.161 0.118 0.173
constant
[sec] PI & DOB 0.162 0.162 0.162
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7HEEE AH et dES 3 xdstd 26149 2o
t= Az + Bu+ dgys (5.13)
z,=C.,,x+D,, u (5.14)

where, d,,, is disturbance
Cimes Dyme 18 matrix to transform tractor states variable

to cabin acceleration

Gsm,(t = [7]‘1(7 1R{:Kv 7M7 IR(:Csl 0 Mﬁ IR(:CyisbT(Rtj)il]
Dsm(; = M: ch
ANE 7S5 dEte o2 A (regulation)H E=E 2 (5.15)9F o] &glold
Aee Agear

s=e+ e (5.15)
where, e=r—2z,
r 1s reference value

A 1s positive constant

g o} Z = X (Lyapunov) $H 45 24 (516)~(5.18)3 #Zo] =3t

p— L (5.16)
2

V=ss (5.17)

s =ce+ e (5.18)

Azl Bs oA csh 8 Fake] so] telahu

)

49 ; J',ﬂ k._ 1_'_” =1



e=r—Ca—D,u

(5.19)
= T’ — QW(’,(AxJ'_ BU‘i’dsys)_ Dsmc’L.L
é = r — C;mc(Aﬂ.f"" BLH‘ dsys)_ Dsmcd

(5.20)

=7 — o lA(Az+ Butd,,)+ Butd,,)— D,

:S: T - CYsmc [A (Ax + Bu+ dsys ) + Bu + dsys] B Dsmc;L'L
+ A [T - Gs"m(: (A‘T + Bu+ d&’/s ) o Dsmc’l}l]
= [7 CgchBu - Csm(Bu - Dsm(::L.L - ACLW;BU* )‘Ds'm,ca] (52D
+[r— CpeAAz+Ar — AC,, Ax]

+1=C,Adyy, — Copollyrs = ACo o)

smc SYs sSmcsys smc=smc

o ult)—ult—1) _ rit)—rit—1)
dt ’ dt
(5.22)
- u(t)—2u(t—1)+ut—2) - rE)—2r@E—1)+rt—2)
(dt)® ’ (dt)®
s=|-¢,.AB—-C,, B/dt—D,, /(dt)?—\C,,.B—A\D,,,/ dtlut)
+C,,.Bult—1)/dt+D,,, [2ut—1)—u(t—1)]/(dt)* +AD,,, ult—1)/dt
(5.23)

+lrt)—2r(t—1)+rt—2)1/ (@) + Nrt)—rt—1)]/dt

—Cyne AAx — XC,,, Az + 6

smec smc

Where’ (5 = [7 G@?YL{!A - CTS’WI (J/dt - AGS’TH,(:]dSWL(: (t) + GS‘TU(',dSyS (t - 1 )/dt
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wolng Aol AHRtS AAFGo=N 9 gs = WFom ofF F

b 29 Aol 4™ wE A G243 #Zo] AAskd (G172 A(5.25)% 2ol
A7

w=|[-¢C,AB—-C, Bldt—D,,./(dt)?—\C,,.B—\D,,./dt]" "

smec smc smc smc

x[-c,, .Bult—1)/dt — D,, 2u(t—1) —u(t—1)/(dt)* = AD,,,.u(t—1)/dt

smc smc

—r(t) —2r(t—1)+r(t—2)/(dt)> = Ar(t) —r(t—1)/dt (5.24)

- CVSTIIC

AAx —\C,,, Az +6 —u,,]

where, u,, =—nsign(s)

(5.25)

N

A7|ng 283 AA AT golznx o
Fo] A7 B35 @4 So] HER sty 2w Al2EoA] ool whEk P,
o]

g Fo] A HEE Ao dgs AT
n>16l=0,V<0 (5.26)

AAlE Setold e Alojr]o EAY = = AEPES HAaAT77] fske] 4

(B.27)% o] Ao Aol 3} 5 =Yt
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Uy, =—nsat(s) (5.27)
where, ¢ is small positive constant
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d, Aol 4= (control input)> 7Fa] = Ao )= (control damping force)”7l = %=
AAENT. Egold = Aol AN JEEE 71 @9 03 wlaste] oxf

(error)E AlMbstaL 7iNl 7hEE ge &efold HWo] =dstes EUE JH S

shgo 1Y Aol YL wEe] Wk

52 &1



smcHC_disc_total
][geference__valuei

ref

[contral_target] H L ¥ u 4“ N”Pfl
P =
2 M [m
z0H -
=T
[ [ 2

(a) Simulation model of sliding mode contoller.

Reference value=0

Cabin acceleration (m/s"2)

SMC Control damping force (N)

Tractor states

Yy

(b) Block diagram of sliding mode controller.

Figure 5.7 Designed sliding mode controller.

53 ] L- ‘_h "'5]'_ 1



Al & o] A

1

P2

6. EFEH Aol 2d

54

Body

PP N of m W ® T
M jus I = m.L m ww= % b
=5 owm oA - =
= 3 . ©
B o= = W Mo T b
O T2 o =) @
o B < Rt g 28
- O e 5
@Jﬁe_%% Boap A w7 g
.A ) N
R W o U B mﬁ
oo _ H O o Gedl 1 o
IR Mo Z LIS
Ko A M T % o B
X —
=~ X Mm W " Mﬁg w 2 g
A o T omo o~ T 2 | T Wk
EO Wi ]_l]_ #VJO V,JWE N ~ aF !
Joo Ml o Ty 5ok 0
- - £
‘W_—IL 0o E_ W ) ﬂ_tm H;V ® -
T 2w R Tk o € || M=l
(LT o oy e a LW
) ol o [ry £ :
a}] o | il o £ 3
R Tou odo 2o 5|5,
woo.om " ok ok CRE o et
r o~ T ﬂ_ = H o N wm (Y =
o N M o5 o B o M o =
W oo BT u} o H o B L
g 2o Fx N pT T
IR 5 ° R
nE PR R D CmaT
I R— A R e 4
px B E T 1 L R 5
LN - (O w oo 2o
o % il E_ o T o S T =
T ﬂ L o = T
™ " . 7o =
FEEZET 4 F¥rIl §
pul H 3o ] oy 7
a0 T T A o0 B e S Y

Figure 6.1 Flowchart of rubber mount tractor model.



s

At A Aoj7] REQl PI Alo7], 9

——

T " N F T AN % o —
o 5 ® o ROB N T ; oltil
s up B oF = =
S T T~ B .| &2 _
Bwoe B T W w B . 1 e

.ﬂﬂO X Mmoo (== = = .8 55 © . e
AT oy T g S5l —|3 e
= e L qr o < £ g3 e e
- ®m Dow T W o o 8 - s i
0 OE — ‘ml ~ = >
TN ° 4y - S
so Mo T o = 4 M 9
< A b P X iy s

~ N ol o X0 F W 5
S Y R 2o -
o — gl XL -~ = X0
— ® g X NoX o o
X ~ OB RO = £ Z
T o= RO = L K oy : z

— o o 0] % g

— AR o N = F B X M 18 =
O N . N 5 g )
ﬂwo \mﬂ numa O#E fito) 1&.1_ M M 2
il i T L £l : .
N OF 9N oy o g| = 2

w0 XK X AN g =
B S ok o A . 2

T A= W 13

IO m | T " o g g
%0 L At B -
B L W oy TN = it -

- w o o R e E o
ﬂ Gil ,Ul XO . fu N = =i 52
N SR L W m,# : i gl |/ E

) N L T 5| E- S g S
w BNy o o Ele — ¢ 3 =
o o L = 3 W o H [=] m [ Ty o e 2
S b 8N T L ooowow =g wr s sl
R B I A 2|8 — 1 L i
g ° 55 T ® o g L B - i N
< m w,_ o D qm,_ m ; m m“ ©
I B wpow WOF X | T 5 =2 g

r —_— il 0 i : = I

L I R : =
xwm D EF onw by o _ - =

TR T W W R o< .
%??MM%%M&H £
,u| ‘IEU' ‘Aluﬂ X ot .ZT.C \w N “A7_.D \.mr‘._ nmn.m

T o= oo o o X o|
oW & & ool kW ox X



A% 54 Awsk @

N
K
(L
ag

il
=

-

Tor

Aoj7] mel PIL Ae7], 9

| ESE Alo] Rdlle] A& o]

il

Aetzlel ]

22 Ao

bl
M

ﬂo

2ol

A

JJ)
IH
wrﬁ

—

¢

—_—

jend

A

=
=

(control damping force)<

==
=

o]
H

Ton

qr

—_
fite)

=71 7]

w7
o

o7} PI Alo]7] ¢} <&

=
=

Ao 7] =
© 5 Hhyl o

gl

A7z Bafjo] A4siy, #7t

s Wy

]

o

al

—_—
fite)

o
Wy
]
i

I~ d7H

9]

g we

o

pu

]
A

T
Nl

—_—

N

56



Road input

Plant Model

Tractor Dynamic model

States, x
cabinacc

Controller

Suspension Relative
Velocity, mm/s

Suspension Damping Force
Controller

Control damping
force, N

Damping force - Valve Current map,

Damping Force, N

Suspension Relative
Velocity, mm/s

Valve Actual Current, mA

Valve Voltage, V

T30
t2 i
Ta0ma
a0 i
vt
4 [ 12508
K- 1580A
H 03
= = |
BT 300 am am | eeae s
L 23 f
a8t ™
l
an -t
Pinton speed (mm/s)
Valve Actual
Current, mA
Valve model
Ls+R

)

e iy
53
TEEN

i3

A1 08 4843 01 04 01 1 1
Damging force (4 ot

Valve Control
Current, mA

Constraints

B €)= taryget current
HrgelE) = Iyt = 1)

Valve Current
Command, mA

Valve Controller

Figure 6.3 Flowchart of semi—active suspension tractor model with

controller.



6.2. Model-in—-the-Loop Al & d oA

HoHe] dH(p )R EE RdoE= & (z)d thdk 9 A(impulse) FEIE 7}
AT A HA w=H 24 Al v (sine wave), 7 WA = ZAS A A

(step input)e]™, A HA = ZAL ISO 86082 =% S H(road class)o|tl. EH
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Table 6.1 Comparison of frequency and magnitude of peak point for tractor

cabin acceleration according to suspension type

1st peak 2nd peak 3rd peak
Freq, Hz Mag, dB Freq, Hz Mag, dB Freq, Hz Mag, dB
Rubber 3.0 41.26 0.5 28.93 12.0 30.44
Passive 3.0 39.32 5.6 25.93 16.0 14.92
Semi-active 3.2 21.23 49 20.84 18.0 513

e
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Figure 6.5 Frequency weighting of vibration signal for vertical direction

given in ISO 2631-1.
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RMS

Table 6.2 Peak value

VRS YT
BT

(6.1)

n=1

of tractor cabin acceleration at step input

Tractor
velocity
5km/h
Ste
. P Tkm/h
mput
10km/h

Acceleration,
Ratio, %
Acceleration,
Ratio, %
Acceleration,

Ratio, %

Peak value
Rubber Passive Semi-active
mount suspension suspension
m/s® 23.14 15.06 7.80
- 65.06 33.71
m/s* 22.27 14.69 891
- 65.96 40.02
m/s* 24.58 16.22 9.07
- 65.99 36.89
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Table 6.3 RMS value of tractor cabin acceleration at step input

RMS value
Tractor
velocity Rubber Passive Semi-active
mount suspension suspension
Acceleration, m/s® 2.52 1.72 1.15
5km/h
Ratio, % - 68.17 45.42
Step Acceleration, m/s’ 2.54 1.72 1.19
. Tkm/h
nput Ratio, % - 67.61 46.73
Acceleration, m/s* 2.66 1.83 1.23
10km/h
Ratio, % - 68.90 46.41
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Figure 6.11 ISO 8608 road input for tractor model.
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Table 6.4 Peak value of tractor cabin acceleration at ISO road input

Peak value
Road
type Rubber Passive ~ Semi-active
mount suspension  suspension
Acceleration, m/s” 3.76 2.81 2.21
Class A
Ratio, % - 74.86 58.85
ISO . )
Acceleration, m/s 3.98 2.65 2.05
road Class B
. Ratio, % - 66.49 51.45
mput
Acceleration, m/s® 7.01 5.89 491
Class C
Ratio, % - 83.98 69.99

Table 6.5 RMS value of tractor cabin acceleration at ISO road iput

RMS value
Road
type Rubber Passive Semi-active
mount suspension  suspension
Acceleration, m/s? 1.24 0.89 0.77
Class A
Ratio, % - 72.10 61.85
ISO ) )
Acceleration, m/s 1.47 1.01 0.84
road Class B
) Ratio, % - 68.98 57.25
mput
Acceleration, m/s” 2.45 1.77 1.44
Class C
Ratio, % - 72.03 58.82
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Figure 6.15 MicroAutoBox and SCALEXIO.
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Figure 6.18 Test results comparison between MILS and HILS at 7 km/h.
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Abstract

Development of Control Algorithm

for Tractor Semi—Active Cabin Suspension

based on Sliding Mode Control

Kyeongdae Kim

Department of Biosystems Engineering
The Graduate School

Seoul National University

Tractors travel on uneven ground and are mainly used for agricultural work
with large load fluctuations. The resulting ride vibration of the tractor poses a
threat to the health of the worker. Therefore, several studies have been done to
reduce the ride vibration of the tractor cabin, but there are still ride vibrations
that exceed the international standard. Cabin suspension is drawing attention as
a way to effectively reduce ride vibrations. Among passive, semi—active, and
active suspensions that can be used as cabin suspension, studies have been
conducted on semi-active suspension because of its low power loss and
excellent ride vibration reduction performance.

Studies to control semi-active suspension were mainly conducted on passenger
cars. There are many research cases that effectively reduce ride vibration of
passenger car through wvarious control techniques such as skyhook, optimal
control, fuzzy logic, and sliding mode control. However, since tractor is
systematically different from passenger car of which sprung mass is greater

than the unsprung mass, research considering the tractor structure is needed.
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Research on tractors equipped with semi-active suspension remains in research
using optimal control techniques. However, the optimal control technique may
deteriorate control performance due to the uncertainty of the system parameter
that may arise from the failure to accurately measure the complex system of
the tractor and the fact that the working environment which is easily exposed
to disturbance.

Therefore, in this study, a half-car tractor dynamic model considering a
tractor structure was developed, and the accuracy of the model was improved
by reflecting the dynamic characteristics of the semi-active suspension and the
proportional control valve current. And a semi-active suspension control
algorithm was developed and applied to the dynamic model, using sliding mode
control which is one of the robust control technique. The performance of the
control algorithm was evaluated by comparing the simulation results. According
to the simulation results, it was confirmed that the vertical acceleration of the
cabin in the tractor equipped with the semi-active suspension decreased by 55%
when the input road condition was a step input and decreased by 41% when the
ISO8608 road level. And Hardware-in—the-Loop simulation was conducted on

controllers to verify the real-time property of the developed control algorithm.

Keywords : tractor ride vibration, tractor dynamic model, semi—active suspension,
sliding mode control

Student Number : 2020-26978
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