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OREDLAB - SNU

Off-Road Equipment and Soil-Machine Systems Design

Off-Road Equipment

Noise & Vibration

Powertrain Design & Analysis

Time Recording

Ace X

Acc Y

Ac,

- RPM: Tachometer
+ MIC: Microphone
+ Acc X/Y/Z : Tri-axial Accelerometer

System Analysis

SOREDLAD

Lab. for Design af Off-Road Equipment and SoilMachine Systems

Soil-Machine Systems

Track system

Travelling derection
Engane theust
p \ Vehicle weight .
: E j hicll igh
B e U R ] Vehicle weight Track plate
— ——
e Travelling direction
(a) Traction mechanism of track vehicle "
Wheel system >
. Soil thrust
Engine thrust Engine thrust
Travelling direction Grouser
—
Vehicle weight (c) Grouser or Lug

L v
Soil thaust

(b) Traction mechanism of Wheel vehicle

Interaction between off-road vehicle and terrain
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Project Overview
Tractor Ride Vibration

Serious damages to
worker'’s health
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MATLAB BEXlPO

Project Overview
Tractor Ride Vibration

=  Paved Road

= Transportation

= Unpaved Road

= Agricultural Tasks

@é@ EDLAD

Lab. for Design of Off-Ro



MATLAB BEXP

Project Overview
Semi-active Cabin Suspension

Passive

Semi-active

Active
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Project Overview
Semi-active Cabin Suspension

Piston
displacement & speed

Proportional
control valve

-300 -200 -100
0.3 -

Damping force (N)

-0.6 -

0.9+ x10°

Piston speed (mm/s)
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Project Goals and Challenges

Model Based Design

Complex System

Non-linear System

Cost & Time
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Project Goals and Challenges

= Disturbance

= Uncertainty

3000 T

25001
2000 |-Ref. Signal
1500 d

. 1000
o

= [lack of sensors

Ma

500

=500

-1000

1500 1 I 1 1 1 1 1 1 1
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Time(Sec.)
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How did we get there and leverage MathWorks

= LT] System Modeling
— Half car model
— Symbolic math toolbox
— State space representation

= Robust Control
— Sliding mode

'Qéq@ ?EDL/\B
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LTI System Modeling

Half car model

L L
Cabin 7. T z,
ME —_— _ L] _ L]
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S 0.3 1
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x10°
Piston speed (mm/s)

Lt T Ly L, T -

Mz+Cz+ Kz = f;
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LTI System Modeling

Symbolic math toolbox & State space representation

/Man )y symbols & Complicated Formu/a\

Mz+Cz+ Kz = f,

8 X 8 Matrix ‘

\_

8 States

J

SHOREDLAD

Lab. for Design of Off-Road Equ

Symbolics M, C, K matrix
Mc = eye(2) .* [m.c; I c];
Mb = 2) % b; T_b];
syms mc I cmbIhb e
syms c_s1 c_s2 c_t1 c_t2 Ks = eye(2) .* [k_sl; k_s2];
syms k_sl k_s2 k_t1 k_t2 Kt = eye(2) .* [k_tl; k_t2];
syms L_sul L_su2 L_sdl L_sd2 L_t1 L_t2
- - - - - - Cs = eye(2) .* [c_sl; c_s2];
syms x Ct = eye(2) .* [c_tl; c_t2];

Symbolic math toolbox

syms z_sul z_su2 z_sdl z_sd2 z_t1 z_t2 z_rl z_r2

syms dz_sul dz_su2 dz_sdl dz_sd2 dz_t1 dz_t2 dz_rl dz_r2
syms ddz_sul ddz_su2? ddz_t1 ddz_t2
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Lup L\

Csl = eye(2) .* [c_s1; @];
Cs2 = eye(2) .* [@; c_s2];

Lsdl 'Ltl
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space space representation

x =Ax + BF + Lz,

Easy & fast

),

x= Ax+ Bu
y=Cx+ Du

p

~

/

12
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LTI System Modeling

Plant model

= 3 Types of plant mode/

— Rubber mount

1.2
— Semi-active suspension with constant valve current 3 .
— Semi-active suspension with sliding mode controller § o '*"%.3’ o W
09 =10°
Piston speed (mm/s)
I
. . M
g osl —— 1580mA
é_ I .360 -260 -1;10 N
g 0.3
.o_g-—><105

Piston speed (mm/s)
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Robust Control
Sliding Mode Controller

= Shiding mode control?

— Nonlinear control method

Forces the non-linear system to slide along a sliding surface

— Strongly robust

Mathematically estimate and suppress disturbances & uncertainties

Do not need to know precise value, but bounds only

= Templates

— Easy to design

[reference_value] ref

[control_target]

]

f._]
A
iD

[tractor_states] ® X hat

smcHC_disc_total

MathWorks
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—»

NoOp

- [control_input]

[m

[

e=1r—-y=0 -2

S

e+ e

origin

»

/

sliding mode reaching mode

v sliding surface
s=0

Control Input = damping force, N
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MATLAB

Robust Control

Semi-active suspension constraints

- Magnitude constraints

— Depends on valve current

= Direction constraints

— Only to dissipate the system energy

Semi-active Active

F F

SHOREDLAD

Lab. for Design of Off-Ro

Control damping force, N

Magnitude
constraints

1400 1

1200
1000

80 |

Valve Current (mA)

600 1 |\

/8001 \\

Damping force — Valve Current map

Damping force (N)

14 11 -08 05 -0.2 01 04 07 1 13

%105

Valve control current, mA

Direction
constraints

Ity (t) = target current
g (t) = lge(t— 1)

if sign(FV) <0
if sign(FV) =0

Valve current command, mA




Simulation model
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0.03

ent (m)
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Step input £ o
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Road displacement (m)
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MathWorks

Road input
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Tractor Dynamic model

uspension Relative
Velocity, mm/s
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> =
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I
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Speed — Damping force map
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———T20mA
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Valve Actual
Current, mA

Valve model

1

States, x
Cabin acceleration,
m/s*

Suspension relative
velocity, mm/s

Valve actual
current, mA

I Valve voltage, V
J
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Damping Force, NJ LS

Controller

Suspension Damping Force
Controller
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Control damping
force, N

b

Damping force — Valve Current map
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Valve Control
Current, mA

Constraints

Iege(t) = rmaeilrrer:r if sign(F¥) <0
Trge(t) = lyge(t = if sign(FV) =0

h | |
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Command, mA
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Road displacement (m)

Road displacement (m)

Simulation model

Step input

at 5, 7,10 km/h

0.045 7
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0.035 ‘
0.03 1
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5 o

0.015 1
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0.005

Front wheel
Rear whee|

0 1 2 3
Time (sec)

ISO 8608

road class A, B,

at 5 km/h

%107

C

Front wheel

0 2 4 6
Time (sec)
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Road input

[

Rubber Mount

\

Road input

Tractor Dynamic model

Tractor States

\_

>
Body

>

%

Semi-active Passive

Plant Model

Tractor Dynamic model

Valve Actual Current, maA

Controller

Constant
Current Value

Valve Current
Command, mA

Valve Controller

Valve Voltage, V

s tn
Suspension Relative
Damping Force, N ‘ \ \r':oclty, [y
Speed - Damping force map
H - T
' . —
HEEERNE
anfowt
[ —
Valve Actual
Current, mA
Valve model
1
Ls+R

MATI

Semi-active Control

Road input

Plant Model

Tractor Dynamic model

States, x
cabin ace

Controller

Suspension Damping Force
Controller

Suspension Relative
Velocity, mm/s

Control damping
force, N

Damping force - Valve Current map.

‘Suspension Relative

Damping Force, N ‘ l Veloclty, mm/s

Speed - Damping force map

Dot o 41

o0 am o | wieme o

Valve Actual
Current, mA

Valve model

Valve Actual Current, mA

§

Valve Control
Current, mA

Constraints

Valve Current
Command, mA

Valve Controller

1

Valve Voltage, V

Ls+R
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Achievements and outlook

Cabin acceleration (mlsz)

Cabin acceleration (mlsz)

Semi-active suspension decreases ride vibration better than rubber mount

With SM controller, shows nearly 60% higher performance than without a controller

=T Rubber mount
0T Sevaity
151
10+
5 I f
i \ A A /\VAVAVAWAVAVAv-_-_.
Nl W Vi \/ v
A0
45 % % % = % |
0 1 2 3 4 5 6
Time (sec)
< Simulation results for step input at 10 km/h >
°T Rubber mount
t oy
2+ | A | A ﬂ ‘
___,fprﬁﬁ /\rr\ wlf \4 [ 5
0 \\’Lbyv\x/\{\ff [\7 \, \d / h ¥ [
2 -
o
6
8 I I I I ! } f I { I
0 1 2 3 4 5 6 7 8 9 10
Time (sec)
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< Simulation results for ISO 8608 road class C >

MATLAB EXJ

Peak value RMS value
Tractor Tractor
velocity Rubber Passive Control velocity Rubber Passive Control
mount mount
Acceleration, m/s’ 2314 15.06 7.80 Acceleration, m/s* 252 1.72 1.15
5km/h 5km/h
Ratio,% 65.06 3371 Ratio,% - 68.17 4542
Step Acceleration, m/s® 22.27 14.69 891 Step Acceleration, m/s* 2.54 1.72 1.19
. Tkm/h . Tkm/h
nput Ratio,% - 65.96 40.02 input Ratio,% - 67.61 46.73
Acceleration, m/s’ 2458 16.22 9.07 Acceleration, m/s* 2.66 1.83 1.23
10km/h 10km/h
Ratio,% - 65.99 36.89 Ratio,% 68.90 46.41
< Peak and RMS values for step input >
Peak value RMS value
Road Road
type Rubber Passive Control type Rubber Passive Control
mount mount
Acceleration, m/s* 3.76 2.81 2.21 Acceleration, m/s* 1.24 0.89 0.77
Class A Class A
Ratio, % - 74.86 58.85 Ratio,% - 72.10 61.85
1SO . 2 . ISO . B
Acceleration, m/s 3.98 2.65 2.05 Acceleration, m/s 1.47 1.01 0.84
road Class B road Class B
. Ratio, % - 66.49 51.45 . Ratio,% - 68.98 57.25
input input
Acceleration, m/s® 7.01 5.89 4.91 Acceleration, m/s” 245 177 1.44
Class C Class C
Ratio,% - 83.98 69.99 Ratio, % - 72.03 58.82

< Peak and RMS values for ISO 8608 road class >

18



MATLAB

Concluding Remarks and Further plan

Successfully improved the semi-active suspension’s performance using SM controller
Learn how to model the LTI systems in a simple and easy way
Achieve SMC platform which can be applied to various system

Further plan

—  SM controller HILS, vehicle test

— Electrical tractor plant model

SAOREDLAD
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