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Abstract

A study on road profile realization of 4 axes hydraulic

simulator

Kim Jong-tye
Advisor: Prof. Kim Taek-hyun Ph.D.
Dept. of Mechanical Design Engineering

Graduate School of Chosun University

In the recent years, as the product liability(PL) act is enforced worldwide,
manufacturers must be totally responsible for any defects in the quality of
their products. It is important to evaluate the durability and the vibration
against this circumstance. The better test for products is to experiment in
the actual conditions. However, costs expenses and efforts for the
experiment are needed to react the defects of product . This problems can
be settled by simulator which supplies the realistic environments. It is
especially useful in the test of the products which relate to the safety of

human such as vehicles.
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In this thesis, the 4 axes hydraulic simulator which is generally used in
the automobile and the machine industry is designed and manufactured.
Also, the driving algorithm and the program are developed to realize the
displacement of road profile, and then the performance of the tracking
response is measured.

The contents are as follows : (1) driving algorithm for driving the
hydraulic actuators simultaneously, (2) measurement algorithm for
transforming road profile into the displacement and (3) realization algorithm
for actualizing road profile by using the hydraulic simulator. Each contents
are correlated and details are as follows.-

First, to ensure the reliability of the hydraulic actuator, the wvehicle is
excited up to the range of the maximum frequency using the sine wave.
The 4 axes hydraulic actuator is developed, and then the correlations
between the displacement and servo controller on each axis are examined.
The hydraulic actuator is compensated.

Second, the measurement algorithm which can obtain the displacement
signal is developed to realize the road profile using the 4 axes hydraulic
simulator, and the acceptable displacement signal of the road profile in the
hydraulic simulator is obtained by the accelerometers.

There is the difference between the response signals on the driving file
and the expected signals in general vehicles because of the nonlinearity of
the suspension, the tire, and etc.

Third, the algorithm and program are applied to the 4 axes hydraulic
simulator in order to reduce this errors by the repetitive improvement

method.
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Analyzing and ensuring the input and output data through algorithm and
program based on PC and window in re:al time 1s economically efficient and
convenient to use. Moreover, the algorithm in the frequency domain which
consists of many DSPs(Digital Signal Processing) is enable to solve the

problems which can’t solve in the time domain.
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Table 1.1 Classes of road simulator™®

Item Single—axial Multi-axial
Ch. Number 4 ch. 6 ch. - 8 ch. 12 ch. 16 ch.
. vertical, .
. vertical, vertical,
vertical, lateral,
. lateral, . lateral,
force vertical lateral, e e longitudinal .1
longitudinal longitudinal, longitudinal,
g brake brake
. ) . vehicle vehicle
vehicle body| suspension | suspension bod bod
test endurance & axle & axle y. y.
orpose endurance | endurance suspension ) suspension
P & axle & axle
endurance | endurance
noise & noise & noise & noise & noise &
. vibration, vibration, vibration, vibration, vibration,
application
squeak, squeak, squeak, squeak, squeak,
rattle rattle rattle rattle rattle




Fig. 1.1 Multi axes simulator of MTS Co.

Fig. 1.2 Multi axes simulator of Schenck Co.
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Fig. 1.3 Key research area of 4 axes hydraulic simulator
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Fig. 2.5 Schematic diagram of servo valve™

Fig. 26 Servo valve of 4 axes hydraulic simulator
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Fig. 2.7 Hydraulic circuit of 4 axes hydraulic simulator
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Fig. 2.9 Servo controller and signal processing unit

of 4 axes hydraulic simulator
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AzAe FAe 74L& Table 219 2t}

Table 2.1 Specification of signal processing unit

Module

spec.

No.

channels

Main Interface

MXI-4
- PCI control of PXI/CompactPCI
- 78MB/s sustained throughput

LVDT

- SCXI(signal conditioner)
- Programmable input range per channel
(0.05 to 6Vrms)

- Multichannel synchronization
- 333kS/s maximum sampling rate
- Lowpass filter(250Hz)

8 ch

Acceleration

- 24-bit resolution

- 110dB dynamic range

- 102.4 kS/s maximum sampling rate
- 45 kHz alias-free bandwidth
- Multiple-device synchronization

8 ch

A/D

- 16-bit resolution
- 250kS/s maximum sampling rate
- Programmable lowpass filters

32 ch

D/A

- 13-bit resolution

- 800kS/s Update Rate

- Digital triggering and external clocking
- Simultaneous updates

32 ch
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Fig. 3.1 Signal flow diagram of 4 axes hydraulic simulator
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4-axes road simulator operation

Program operation

<L

D/A board initialization

- Qutput port selection
+ Channel selection
- DMA setting

S L

DATA initialization

- Frequency selection [Hz]
- Voltage selection [V]

J_L

4 L

4-axes operation unit control

- Hydraulic unit
- Servo controller
- Actuator

L L

* Hydraulic displacement transducer
- Accelerometer

Fig. 3.2 Flow chart of program to drive 4 axes hydraulic

simulator
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(a) Front panel

enerate Signal |

vl |

&)
m : RNy
i : S @
buffer size (1000 updates) 1] =3 | R— E¥D)
= 2

hznels (0) [update rate (1000 updates/se

[ o] T

(b) Block diagram
Fig. 3.3 Monitoring display of program to drive 4 axes

hydraulic simulator
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Road data acquisition

Program operation

< L

A/D board initialization

- Input port selection
+ Input channel selection
- DMA setting

<L

DATA initialization

- Frequency selection [Hz]
« Voltage selection [V]

4L

I L

Sensor data acquisition

* Hydraulic displacement transducer
- Accelerometer
- Triggering

L1

- Data base
- Data transformation & analysis

Fig. 34 Flow chart of road data acquisition
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(b) Block diagram

Fig. 3.5 Monitoring display of road data acquisition
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Fig. 3.8 Accelerometer of sensing part
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DAQ

Acceleration data
[mV/g]

PRE-PROCESSING

Voltage — Engineering Unit
- Sensor sensitivity
— dB reference
- Weighting filter

v

PROCESSING

Double integration
A-V-D
— IIR filter design
- Butterworth lowpass filtering

Fig. 3.9 Algorithm to transform acceleration signal

into displacement signal
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321 A5 2 AY =233

derd oz AFolY WY HAEE 93] o W, & StEEe
& 2tz WA, SEAC AXNE $E, NEEAE ol&8] FAHFS
a8y AsAee 7PE ol g JIEEAY FARE AEHE AVoEE &
= Welel OF AsE vehd 5 vk

Azt BE FMEE(a), $E@), B (z) Atole] BAE e Zrh
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B E ol&3d AFTHES Fol FIR WHES AATH old FIR HE 7I&EA
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2A NEEAY AEE £E2 BT § 9 -40 db/decaded] AF AT HILH
g F3A JIEEA ASE HYE HE ¥ £ dth
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C-Weighting 5=

Al

qEE 5 ES TS,

Table 3.1 Calibration data of accelerometer

1 ch 2 ch 3 ch 4 ch

Sensitivity 97.9 mV/g 98.8 mV/g 99.0 mV/g 98.8 mV/g

@100.0Hz [(9.98 mV/m/s®|(9.98 mV/m/s»|(9.98 mV/m/s%|[(9.98 mV/m/s?)

Discharge 2.3 15 18 19 sec
Time Constant .0 Sec .0. sec .8 sec )

Transverse

Sensitivity 2.2 % 1.4 % 1.2 % 1.0 %

Resonant

Frequency 59.3 kHz 60.1 kHz 59.6 kHz 59.3 kHz
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elocity - displacement

celeration)

]
£

tAcceleration)

(b) Block diagram
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x() = [ X(pe™af (33)

ARHoT K7 AFUAY W X(NE FF &9 AFFE e Bayrol
olm A5 H4ge vhe A3 o] TAMT

X(f) = Xp(F)—jX,(f)

Xp(f)=I1X(f)lcost(f )= /m z (t)cos 2nft dt (3.4)

.Xz(f)= |X(f )lsind (f )= /oo z(t)sin2nft dt

Tao] AEL 54 Y TAGA oL A7 2k

X(f)=1X(f e ¥ (35)
A7 | X(Hle AF 2903 4(f) & Ad2HEH|T.
1o Ax EAeE AE x(Ho) W JEE 3

o] AR o8 FH AT
SAT AR 1 g oAt APANNE —wold oY ojd Ax

H(HE 53 + ok o

Aol $3 A% 23 TIA AE 2(NE 53
Sded o Feod AV 3 Fejol

doletn a9 thew 2o AYAt

X)) = XUT) = [ e "t 36)

A (360 A AFF fo=(R/T)NA && Feol A&l X(f, TE<
Ae YEHAY x(H)E 2=1,2,3,,Nol A& {x,}={x(n 29} &3}
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WA EHH A5 Fol ME X(He 449 Foyd 9F {x) = (X (kaN}

iAo A FH Ak A7M k=1,2,3,,NelZ k= (N2)Af°]EZ 1 o]

e el A 4+ ded TP B 4T gL 2o

= X(kAf) = At Z Xy Exp( ]211:W> (3.7

= x(nAt) = Af; X, Exp(]an—ﬁ)
n=1,2,3,",N
k=1,2,3,,N

Ay A" F3A B5AS 7159 (weight function) A(t)E YVERE oA

Alzde 5o 2 BT 5 3t dH

& A el vH%E Yge e

A A & (convolution integral) .8 EA|FH t}g& 4

°1N

«()7F & 9 9 y(H)E
3 2o,

W)= [ W) ai=t)an (38)

9d x(pe A T AH FHY T 48 oz
ze)o) AR A@E5FH 2,

= =9 y(Ho #
o|FojXt} @A FH ST g F

H(f) = fowh(T)e -ims g (3.9)

Fa4¢ @8 (frequency response function)2h & F35 §

71X H(f )&
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HTE QUM os 4R dA5RE /Y BasEA og 4% go) ey
:":

H(f) = Hg(H —jH; () (3.10)

Hy(f) = foooh(T)cos o ft dt

H(H) = [ i) sin2nse an

Fhs $YPSE 25 FIREZ AGRY ted 2o

H(f) = | H(f)le ~7°P (3.11)
\H(F)\ = [H2(F)+ HAP))?

_ [ H)
6(f)= tan —HR(f)

z(t)= Xsin2nft (3.12)
y(t)= Ysin(2nft—0)
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Y(f)

HI)= Xy
0(f)= ¢(f)
(3) ZaAddso 29EH
x2(H7F F717F Tolm 1 g9 Al X do)
o] Ao & Q.
= %}_I)Elo T/_%" z(t+7)d
HEY S(HE S Zo AYgdr.

0= lim XOX W _ i XU

T>c0 T—co

A714 X' (Nl X)) T HiFolt
JBPFE AVIGoln 29 F3

gt ~29EYo] H3 AHEYE Feld

2o 2 vehd b3 2.

o= [ st

S(f)= - Cr)e” ™ 7gr

— o
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Aoldg Fia fo Feude] DAY 99 292dE GNE EYIse)
GN% S(H%E BAE UehiE et 2o,

G(f) = 25()) (3.17)

x(,D= | OTx( e =12 gy (3.18)

YU, T) = [ (e 20y

ol2RH 4x 2d=Y YSPSE FW A(E19F Lol e & ok

Golf, D= X' (L,TIYST)

(3.19)
4714 X'E X9 Y Badolt
4@E19A 7] TE FHoz 9 dg 43 2o
lim G,(f, T) = Gy () (3.20)

B) F95 S99 434
AAZAT FA3 2L 37 98 d4E/05 8 (MIMO: Multi Input
Multi Output) E2& A&t MIMO Al F34 $934E Fig 3113
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Fig. 3.11 Algorithm of FRF
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A71M X, YiE Az x, ;9 Felo] dgoln thgw ol XA
X;=X{)=Fx)], i=1,2,,p

Y;=Y(f)=Fly;(0], i=1,2,,q

A/2d 4E 2HEY G (f), Gy(f)E 33 Zo] g

Gxx = TE [(X*XT] (3.23)

=
X ‘i G x1 ¥y Xy %y X1 %y

GXX = lTE < X 2 [ Xl XZ Xp] = G :xz % Fp Xy Fo %
Xy G.xﬂxl G Xp %3 G xp X

[ Y *i- G ny Y ¥ G Y1 ¥,

GYY = LT E { :Y' 2 [ Yl YZ Yq] = G 'yz Yy .yz Y2 G :yz Yq
" Y t]' G Yo ¥ G Ve Y2 G Y, ¥

/28 45 BE2AED G iy(f), Gulf)E BE Zo] I,

Gy = %EIX"YT] ‘ (3.24)

AN G yx® ,Cpy® AHEA BE 5 jol gEtd G,= G AL & &

e, webA e Aol Ahe
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Gx = G §(X, v = G :;Y (3.25)
X ’; X1y G Xy Y2 ’ G Xy Yq

GXY = lTE X 2 [ Yl YZ Yq] = 2 9 G :xg ¥p G K3 Y
X G Xp V1 G %,y G Xp Y

Hy(DE X% V() Aole) F34 $9a4dn AR H (s 2
Folgold thed 2e 440z mgd

X1 Y H 2y Hxlya
HXY = Hnyl H"zyz " X2Yq

(3.26)

Xp N1 H X, Y2 - H X ¥

Y

g4 Nade o] N2yl £8E dt FAHNM Al2gdg st

rir

S
-

g $EETe dedHY #AYLS OeH 2o

Y= HL, X (3.27)
YT = ( H §Y'X)T =XT'HXY (3.28)
olw] #HA7Hunder-estimated)2 TR FoF SEIFFE H olF st F

)8 7Hupper-estimated) 2 F3 A& F34 ¢HTS4

Hy2t &t B3 2ol Uy
g % 3.

XYT = X'XTH 4y (3.29)
Gxy = GxxHxy
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Hyy = G ;(}(G xy = H
VYT = Y'X"H 4y (3.30)
Gyr = GyxHxy

Hyy= G;’)I(GYY: H,

Hea £57Y LnAFAN oW FhE $HEFE ARl me xw
2450 B 294359 +EHES} wIAA Do

(6) FIR ¥ ¥ ¢ IIR dE¢ H4

g "o 5 77+ gl stvE FIR(Finite Impulse Response) ZE] o}
t}& &lvE IR(nfinite Impulse Response) ¥E ¢|th. FIR ¥ ¢t IIR JE 9
TF2HQ HolE BE T Lt

=

FIR dEj& 80| AEHAAE ZAo] §lo] Aol JajAd 2o ZAET.

y[n] =byxln] +bzln—1]+b,In—2] + --+by_z[n— N+1] (3.31)

Y(2) = by +bz ' +byz 2+t by_ 1z MV X(2) (3.32)

H(Z) = D, b2 " (3.33)

JUs $9e T e 2o
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hin] = b,6[n] +b,6ln—1]+--+by_,0ln— N+1] (3.34)

wtebA g3 o] EdET
2) prp = Zh [n]z"" (3.35)

IR el 4 89 olygt £8o] AfHo] A
N M

yln] =]§Jaky[n—k] + zbkx[n-—k] (3.36)
=1 k=0

z &< 39 o 2o,

N M
=Y a2 V() + Y b2 F X () (3.37)
k=1 k=0
T2 £xE Adstd b5 2o
N M
Y(z)(l— Eakz— k)= Zbkz_ kX (z) (3.38)
k=1 k=0
kE no2 v REdtd AGTFE g AF 2o FHAY
N
Db "
H(z)pp = ——r—— (3.39)
1- > a2t
k=0

FIRe| 1} IREHE AT Aol F FE Y FHE nstd e FHE A
g3t F gE Abole] AL Folg BH T 2
1) FIR ¥e/& IR YEjd " 727 s
2) FIR El& &4 Ao EAHAR IR I8 = 234 ok
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4) FIR BH & Al&3l9 Y3t "EE AdAsed ge9 AFEC) IR LE
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ag)a o] Azet AAAAE F3 S8 AE y(HE
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E

2 olstold AYTRAFE BT
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k

AXk+1(f) = H;yT(ﬁ A de(-f)
Axk+1(t) = xk(t)+ Axk+1(t)
AYFSE e A% 2ol Yehd + U
Ho(h = { Hi( }

Hy(

0’ 1’ 2’

N

Xo ®

f Initial exciting signal \
J/

Excitation signal

Update excitation signal

X O]
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simulator
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7,0

y

Error of output signal

AY.0=y,0-y,0

X =x,0O+Ax,,©

+

Error input signal

Axea®=F TH, (DAY (]

+

Ade(f) = F[Aydk(t)]

*

FRF

Ho(f)

C

END

)
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Fig. 3.12 Algorithm for updating the input excitation signal
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Fig. 3.14 FRF generation part of realization program
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Fig. 3.15 Display of the acquired magnitude of FRF
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Fig 3.17 Generate exciting profile part of realization program
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Table 4.1 Over shoot value according to gain

Unit : cm

P gain FL axis FR axis RL axis RR axis

+ - + - + - + -
0.7 0 0 0 0] 0423 0.845 0 0
5k 0 0] 0362 0052 0262 0.131 04 0.249
10k&2 0.057; 0.053] 0.051] 0.052| 0.194] 0.085] 0.058] 0.054
15k&2 0.048/ 0.053] 0.06] 0.058] 0045 0.046[ 0.047] 0.048
20k& 0.046| 0.052] 0.065 0.062] 0.045] 0.043[ 0.047] 0.047
25k 0.046] 0.053] x X 0.047, 0.046| 0.051| 0.051
30k 0.05| 0.053f x X 0.051 0.05| 0.053| 0.0563
35k 0.052] 0.05] x X 0.053] 0.051] 0.055| 0.055
40k <2 0.054| 0.052] x X 0.056| 0.054| 0.058| 0.055

Table 42 Peak time according to gain

Unit @ sec

FL axis FR axis RL axis RR axis

P gain

+ - + - + - + -
0.7Q 0 0 0 0| 0423 0845 0 0
5k 0 0] 0362] 0.052] 0262 0131 04| 0.249
10kS2 0.053| 0.033] 0.051] 0.052] 0194 0.085 0.068 0.054
15kS2 0.053] 0.053] 0.06] 0.058 0.045] 0.046 0.047| 0.048
20k82 0.052] 0.052] 0.065] 0.062| 0.045] 0.043[ 0.047] 0.047
25k8 0.053] 0.053] x X 0.047) 0.046/ 0.051| 0.051
30kR 0.053] 0.053] x X 0.051 0.05| 0.053| 0.0563
35k 005/ 005 x X 0.053] 0.051| 0.055 0.055
40k 0.052| 0.052] x X 0.056| 0.054| 0.058| 0.055

_60_



Displacement [cm]

Displacement [cm]

—— Ref.

| 0.7Q
1.5—_ sk
1.0 10 kQ
1 15 kQ
0.5+ 20 k&
1 —— 25 kR
0.0 == 30 kQ
| —— 35k
0.5 B
1.0
1.5
2.0 A
4 / 4
-2.5 / \\
1 / N
-3.0 T T T T T T v T T T y |
0.0 0.5 1.0 15 2.0 2.5 3.0
Time [sec]
(a) Responses of step function
. —— Ref.
0.7Q
~ 5 kQ
kQ
0 10
15 kQ
= 90 K@
—— 25 kR
17 — 30 kQ
35 kQ
kQ
o 40
g ey e e
\ /
\
-4 4 e R
T v T K T ¥ T ¥ T J 1
0.0 0.5 1.0 15 2.0 2.5 3.0
Time [sce]

(b) Responses of inverse step funcion
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(a) Front position of test vehicle

(b) Rear position of test vehicle

Fig. 4.15 Test vehicle attached to accelerometer
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Fig. 4.24 Attached accelerometer to front right wheel frame

Fig. 4.25 Attached accelerometer to front left wheel frame
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