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where,
= damping coefficient of the mass [N - S/m]
m = mass [kg]

k = stiffness of the mass [N/m]
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Damping ratio of suspension

Figure. 1. Compromise present in suspension
design (figure from Sarami, 2009)

7R 9 Aol WYL AA REs5 3 (Semi-active)$t -5 3 (Active)
2 vt Figure. 2014 X A o] Hbesd A7PEAE @99
e ATE AAAAE T3 E_%i?% T Ae FHolth A7PA ol A
B2 AYAE st

o =
= [e)

E2HDissipate) A 7= 9&& =, ¥t d Aodes 22Xy A

| 2 S

A

[K

stA 7= Zo] oty HH | o =
o HkEEdE Ao AEHE HIHY FTHReE FE upE
(Frictional), ER(Electrorheological) 3, MR(Magnetorheological) #3 &
o] Ao} w2 Y= FFHUE 22 F29 IV|E -5t oF

e X |
w

rﬂ‘

_10_



o
0{
é
£
N
N
=)
b
e
2
o
)
>
AL
>
ﬂ
b
Y
Q‘L
(e
o
1>
o
2
™
=
iy
&

H
g k2o wls] AA|AQA =WHo|A o] e zZEAWF Figure. 3 (Sarami,
20090 A4 AT = A= A 2ol Ao WUt T ol vls A
= o]

ol dth= EHel Atk

&Y Aol WAL QF AqUAYAS FYsted AFolHE A
Aojste FEE LItk 55 AAHN2A2 Figure. 394 & & A&
A Zol Aud £x A r dte F& ATE F e AHE
7RI AL Aot SAITE Q] Fo| A oA e TFA A Hokstr] wfjiEel A
AR && FHAA GHE zZtetha & 4 9tk Table. 1 (Cho,
2017& A7HEAl FRE Aol ThsAdd odA &M Zs dis e
Wi Ao

2 AFoAME AAHA 284S =ola FAY FFE dUEA 9
GHE BT F e v Ed WAE ol &sto Ao dugEs N
stazr o i FQl EfE O AEEHE @ys vhEa g@yoly, v
GAAEEE 53l 5 2Ho] 7H53stES AAFHUG

~ 11 -



(I} Passive Suspension

(1) Semi-active Suspension

(111} Active Suspension

Boady

Body

Body

Spring

T:I-l_lﬂamper Spring

Figure. 2. Types of suspension control

Semi-active System

III

Comrollable
Damper

Fn Farce
|_‘!J Actuaror

Active System

Figure. 3. Working area of the semi-active and fully active suspensions
(figure from Sarami, 2009)
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Table. 1. Comparison of passive, semi-active, active suspension system (Cho,
2017)

. Semi-active ,
Passive system Active system
system
No feedback Feedback loop Feedback loop
Feedback
loop concluded concluded
E N
nergy. 0 energy Low High
consumption consumption
1.4.2. Z2H Ao
Ao Fa dge wHUoRREH Bojok FA4L FFod &
Azre Hrsty AAY F4E i 2F 45S ANAE Zoloh
25t2@ wde] Aeel sEAon tesy] s nad WA A
o] A7}t WFyHo] FAW ok WA Weets AFAEE g
dota STl AAe) A s el Ao Az sfudn
A wRe] F2o] Solem W Fo wgd Fubel gl BAVL AR
o} 53], HZBumpy &% 9l LEE(Pothole)dt 22 XS A o
o) Ag FAL WS 4@ Woluw ok AP Ado] EAE 2 T
T Atk wEkA olef e FAIE Aty fa 54E Jidel =g

Alojoltt. vk A% APIY wwe] JUE v
AT WY 5 5

T 'E' =1
EdAE 24T  AvY T4 F5 E&e SUs & 5 s Ao

o AEE AE 4 Q= W o 2= 37 Sensorst WheelS o] &
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Scan Angel: 0.5°

Intensity distribution function per measuring point

Figure. 4. Laser sensors scan the road surface profile. An individual
distribution function is assigned to each spot (figure from Streiter,
2008)
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medium controller imf
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selector
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Figure. 5. A system of manually adjustable dampers for vehicle
suspension (figure from Barak P., 1989)
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¢ MuE 12V 1Y Al BErt dejs FEely de Ade £ #
zE 59 Z}%% Fwol dasta, st Addls EYEY Al 2|

AAE Aot HEA B E = 0~1.5A 74A1 9] HF7A
%*% 24T 9low 15A 49 A Hd /& 55
Atk AAEE Hlg A BB o] ARFS Table. 29} 2ot
AL AEEE 2 3& d 7 RS ddye o

Fo} 27t A2 dA= = AA 2 (Regenerative) +22 A
O—] [e)

Figure. 6. Suspension valve block for front axle of agricultural tractor (HUSCO
International, USA)

e
A& sty



N

O—8 B0

Figure. 7. Hydraulic circuit of the front axle suspension(CNH T5 110)

Table. 2. Specifications of proportional valve (HUSCO International, USA)

Name Specification
Max Pressure 350bar
Min Differential Pressure 10bar

Flow

75lpm @15bar

Typical Threshold Current

575mA delivers

Max Current 1500mA
PWM Frequency 100Hz
. 12V or 24V with Deutsch DT
Solenoid
connector
Typical Hysteresis 35mA
Step Response to 10% <100mseconds

Max Internal Leakage

0.50cc @100bar

Fluids

Mineral based or synthetics with
lubricating properties

_18_




2.1.2. A &d o] E(Test-rig)

A7 WH B S AP s, sH, dheEd Ao &
18 E 59 MEE A8 Al EY o E(Test-rigle] FelE 7NAsA T 7]
= AFNA A8 AlEFolEE H-Z8<d 2 ddde 457t 1
d&=o] A= FEdTh 71E ATFdAY F522 Figure. 8 (Cho, 2017)
I 2o fFEdd drF Alz"eA ofFEdE o, asEE 5o Al
e AHUn g8 st 4 F 849 EAHS Fofstr] ST
EAoIAT #E3d @7FEA A ofFEHIHE HYSA 7IAE o &
3 =W FALS FFdte 9FE I, uFWEE FFY &5 F
A3l vpge] Aoz U E BAATE HH e 98-S st AT
7R 9 Ao daglE MEs HslAE IAFEE Zte Quarter Car
Feo AF7E MAAZ BaAo]l A7) wWEl  Figure. 9, 103 2
< P AEHHE M AYES st ol AAT 9 A4
+ Sprung massell dMTd= FAF(Weight)7h &2bd 4+ 3, AdH

ol A= 7FA(Excitation) A EEE A Xl F4&
olth. Aol AHgE AYds datel AH&d AUy =2
Ao 2EZ 3 110mm, 92EF 27 50mm, 2=8 27 32mme] AR
zheth 7R AfRTEE AAY] Fad AEsd 4-8HzE T
< 2Hz oA 7H o+ AEF 2 (@) (Baver, 20105 <A=E st
Axkek A3}, 0.16L, Sbare] offEelE §FL W °f 60kg
Sprung mass FAFZ AAT F ot 7R AAY el A2 B (Figure.
1D, &< H=Z(Figure. 12) 59 AAIZ ARgH2 Table. 3 (Cho, 2017)3%
2

= 7 A= 94

£ % e
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Cc

w: _—
mpg

w=2nf
Fri=mzg
jo L [nFag
27 po Vo

where,
w = Angular velocity equal to natural frequency [rad/s]

¢ = Spring stiffness of an accumulator [N/m]

m = Mass of a sprung material [kg]

Natural frequency of a suspension [Hz]

Acceleration of gravity [m/s?]

Q
I

Sprung mass

1

Unsprung mass

Figure. 8. Schematic diagram of a
hydraulic suspension system (Cho, 2017)
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Figure. 9. Quarter car test-rig simulator guidance
designed by CAD

Suspension
Valve Block

Figure. 10. Quarter car test-rig simulator with 1DOF
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Figure. 12. Hydraulic pump and motor (Unipack System)

_22_



Table. 3. Detailed specification of excitation part in the test rig (Cho, 2017)

Name Specification
Frame Size(mm) 1500x1020x725(WxDxH)
Effective area(cm?) 7.07, 19.60
Hydraulic Cylinder Stroke(mm) 150
Mass(kg) 100
Accumulator Nominal volume(L) 1
Max. flow rate(LPM) 109.2
Model No. 403F-90L-30-21.201(Moog)
Servo Valve Rated flow(LPM) 90
Rated pressure(MPa) 14
Rated current(mA) 30
o Model No. WSSA-100(Woosung)
Amplifier
Input voltage(V) -10 ~ 10
Model No. UNI-98(Unipack System)
Hydraulic pump Maximum flow -
rate(LPM)
Model No. H-15HP-4P(Higen)
Electrical motor Rated power(kW) 11(60 Hz)
Rated speed(RPM) 1760

2.1.3. PROTO =+

Figure. 13014 & A3 2ol | SU7ALA tIETHA
BRWH AUAE @R Ae EdAHE T ot MR Tx:
Figure, 140]4 &8 % 3l AT 2ol 279 fadAbE 23
28 Fe2 BAsA WA Yom ojFEHolE oA 27} A
Hof Atk A&Fe Ao FAL HRPVODOE Fo] HEE £
4 dEE AjHgeny ANAN7) U 45Y 4 Y T2
oltt. webd el 9 $2el BRololE tLEA Eah} 2
2 gxolt HACich) $4UL 2% 5 Y= o= ALY
[e)

Ak 9 fF 84S FAIFHA AL Table. 4, Table. 59 2t

[o
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ZH AE YA LIDAR AA(TIM51, SICK)E A&3tgoH,
Z LIDAR AA&= w &=3F 2214 9] dHlolEHRHE 53ttt AREH AlA
TA7IE EEE FEEIE AT o4& FA F HFd of 0= =
< Tl 7ol FHE A HAT AAT7E HAXE Fole AFO=E
0.9m Aol FH$ZF AFOEHE S Aol Holxl A H o
stith. LIDAR AlA & He A3 2305 o A4 WALE o] Fo}
ANZHE Algbstel ARlE AlSshe 553 AAE o7 A dF
A WA —EE}. AAe] 54 Ags AW 8m ola 1° 9 =
Zte=th Ao Aol o9& of =+ LIDAR ASE HASH] 9
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A2 A ole ERolDH 4FHE FHol= HA(Pitch) &FE 3)A
Hesd #2 E o] &t BAsIA T LIDARS IMUS| FAZ Q1 A
¥ Table. 63 2t} (Figure. 15)
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BLIDAR IMU(Inertia
Moment Unit)

A“?‘T

Accelerometers
R

Figure. 13. PROTO agricultural tractor with front

axle suspension (Daedong Industry)

Table. 4. Specifications of PROTO vehicle

Name Specification

Manufacturer Daedong

Model Name TGLSD

Power(kW) 75

Weight(kg) 4170

) 1) Mechanical LSD system
Properties . .
2) Hydraulic front axle suspension
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Figure. 14. Hydraulic cylinder, accumulator and front axle suspension system
designed by CAD

Table. 5. Specifications of hydraulic components

Name Specification
) 2EA(Piston: 50mm, Rod: 32mm,
Cylinder
Stroke: 110mm)
Accumulator 2EA(15bar, 50bar)

Suspension Hydraulic
Valve

2EA(On/Off), 2EA(Cut-off)

Maximum Load

Max. 7200kgf
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Figure. 15. Sensors attached to PROTO vehicle (Left: LiDAR, Middle:
IMU, Right:: Accelerometer)

Figure. 16. Comparison of LIDAR data before and after pitch effect
correction
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Figure. 17. Comparison of LiDAR data before and after roll effect
correction

Figure. 18. Installation Position of accelerometers (Left: front
axle, Right: vehicle body under cabin)
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Table. 6. Specifications of sensors installed on PROTO vehicle

Name Specification

-Model: SICK TIM551

-Light Source: infrared ray(850nm)
-Angle Range: 270°

-Resolution: 1°

LiDAR

-Frequency: 15Hz
-Distance of Scan: 8m

-Model: SBG systems Ellipse 2 E
IMU -Roll, Pitch: 0.1°
-Heading: <0.5°

-Model: Dytran 3273A1T
-Sensitivity: 10mV/G

-Range: 500G(peak)
-Frequency Range: 3-10,000Hz

Accelerometer

Figure. 19. Controllers for LiDAR seonsor and hydraulic suspension
valve block (Left: Lenovo Thinkpad, Right: EXS-IOXP(STW
Technic)
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Figure. 20. LiDAR data acquisition with LABVIEW

Table. 7. Specifications of controller for LiDAR and suspension solenoid valve

Name

Specification

LiDAR controller

-Model: Lenovo thinkpad E450
-Processor: Intel Core 17-5500
-Operating System: Window 7
-Programming language: LABVIEW

Suspension valve controller

-Model: ESX-IOXP (STW Technic)
-Processor: 16MHz
-Interface: CAN 2.0B

-Input:  Digital  inputs(20),
inputs(2), Analog inputs(12),
-Output: PWM outputs(4x3A), Digital
Outputs(8x4A),  Stabilized  voltage
output(10V)

-Weight: 0.3kg

RPM
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Target Flow

HUSCO ¥H =%

Proportional Valve
Control Signal

Test Flow

Figure. 21. Concept of suspension valve response test

3
\
” I"' l"h I"“'
25 1 Tdetay = 28 |l"‘ i i A [
e l-'}-' 1, ! l\ \ s \ ! L
- - b L 0y i
AEXT AN AT R
2 %y Lt ! bl L Y
E (IR = e b <1 1
E r )
T 1
Z1s ;
& '
i
2 f
]
1 : ;
i i
" ' ——Target_Flow
[} ]
0.5 ii '
' 1
6 : - - -Test_Flow
g S==c—wam--) v
18 19 20 21 22 23 24 25
Time(s})

Figure. 22. Result of suspension valve response test
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Axerage Distanced £ ~C-)

e . - [ ™ s |

Step 1: Acquisition of
road surface information
by 2D LIDAR sensor

1 —
4

Step 4: Converted to the height of the road

surface according to the vehicle direction.
Using the RANSAC algorithm, a road
regression line is obtained

Step 2: Accumulate 2D LIDAR data as vehicle
moves. Multiply vehicle speed and sampling
time to calculate the distance between road

surfaces

Step 5: RMS value of each point
is calculated from the regression line to
quantify the roughness index

Step 3: 3D representation of accumulated road
surface data

Figure. 25. Road roughness quantification procedures
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Figure. 26. Test fields for roughness index evaluation: (a) pave road, (b)
pebble, (c) bush, (d) grass, (e) off-road
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Figure. 27. Average distance value at each sample
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) & [thrl,thTQ]

[ -

(
ubump =01if yavg (t) - yavg (t_
where

y,(t) = the distance of each sample point to road (m)
Y, (t) = the average distance of each sample to road (m)
N = the number of sample points at time ¢

Uy, = the existence of bump (boolean)

thr, and thr, = upper and lower threshold values

4

_‘-

Figure. 28. Speed bump used for detection algorithm evaluation
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Figure. 29. Hydraulic circuit of suspension block
designed by SimulationX (PCV: Proportional Control
Valve)

Figure. 30. Configuration of hydraulic circuit part in the test
rig
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Figure. 31. Damping characteristics curve of proportional damper
obtained by SimulationX
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Development Process

F.zT

Figure. 32. Half car model (figure from O’ Donnell, 2012)

msé‘./ + Cs1 (ysl - yul) + Cs2 (y82 - yuQ) + ksl (ysl - yul) + ks? (y82 - yuZ) =0
1595 +1 (Csl (ysl - Z/u1) + kg (ysl - yul)) —l (052(31:92 - Qu2)+ ks (ys2 - yu2)) =0

:& _ Cs1 (ysl - yu1)+052 (y82 - yu2)+ksl (ysl - yu1)+k82 (y82 - yuQ) (5)

mS

where

m, = mass of the body of the car

g}.s = the center of gravity of car
ki, kg = coefficients of the springs
C415Cqy = coefficients of the dampers

[, = the moment of inertia of the car

@ = angular acceleration
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Figure. 33. Flow diagram of the half vehicle model
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Figure. 34. Half car and hydraulic circuit co-simulation model designed by
Matlab/Simulink
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Figure. 35. PROTO vehicle experiments by road-simulator
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Figure. 36. Chirp signal input from 0 to 30Hz

Figure. 37. Installation position of accelerometers on PROTO vehicle



Simulink
Maodel

Results
Comparison

PROTO
Vehicle Model

H Erpenmenhl }_‘
.

J

Matching

Figure. 38. Simulation model validation procedures
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Figure. 39. Block diagram of preview adaptive control algorithm
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thump(t) = the time to reach the bump (s)

dyymp(t) = the minimum distance from vehicle to bump (m)
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Figure. 40. Flow chart of preview semi-active control based on bump
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Figure. 41. Overall flow chart of preview semi-active control algorithm
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Figure. 42. Adaptive controller designed by Matlab/Simulink
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Figure. 43. Contact point tire model used
for the simulation model (Sarami, 2009)

ﬁ;ﬁire - kt(zl - Zo) + Ct(zl - Zo), (7)
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where
F

e = Tire dynamic force
k, = spring coefficient of tire
¢, = damper coefficient of tire

z, = unsprung mass displacement

2z, = road profile
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min (z; — z) ®)

where

2z unsprung mass displacement

road profile
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@
Figure. 44. Test fields for road roughness based preview control system for
front axle suspension: (a) pave road, (b) pebble, (c) off-road, (d) bush
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Figure. 45. Hardware set-up of PROTO vehicle for
bump detection based preview control evaluation

Figure. 46. Bump detection based vehicle test
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Figure. 47. Boxplot result of road roughness index in evaluation
fields
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Table. 8. Results of bump detection evaluation with LiDAR

3km/h 5km/h 10km/h
True Positive 1 1 1
True Negative 981 913 488
False Positive ) 4 2
False Negative 0 0 0
Accuracy (%) 99.49 99.56 99.59
1] .
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Figure. 48. Difference of average distance when travelling
even road and detecting bump using threshold
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Figure. 49. Data matching result for hydraulic circuit model verification
(Fully open)
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Figure. 51. Data matching result for co-simulation model verification
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Table. 9. Modified parameters of co-simulation model

Name Specification
Main body mass(kg) 3600
Front wheel mass(kgq) 400
Rear wheel mass(kg) 900
Front/Rear tire stiffness(/V/m) 460000
Front/Rear tire damping coefficient(Nm /s) 5000
Moment of inertia about pitch axis(k:gmg) 8000
Distance from rear to CG(m) 1.5
Distance from front to CG(1m) 1.2
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3.3.1. AlEdelAd 7|uk Ao 45 Brt A
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AT HEAE2(0ffroad)ol A o] 7R &L IA gk=H, ol A
AE wRzdo] g ITAA FEolA Aole] sl A4 o
2 Qo dZdE 4 Ytk & AYPolA A5 MEPER wW 4
b it B EEAE S A% =we] Fenct o FAel 4
o9t olsh Ze AAoR As) AU HOR w@ AV} DE A
W B SolA H 2 AR g4 e 2 5 Ud o o3
= 4 Ao (Figure. 52)
apassive apreview
Improvement (%) = x 100 (10)
apassive

where
Apassive = acceleration of passive system

a = acceleration of preview system

preview

Table. 10. RMS body acceleration of passive and preview semi-active control

Passive(m/s2) F;_(‘e:;'ii‘f:{ms/igi Improvement(%)
Bush 0.046058142 0.041776139 9.296951285
Grass 0.191480953 0.189461906 1.054437295
Offroad 0.123859833 0.122983224 0.707742662
Pave 0.034150608 0.032860836 3.776717651
Pebble 0.324286675 0.270 16.69711199
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Figure. 52. FFT results of body acceleration according to 5 different
road conditions (a) Bush, (b) Grass, (¢c) Off-road, (d) Pave, (e) Pebble

0.35

0.3 4

0.25 A

RMS Acceleration

0.1

0.05

RMS Body Acceleration

H Passive(m/s2)

m Preview Semi Active(m/s2)

0.2 4

I
4 pre|
o

Bush Grass Offroad

Pave

Pebble
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Table. 11. RMS tire dynamic force of passive and preview semi-active control

Passive(N) Prx&“"\’e(ﬁmi Improvement(%)
Bush 84240.20269 83649.23263 0.701529719
Grass 61757.19291 63783.33023 -3.280811884
Offroad 69282.22505 69004.03381 0.401533347
Pave 65155.71949 56798.6245 12.82634135
Pebble 77402.1473 84323.69825 -8.942324207
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Figure. 54. FFT results of tire dynamic force according to 5
different road conditions (a) Bush, (b) Grass, (¢) Off-road, (d)
Pave, (e) Pebble
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Abstract
Development of semi-active hydraulic
front axle suspension control system
based on road surface sensing of
agricultural tractors

Lee, Junghwan
Department of Biosystems Engineering
The Graduate School

Seoul National University

In this study, as a part of the development of high performance
tractor, we developed the control technology to improve the passive
front axle suspension of domestic agricultural tractor. The front axle
suspension acts to attenuate the impact of the road surface and
improve the steering performance of tractor. However, the passive
suspension system with the fixed characteristics developed in the
previous studies can not actively cope with the various road surface
conditions in which the agricultural tractor is used, and has a
disadvantage in that it can not satisfy both ride comfort and steering
performance at the same time. In addition, due to the characteristics of
the hydraulic suspension designed to withstand a high load, there is a
problem that the impact absorption efficiency is deteriorated due to the
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slow reactivity when the electronic control is applied. In order to solve
this problem, the this paper aimed to develop a suspension control
technology of semi-active type using LIDAR sensor which can recognize
the road condition in front of the vehicle. We have devised a method
to quantify the roughness of the road surface using a 2D LiDAR sensor
and designed an adaptive suspension controller based on it. We also
developed an algorithm for recognizing road surface obstacles by
comparing average values of road information measured by LiDAR
sensors, and developed an algorithm that changes the damping force of
suspension before passing obstacles. Based on the simulation, the
performance verification of the control algorithm based on the
roughness of the road was conducted, and the controller applicable to
the actual vehicle was designed based on this. As a result of applying
the roughness based control strategy to the actual vehicle, it was
confirmed that the vertical acceleration of the vehicle, which is the
index of the ride comfort, is 66.5%, and the vertical movement of the
axle, which is the index of the steering, is 10.1% lower than that of
the passive suspension. Also, as a result of bump recognition based
control strategy, it was confirmed that the vertical acceleration of the
body was reduced by 54% and the vertical displacement of the axle by
51%. Therefore, by applying the electronic control technology to the
passive suspension system, it was concluded that the controlled
suspension system has better performance than the passive system. In
future research, it is required to study road recognition algorithm using

inexpensive sensor considering mass production.
keywords : Front axle suspension, Semi-active control, LiDAR sensor,

Road surface detection
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