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O Purpose

: Development of Integrated Cable Tension Monitoring and Vibration Control

System Based on Wireless Sensors for Long—span Bridge

- Estimation of cable tension using embedded processing of wireless sensors

- Semi-active vibration control of stay-cables using MR dampers

- Development of a prototype possible to measure the tension of a cable
(laboratory—scale) and control the vibration

O Content 1: Vibration-based embedded processing software for tension estimation
— Selection of wireless sensor platform
— Numerical validation and optimization of tension estimation

Purpose & |~ Software development for wireless sensors
Contents
O Content 2: Software development for MR damper control
- Selection of appropriate MR damper system
- Selection of a semi—active control algorithm for wireless sensors
- Software development of the semi—active control for wireless sensors
O Content 3: Development of a prototype integrated system and performance
evaluation of a developed system
- An integrated system with wireless sensing, tension monitoring/control hardware
and software
- Development of energy harvesting system based on solar energy
- Laboratory—scale testing using a stay—-cable model
O Prototype: Development of a prototype possible to measure the tension of
cable (laboratory-scale) and control the vibration
O Software: Software for tension measurement and semiactive vibration control
Results ) .
with wireless sensor embedded
O Quantitative outcome: Three SCI articles (minimum 1 SCI articles), One patent
registration
O Application of the outcome to cable control of actual long—span bridge
O Technology transfer to cable vibration related authority after the additional
experiment in the field
Expected

Contribution

O Development of additional and improved technology and transfer of technology
with support of bridge management authority

O Development of integrated monitoring system based on loT for evaluation of
bridge safety

Keywords

Long—span ) . Semi-active
g. P Wireless Sensor| Cable Tension MR Damper
bridge Control
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acceleration
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int data = analogRead(2);
zAccli * 2 + 1] = data; //
Serial.print(zAccli * 2]);
Serial.print(zAccli * 2 + 11);

i=1+ 13}

i=0;

.
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if (i <1024) {
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fftcomplex(zAcc — 1, 1024 , -1); // fft




o 3EAl A= AFA wHE FIl 2A

%2 Peak #S F=3h

roh

N%E DRAES FHA AL U

for(j = 0; j<612;j++) {
double nl; double nZ;
nl = zAcc[j*2] / average_num;
n2 = zAcc[j*2+1] / average_num;
double nnlZ = nl * nl + n2 * nZ;
nnl2 = sqrt(nnl?2);
fft_result[j] += nnl2;}
1=0;
if(count2 >= average_num) {
for(j = 0; j<B1255++) {
zAcclj] = fft_resultljl;
zAcclj] = abs(zAccljl);

Serial.print(zAcc[j]);}

* AYAl Peakdoll s Fats il =3

il
o

N

for (int n = 0; n <= modenum-1; n++) { // fln] #E &4
int number = cable_fn[n] * nfft / fs;

int max_value = zAcc[number];

max_value = abs(max_value);

int max_num = number;

for (int r = number - wingsize; r <= number + wingsize; r++) {
int Fn = zAcclrl;
if (max_value < Fn) {
max_value = Fn;

max_num = 1,

}

Serial.println(max_num+1);

fn[n] = fs / nfft * (max_num+1);
mode_num([n] = n+1;
Serial.println("Value of fn”);

Serial.println(fn[n]);
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double calculate_tension(double cable_mass, double cable_length, double fn[], int

mode_numl], int nmodes)

double xv[nmodes];
double yv[nmodes];
for (int i = 0; i < nmodes; i++)
{
xv[i]
yvlil = fnli] = fnli] / xv[il;
}

linearRegression(xv, yv, nmodes);

(double)mode_numli] * mode_numlil;

return 4.0 * cable_mass * cable_length * cable_length * reg[l] / 9.80665;

@) W 5% Aolg s 2xEgo] A
) A7) fass g :
o A AleEEs BE ZuE Adss QA7 glol, m=e) Ayl gaus A%

A A<l Lord Corporation< %‘H 7d Au S Lo
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O A7 (MR Damper)
* Lord Corporation| Al #|&3l= A7|-FA WS Fol A RD-1097-01 Typee] A7) 9
2 At &-8319

il

«WH
3;’?‘3" llﬂ’f’\ -:;H.‘

5= ==
Stroke (mm) =257 25
less than 25
Response time (ms) (under a step change of the current from 0 A to 1 A for

51lmm/sec piston velocity)
Maximum damping force (N) 100 (5Imm/sec, 1 A)
Minimum damping force (N) < 9 (passive-off mode, 200mm/s)
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O Wonder Box Controller Kit

© ANFAANE o) g3 TREY AFS 7
A5 4% ARE TYFE A} e

Aolalr] 96 Aad FARE W] %7

o

e X 5% Lord Corporation®] 4 #|2Hsl= Wonder Box Device Controller Kit-2 283192

* Wonder Box Device Controller Kit o} 13} Zto] FAE O 9. AYTH2 AE
3] o]FoAH, BYES &l vluyE 1E o] &ste] A7)fA i 9k Wonder Box7t
A4,

o Ao dEEE AR g CHES EEvA 2do] 7hssh, DRES &3 058E
o] DC Alo] 259 glgo] 7538 npxuto =z EE 23] 7| 4Hds 2 2= AF2 Power

off 2 Power on®| 7}&3

LORD

AslkUs How

19 39. Wonder Boxe] A4

==

oF 2

¥ 2. Wonder Box Controller Kit®] 944 5% (Lord Corporation)

*  Wonder Box Device Controller Kite] &AL o}z

22 T3
Overall Dimensions (LxWxH) (mm) 635 x 279 x 839
Input Receptacle 2.1 mm Female
Pulse Width Modulation (PWM) frequency (kHz) 30
Output Current (Amp) 2 (max)
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Input Voltage Output Current (49) Output Current (8%)
T 0470.6V OmA OmA
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K=[k;] k;=—T]" 4 () (x)dx
F=[f, £, .. £,]' fi=] fx04xx

Px) =[xy Ay - ¢m(Xd)]T

AL o] E-o] A ek 28 Abe] F7HEA 2 (State-space form)o.& F @A olge} ol

e S 9e.
X = AX +Bf, +Gf X=I[{" T
Y=CX+Df, +Hf +v Y=[v(x,,t) V01 +v

Q
AFo) WE AolHE AEHm, AEA ANE AR
G (Li

B AP 9% 35 }E Aol $HE nHoR Kaman filtr o83 7o)
A (state) & dlS3sta, dS5E AolE9 JElE LQR (Linear Gaussian Regulator) ©]&&
oz obd) EAFFE HArskshe AoYS AEshe AL FEE I
o0
_ T 2 Q = State weight matrix
- I[X(t) QX(t) + Rfc (t)]dt R = Weight factor for control
0 X(t) = system state
o714, Q& FHstsAE, RS A& ST sts s, X Al&F A, fexe T8kt

&t Aol <l
9 EHIFE HaE e A" okget Ze] K (Control gain)ot #Alol&9 &HE
7|Rko % Kalman filterE &3l 5% 4el(state)o] Aoz vebd 5+ A+

f, =—KX(t)

LQG AlelE adox Yehy ofgel 25 Alol=9 & H(Acceleration)s HIE o=
Kalman filter® %3] Aol AHE o=513, LQR 7|Hto R &AFFE HATe=
Control gain (K)2 3% Aol &2 o =% JEl 9 Control gaing #3te] #|ojd S A=
sl Clipped Optimal Ao} &ie]Fs a3 HTAoE A7 FHAHE A3
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i
(control force)| 1 K  Estimated Kalman |1
Il (Lar) ~  displacement estimator E
. NN 7o -
LQG Control

(State estimation + State feedback)

19 42, LQG Ao s

Aol 2] dol7t 6.95m, = o] 379.2N, Aol 0.31dkg/m, F 471 FATFE AHE-3S
Aol E-S Aoz =77k 191 WA 4 S(White Noise)S o}%gfa TAE A9 Aol
Aes BA8H7] 918 MATLABY SIMULINKE ©] &3] LQG Alol& Ro|ste] 3
;A e TSI

FAA A obd] 1Y Zo] HEAlolE 3HA @%kS wWrT LQG AdE A
u AelEe] MEo] FadteE e FAT F U5 60 T WA AE A B%S
o] Ho e F& 1.022101R o, LQG Ao} o] Fo A W] Zo] 0.1164% 86.6%
o AE A aHE BAL.

15 7

——controlled
uncontrolled

o
o

o
o

Displacement

% = 7 % & !
Time (s)
9 43. LQG Aot AAE A &S wo] AolE HFel Aol

O Fd4AM dulg= ¥t 5% (Semi-active) Ao} AZE o] 7wt

715y o] EAS 2z JEREE Dyke(1996) S-o] Al¢kst Clipped optimal Ao <ar
o 1

5 FHAN QUUE B 5F Ao] RZES|o] A ol gyl e

€ GmATE AU S0 Fape] W ATdel 2831 Wl ok
4 Falol W BE W¥sk AU HEE AAGI HA Alo] BAE B
S5k gaeFd.

V= VmaxH{(fc B Fd)Fd}
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s=we Eafel Beld Aol

714 f= AtE Aol olal Fe =N

A H¥ & g kol ArFHdH ] HA xiloiaﬂﬂr M} A E S vaste], A
ojgo] ¢ & 4 9 o 9ol JEA
S 0o & &

18 44. Clipped optimal Ao e =Bl

AAA WY = v F5 Ao AZEY o] HHbAQl /o o 1HI} 2.
B Esol 93k Aol &9 S (Acceleration)S vlIEC &2 Kalman filterES 3l Aol &
o] MSE —’_F;ﬁ;} , LQR 0] of M EHEFE HAS) st Control gaings -5+

N

LQG Ao E S8l AFEE Alol=a Ay o] A Ao¥ S Clipped optimal Ao
SR ES o] &3 vlaste] A7 FAUAE Aojs: Age AL
A Ao]H > Wonder Box Controllers &3] AF=E d3yo] Ar|HFidisz dd
Hal, ol wel zHa o] A Eo] AlolEe] xEe AolstA .
Semi-active damping device

e SHMMMNELMBRRNSI M MMMRRMRY ot i ] l F (external)

1 Command | Damping

i current | force () Acceleration

I | Wonder Box *| MR Damper [— »  Cable

= N ————— .=

Command

voltage
W)

Rttt ST ... Integrated controlsystem | . K

' ;

] = ]

E C(;llifij :111 * K Kalman i i

E controller Control force (fc) (Control gain) | Egtimated state filter i

! i

| 1

LQG control
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1 7F(Arduino Mega): MEMS 7} %= A4 (ADXL 335)

obFol e
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ool

of °]gk

ADXL 335: &% sh&

R

1
T

to] Zigbee A8 4 X591 Xbee Pro S1

S

_?4
o
3

1:
3}

3|

Xbee Pro S

won

el
o
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A A

(Shield) ¢k

A7 3 2 Wonder Box Controller: ©FF©] i«
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o Zzte] By azel W@ AT SAT AAe obd meh »

F 4 FAAAM ZIE dAY Aols AHAS R AEA N A=

SRCEENC R L)

THLA =7 7+A

ATmega2560 micro controller
16 Analog Inputs

oFFol w7k

) 16MHz Clock Speed $45.95 (US)

(Arduino Mega)
256K Flash Memory
5V operating voltage

.. 3-axis
MEMS digitalaccelerometer
Low power: 350 uA $3 (US)
(ADXL 335) -
Sensitivity: 300 mV/g
. ) o For wireless communication
Zighee wireless communication .
3.3 operating voltage $37.95 (US)
module (Xbee Pro S1) . .
8 digital IO pins
) ) Lord Corporation

Damping device

RD-1097-01 (MR damper) $750 (US)

(MR Damper with Wonder box)

RD-3002-03 (Wonder Box)
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GA 2. f9 B2 wingsizeEEkASH)WANA HAGS 3 o] S s 07 AT} o
wl k= ol AAEfO] gk Al o uhe} HAstA dAS 4 A

GA 3. Af,=fo— a0l foxk—1DAfHAA Folx] =
fol o184 @ AN FPdtel FES FE de o
A 4. Af, 0l foxkAflA Folx = A9 v AL d]o]E

)
& ZEB"]E]
T O S X .

o oX
o
ol
0%
)
.
A1)
fu
s
fd
3
=

g st
AR Ao Bel A AZF o8 E BEete] 9 mue] HFS AFHAL
AA7kA e medd F 759 BRsE FAste Fus 9o dolHE AN
Zrorstel, 716870(=1024x7) 0 9] FlelE 2 o] ol dolE AL F 137 WEAS

137 HOlEAE obFolwel Pty AA HES f,@%F TaRL Sake] dojd
£, & A= wastel, o] ghol Am AA et WS

dlolEH & 100HzY MEHFTI5(f,)2 AFHAom, 139 FFTE F333 dolH <
(nfft)= 10249, whebx Fak¢ S E(Af)T 100/1024 = 0.098Hzo| ™, wingsizes ¢
kel Z7)E 39, &, ZolWl f,0] £, £2x0.098(Hz) WY WoellA AR g Faow
i), 18X g ¢ vgdor wEg 19 518§l HlolHE FFThe] o

& Fn5q9 dolg .

=2

il

%

3 gt

&
&

10000
5000
5 il |HImmH|‘h\\\mlm\”‘|H\|HHIH|‘ ‘||\||\H||‘ ‘"HWM ‘“HW\”“‘ "I\Ilmnd hlll| M\IHMH\I\‘ hllHImI” ‘hllhhmm\"h‘
% 2

BREEcBREIRRAIIAAEREAAAARNNASRARRAASASNANGS

mmmmmmmmmmm

RAERRME8S 38R REREZ288D

qqqqqqqqqqqqqqqqq

if{count? == 00 { count2 W ghol we} o dHloly #HYS &=
myFile = 30.open( accll.txt™ ). 2] 2t} (2 input data 102475 217] 98

¥

else if{count? == 11 4

myFile = S0 openiaccl2. txt™ 0.

=4
d=E dolHE 7FA AL peakE FT.
= =z

perfect_check W+ RE peaks 2 ZokS
uj vk 1o] A E o
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if(count_check == 07 {

myFile = S0 open(cabled. txt™).

i=m

while (st[i - 1] 1= #r') 4
st[i] = mvFile, read{):
_|++_:

I

plitist, ‘#t' )

I

int perfect_check = 1.

for {int n=4; n <= modenum + 3; n++) {44 f[n]| modenum <] Rk e Gl

il

if (count _check == 0) { count_check @kl we} ZHE peak 912E thE
Q
[€)

number = cable_fn[n - 4] + nfft / fs: A " & 3 Amour s 9l

s = Fed.
else {

number = wina_check[n-4]:
I
Serial.print("SE fn && "N
Serial.print In{number);
Serial.print("SE M4 fn 27 @ "n
Serial.print In{number+17:

if (number 1= mazx_num) Hoglolgta 22 X7} A& 2+ peak 9
perfect_check = 0. 2o A WingsizeE dHst7Ad @ $X
(fntkAf)] 0& A, ©12 Noticedrr}.
Serial.print{"&= fn #A ")
Serial . print nimax_num);
Serial.print("s= 94 fn 23 ")
serial.print nfmax_num+1);
if (maz_num == number - wingsize)
Serial.printin{"sideM M S=");
h
glse if (max_num == number + wingsize) {
Serial.printin{"sideM M SH=");
I
else {
Serial.printin{ & LI2"):

Hom AA AclANE T GANA e AFRE(1-44 BE)E AHEEA

groll WskE 7] flske], 7168709 dlolH & o]Foixl 1 Hlo|E Al A
al

102470 9H8 Hel 25 2] 918 7)o FoAAE & LHAEF(,)E 2D

52
O
5

N
dlo

o Iga o]E VIELo® ol&ste] Al 1370 dHelEAld da nFlEsE Fgkew, o

Ad= £ 60 A

. A3 Avuw, 137 dolEAl e hs V1% wENER Lo was Rgon, 1 7
sz wlolElel whet 93 wEe} 153 WEdA mAe TEAl UERFSGE 6l BER A,
- AT, o owsEe 2A ehgkor], wE doEAle] tatd Aol (h—1)Af=0.20H>

A, WE Az dsl FHe doly At +PE Ao ek,
100%¢] ARER ANABE FYFE FA4GS
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o HE E AFNE A7AEY Qa7 0%E Ve oL, AA AEs EAS Y=
gkt SN2 55 Y 5)E delsy 29 s Zavt g
o SIAIRE 2o wE AHIEo zole AA ES Fow FATHT ARG duEFE
ZE3] AA Aol Bl HgE & JS How vty
¥ 6. o] El ©A A
B () 52 | 62 | 72 | 83 | 9 | 10x | 11& | 12% | 13} | 14% | 153}
e n
T (Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (Hz)
10247) dolg &
o] &3 71& 811 | 986 | 11.43 | 13.18 | 14.94 | 1650 | 1826 | 19.82 | 21.58 | 23.15 | 24.90
AHFAESE (f,)
19
Ao 514 823 | 986 | 1152 | 13.18 | 14.75 | 16.41 | 1807 | 19.73 | 21.39 | 23.05 | 24.71
AN
29
451214 823 | 986 | 11.52 | 13.18 | 1475 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.71
AN
39
o154l 823 | 986 | 11.52 | 13.18 | 1475 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.71
AN
49
o124 823 | 986 | 1152 | 13.18 | 14.75 | 16.41 | 1807 | 19.73 | 21.39 | 23.05 | 24.71
AN
54
o154l 823 | 986 | 11.52 | 13.18 | 1475 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.71
AN
6
g | 823 | 986 | 1152 | 1318 | 1475 | 1641 | 1807 | 1973 | 21.39 | 23.05 | 2471
P |7
Q5 | gore Al 823 | 986 | 1152 | 13.18 | 14.75 | 16.41 | 1807 | 19.73 | 21.39 | 23.05 | 24.71
1. O S\
f,) .
Eﬂo];m 823 | 986 | 11.52 | 13.18 | 1475 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.80
AN
94
. 823 | 986 | 11.52 | 13.18 | 1475 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.80
AN
109
Ao 514 823 | 986 | 1152 | 13.18 | 14.75 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.80
AN
119
401514 823 | 986 | 1152 | 13.18 | 14.75 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.80
AN
12¥H
401214 823 | 986 | 11.52 | 13.18 | 1475 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.80
AN
139
o151 Al 823 | 986 | 11.52 | 13.18 | 14.84 | 16.41 | 18.07 | 19.73 | 21.39 | 23.05 | 24.80
AN
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O FAMA 71w AAG Aol FAAZ 2L ABAC] Axd Aue
B 7 old A Sag AR Fa FAAA A AAF FEAS L AEA
of NARE RO TET 5 g o RE sefaty] A8 ALE ANG A=W
rElAE e HEIAS

obFoli Wzl Bf, AA vrelaZEzAMNA MY 250mAE AH]5

Wireless ShieldE FA%5410 Wl 60mAd A EAE 500mA7HA AF{FE 48|38
g sidz THE dAA 9Ve] Aoz offFol AlARS G5 o AIZFE 310mA
ol A 7T50mAe] AF7F AH|EH, AvjdE o R AEshd 2.79W/holl A 6. 75W/h7F An) 4.

19 5L B VIR oy A A" ow e EE ofFoll
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B) AsH7F AUAdd 2@ g AxEo QA
DAY 28 Aol HAEWE 74
O AYAgS 93t AlolE A 2 Ay A=
o MM ZIRE AlolE FHAS L WA A" S AUyl s Ad By
Aol 8 HAEWNES FASI L, 2 BE Aol Lo AU ofd #Fo} e
¥ 7. ANAEE 9% AlolE A

= 2

Length | Inclined | Tension | Mass |Diameter|Break load| Cable | Natural frequency (Hz)

(m) l|angle (°®)] (N) (kg/m) | (mm) (Ton) type | First |Second| Third

6.95 43 379.2 0.314 10 5.46 IWRC 2.5 5.0 75

o ol 6.95m, AR 7E&7E 43°, AHEL 379N EHE B AX), &9 do| T #
2o (0.314kg/s, AlolE9 AEL 10mm, LA E5FE 247 25Hz, 5Hz, 7.5Hz, 943 &}
T2 546Ton?] IWRCE Alol&ES AWAAE AolER X592

o FAAA 7 WAl A"l s Hubshy] A8 otglet #Ze] Au BY HAE
HE=sE A8

o AAY AlolE EA] Al&FlE AolE stk ElA 17% A Fel 91|35k, 71]0]%01] 9
HatzS 7H8t7]l 914 Shakers AlolEe] Tl MAAste] 3WA {7 5F(75H2) =

.?_ A

, E‘%% Ao &9

sine waveZ 7} A S (R, T HA 1H5AEF2 7 39S
Beld AL A8 7HHlo] o T RRL),

Shaker Yx]: AolE
Shaker 7}xl:
7. 5Hz Sinusoidal excitation

(r)]j x;H 7_7 ],}1:1_‘

Al Z=E+ 217 ] R
ol A 17% A A

o EA AR FeRTHE SlE AelE Tdl FA7EFEA(PCB 353B33)E A A8t
of X&s 3HA L3S 7 $-(uncontrolled), 5 A o] (passive offe} passive on) Z %5 A
o] Alxdo] JHti= ® Wk 5E Ao (semi-active) S 39S W] SRS v w82

o AYASF A=HY deS Hrbehy] 9% AW BE AlolEe A LadEre 1
o We FHS At WEAe] A" AW Ry FdF FEAS A =" A
T AolEe] Ay WA F AES nEx AHdA fANEEAR AL &
T2 2Es a4dEet 26 e FEiy vaste d5s HEE A
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o QoA 3 7IFE L ETFet o Ze FHES obFolk VW FEASE dud=
azEslol] 9eshel e,
£ 8 AYAS gt = 2xES ol A g
3} 5 o] u] TA
fs Sampling rate 100(Hz)
nfft Number of nfft 1024
wingsize 7% A5 V1 % o 3709 spectral line 7HA] HE 3
mode_num Mode number 5
average_num | FHEAS HEIFCHS HHEsle] FE S A% & AAgs AE) 2
o obd 2glEmE Ad 2y A HAEMES gaew dus R dEon s
S o FAAA ZIRE ool E o] &3] Aol Ee] VHEEE FA4% F FEHASE A
e AZEJAE T &3 FFT 2%E Yepd A4,
9,000
8,000
2 7,000
£ 6,000
a
® 5,000
8 4,000
v
¢ 3,000
2,000
1,000
0
OO MM~ O <T O NWLMO MMM OST OMN UL O~ O
MmO N~ = v O O MMM~ WO Wwworm a0 ™y I~
S noNDOANWVYOITMOUOmMmOVomMmNOS
o~ - ] | N — = WO 0 ~ MW 0O O MW~ O M T M~ O
- = — = N O N M = =t = = <=
(

e ol %+ EE3% FFT 2dY2E F38 7l LA sT FH(wingsize 712 7|FH
ok ol)ol 91 x3F spectral linedlA] A =& YA E YeERHE spectral linee] 9%+
I mE AFHETFE e 5 A WA /355 3.125Hz0] a1 SR 3
AEere 22168Hz2 FAMESEAR 253 1G5 v523k g2 29 s. 747t
Sl HudlS w, S FHo 2.02%914 FHA 053%E A

E 9 MEMS® 7H4EAS FAMEEAS §8 RES 9 nRAEF )

Natural frequency Natural frequency o =170

Mode number | \ipvise gmA) | gadsEA) | 00

1 3.125 3.063 2.02

2 7.324 7.188 1.89

3 12.207 12.060 1.22

4 17.090 17.000 0.53

5 22.168 22.000 0.76

+ LFNEFG 0] BE RES dgon AFAALANS Fo £EF Aol HiEw)
-y

o] A& L 689.05No = L}ENS
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Normalized Acceleration Amplitude

Normalized Acceleration Amplitude

Normalized Acceleration Amplitude

0.5

(=}

-0.5

0.5

-0.5

AAA 7IHE obFol i E o] &3k Alo]E XE Ao dHtE AZE S TRt
AWAF S F3) obFolnE o] &3 AolE WEAlo M= HAZE O H5E &
bt A, AEe sEA AV E LHE AAReR NI

FAMA 71 ofFole = ¥ Hb SEAle] G AsS HUheH]
Ao E A S 7d-F(uncontrolled), FEAAE o] &3FAS 7 $-(passive offl: ¢}
MY 0V, passive on: 48T FFAY), 18]l ¥ FEA o} (semi-active) & ©]-8-3H5
< Aol e 239 4=ets(7.5Hz sine wave 7]-?5_ of WE Aol ANEF(UEE
S vlustRa, A3 ok 193 2

I T
—uncontrolled —passive off

m k(l AMI |

=—

Timé (s)

2.5 3 3.5 4 4.5 5
Time (s)
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1 T T
—passive on —semiactive

o
=) wn

e
[

Normalized Acceleration Amplitude

0 05 1 15 2 25 3 35 4 45 5
Time (s)
19 56. AlolE AEAloldd mE A& =7 A}

« ANAE A3, ok Eeh el FEANE HUS AP AHEE] HEHAI 2%
0.2306, 0.2645%131 %= 7]"}%\‘5—‘5 05682, 0.5336°5.% HsAE st# Fsks w Ko
Ho 7hE7F 47F 16.86%9F 21.02%7F 7HAsh e
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#include <SPI.h>
#include <MsTimer2.h>
#include <FFT.h>
#include <SD.h>

int count2 = 0;

char starting;

inti=0;

intj=20;

static int zAcc[2048];
char val[20];

char st[350]:

float v;

int acc;

double peak, nl, n2;
static int modenum = O;
static int cable_num = 1;
double fs = 100;

double nfft = 1024;
double tension;

int wingsize = 3:

double fn[5]:

int mode_num[5];
double cable_fn[5];

int fft_result[512];

static double reg[2]:
double average_num = 2;
File myFile;

File file;

int check_time = 0;

int count = 0;

void setup() {

Serial.begin(9600);
for(int i=0;i<512;i++) {

fft_result[i] = 0;

for(int i=0:i<5i++) {
mode_num][i] = 0;
cable_fn[i] = O;
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while ( !Serial ) {

true;

MsTimer2::set(10, TimerISR);

Serial.print("Initializing SD card...");

pinMode(10, OUTPUT);

if (1SD.begin(4)) {
Serial.println(“initialization failed!");

return,

Serial.println("initialization done.");

void loop() {

while (Serial.available()) {
delay(1000);
MsTimer2::start();
delay(3000);
if (1==1024) {
myFile.close():
count2++;
fftcomplex(zAcc - 1, 1024 , -1); // fft
delay(1000):

for(j = 0; j<512;j++) {
double nl;
double n2;
nl = zAcclj*2] / average_num;
n2
double nnl1Z2 = nl * nl + n2 * n2;

zAcc[j*2+1] / average_num;:

nnl2 = sqrt(nnl?);
fft_result[j] += nnl2;
}
i=0;
Serial.printin(™);

if(count2 >= average_num) {
for(j = 0; j<512;j++) {
zAcc[j] = fft_result[j];
zAcc[j] = abs(zAcc[j])
Serial.print(zAcclj]):
Serial.println("™);
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myFile = SD.open("cable.txt");

j =0

while (st[j - 1] = "\r') {
st[j] = myFile.read();
j++;

}

Split(st, "\t");

for (int n = 0; n <= modenum-1; n++) { // fn] = &
int number = cable_fn[n] * nfft / fs;
int max_value = zAcc[number];
max_value = abs(max_value);

int max_num = number;

for (int r = number - wingsize; r <= number + wingsize; r++) {
int Fn = zAcc[r];
if (max_value < Fn) {
max_value = Fn;

max_num = r;

}
Serial.println(max_num-+1):

fn[n] = fs / nfft * (max_num-+1);

mode_num[n] = n+1;
"Value of fn");
fn[n]);

Serial.println(
Serial.println(
t

tension = calculate_tension(0.000314, 6.95, fn, mode_num, modenum);
myFile.close();

Serial.println("Value of reg[1]");
Serial.println(reg[1]);

Serial.println("Tension(N)");
Serial.println(tension*9.80665*1000);

Serial.println(™);
1= 1025;

void TimerISR() {
if (i < 1024) {

72




j =0

int data = analogRead(2):

zAccli * 2] = 00 // #5382 0

zAccli * 2 + 1] = data: // 85FL 7H4 & dojg.

Serial.print(zAcc[i * 2]):

Serial.print(" ")

Serial.print(zAcc[i * 2 + 1]);

Serial.println(™):

i=i+1;

if 1 ==1024) {
MsTimer2::stop();

void Split(String sData, char cSeparator)
{

int nCount = 0;

int nGetlndex = 0 ;

int x = 1;

modenum = 0;

m,

String sTemp =
String sCopy = sData;

while (true)
{
nGetlndex = sCopy.indexOf(cSeparator);
if (-1 != nGetlndex)
{
sTemp = sCopy.substring(0, nGetlndex);
sCopy = sCopy.substring(nGetindex + 1);
if (x>=3&&x%2==1){
modenum = modenum + 1;
}
if (x>=3 && x % 2 ==0){
char doublebuf[32];
sTemp.toCharArray(doublebuf, sizeof(doublebuf));
cable_fn[x - 2 - x / 2] = atof(doublebuf);

}
X =X+ 1;

}

else

{
char doublebuf[32];
sCopy.toCharArray(doublebuf, sizeof(doublebuf));
cable_fn[x - 2 - x / 2] = atof(doublebuf);
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break;

++nCount;

double calculate_tension(double cable_mass,
mode_num|], int nmodes)
{

if (nmodes < 2)

{

return 0.0;

double xv[nmodes];

double yv[nmodes];

for (int i = 0; 1 < nmodes; i++)

{
xv[i] = (double)mode_numli] * mode_num]i];
yvl[i] = fn[i] * fn[i] / xv[i];

t

linearRegression(xv, yv, nmodes):

double

cable_length,

double

return 4.0 * cable_mass * cable_length * cable_length * reg[l] / 9.80665;

void linearRegression(double x[], double y{], int n)

{

int i

double mean_x = 0, mean_y = 0, mean_xy = 0, mean_x2 = 0;

for (i = 0; 1 < n; i++)

{
mean_x = mean_x + x[i];
mean_y = mean_y + y[i]:
mean_xy = mean_xy + x[i] * y[il;
mean_x2 = mean_x2 + x[i] * x[i];

}

fn[].

reg[0] = (n * mean_xy - mean_x * mean.y) / (n * mean_x2 - mean_x * mean_x);

reg[l] = mean_y / n - reg[0] * mean_x / n;

int
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#include <stdio.h>
#include <MsTimer?2.h>

float ReadingA_Strainl = 509.0;
float LoadA_Strainl = 1.4; // (Kg,lbs..)
float ReadingB_Strainl = 515.0;
float LoadB_Strainl = 3.1; // (Kg,lbs..)

#define ADD 1
#define SUB 2
#define MUL 3
#define DIV 4

struct MATRIXA{
doublex** value;
int x;
int y;
}
typedef struct MATRIXA Matrixa;

Matrixa* Construct(int, int);
void Destruct(Matrixax*);
void Print(Matrixax*);

Matrixa* Transpose(Matrixa*):
Matrixa* ScalaCalc(Matrixa*, double, int);
Matrixa* MatrixCalc(Matrixa*, Matrixax, int);

Matrixa* Construct(int x, int y)
{
Matrixa* matrix;

int i, j;

matrix = (Matrixa*)malloc(sizeof(Matrixa));
matrix->x = x
matrix->y = y;
matrix->value = (double**)malloc(sizeof(double*) *x);
for(i=0; i<x: i++)
{
matrix->value[i] = (double*)malloc(sizeof(double) *y):
memset(matrix->value[i], 0, sizeof(double) *y);
/*
for(j=0; j<y; j++)

matrix->valueli][j] = 0;
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return matrix;

void Destruct(Matrixa* matrix) {
int 1;
if(matrix==NULL)
return;
for(i=0; i<matrix->x; i++)
free(matrix->value[i]);
free(matrix->value);
free(matrix);
matrix = NULL;

Matrixa* Transpose(Matrixa* ori) {
if(ori==NULL)
Serial.printin('"NULL MATRIX");

Matrixa* matrix;
int i, j;
matrix = Construct(ori->y, ori->x);

for(i=0; i<ori->x; i++) for(j=0:j<ori->y; j++) matrix->value[j][i] = ori->valuelil[j];

return matrix;

Matrixa* ScalaCalc(Matrixa* m1, double val, int type) {
if(m1==NULL)
Serial.printIn("NULL MATRIX");

int 1, j;
Matrixa* matrix;
matrix = Construct(ml->x, m1->y):
switch(type) {
case MUL:

for(i=0; i<matrix->x: i++) for(j=0; j<matrix->y: j++) matrix->value[i][j]

m1->value[i][j] *
val;

break;
case DIV:

for(i=0: i<matrix->x: i++) for(j=0; j<matrix->y: j++) matrix->valuelil[j] = m1->valuelilj] /

val;
break;

return matrix;
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Matrixa* ScalaCalc2(double val, Matrixa* ml, int type) {
if(m1==NULL)
Serial.printin('"NULL MATRIX");
int i, j;
Matrixa* matrix;
matrix = Construct(ml->x, ml->y)
switch(type) {
case MUL:

for(i=0: i<matrix->x; i++) for(j=0: j<matrix->y: j++) matrix->valuel[il[j] = wval =*
ml->valuelillj];

break;
case DIV:

for(i=0; i<matrix->x; i++) for(j=0: j<matrix->y; j++) matrix->valuelil[j] = wval /

ml->valuelillj];
break;

return matrix:

Matrixa* MatrixCalc(Matrixa* ml, Matrixa* m2, int type) {
if(m1==NULL||/m2==NULL)
Serial.printIn("NULL MATRIX");
int i, j, k;
Matrixa* matrix=NULL;
switch(type) {
case ADD:

matrix = Construct(iml->x, ml1->y);

for(i=0; i<ml->x; i++) for(j=0; j<ml->y: j++) matrix->value[i][j] ml->valuelil[j] +
m2->valuelilj];

break;
case SUB:

matrix = Construct(ml->x, ml->y):

for(i=0; i<ml->x; i++) for(j=0; j<ml->y: j++) matrix->value[i][j] ml->valueli][j] -
m2->valuelil[j];

break;
case MUL:

matrix = Construct(ml->x, m2->y):

for(i=0: i<ml->x: i++) for(j=0: j<m2->y: j++) for(k=0; k<ml->y: k++) matrix->value[i][j]
+= ml->valueli][k] * m2->valuelk][j];

break;

return matrix;

void Print(Matrixa* matrix) {
if(matrix==NULL)
{
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Serial.print("NULL");
t

int 1, j;

for(i=0: i<matrix->x: i++) {
for(j=0: j<matrix->y; j++)
Serial.print(matrix->valueli][j], 4):
Serial.print("\t");
}
// Serial.print();
¥

float readAcc(int port)
{

int value=analogRead(port): // reads the value returned by AD converter
int miliVolts=map(value,0,1023,0,3300)-3300/2; // transforms read value in mV
float acc=(float)miliVolts/360-0.9167; // ADXL335 generates a 360mV/g

return acc;

}

float load()
{
float newReading_Strainl = analogRead(0); // analog in O for Strain 1
float  load_Strainl = ((LoadB_Strainl -  LoadA_Strainl)/(ReadingB_Strainl -
ReadingA_Strainl)) * (newReading_Strainl - ReadingA_Strainl) + LoadA_Strainl:

return load_Strainl;

// Global variable

int ndof = 2, fc = 5;
float rn = le-10,gn = le-2, fs = 15.15, pi = 3.141592, pi2 = pi*pi, T = 379.2, pi2T =
piZ2*T;

Matrixa *templ=NULL;
Matrixa *temp2=NULL;
Matrixa *temp3=NULL;
Matrixa *temp4=NULL;
Matrixa *temp5=NULL;
Matrixa *temp6=NULL;
Matrixa *Klgr = NULL;
Matrixa *Rn = NULL;
Matrixa *R = NULL;
Matrixa *Qn = NULL;
Matrixa *Q = NULL;
Matrixa *A = NULL;
Matrixa *At = NULL;
Matrixa *H = NULL;
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Matrixa *Ht = NULL;
Matrixa *phi = NULL;
Matrixa *G1 = NULL;
Matrixa *G1t = NULL;
Matrixa *G1QG1t = NULL;
Matrixa *P = NULL;
Matrixa *Pp = NULL;
Matrixa *acc = NULL;
Matrixa *K = NULL;
Matrixa *qgel = NULL;
Matrixa *ge = NULL: // xe = zeros(2*ndof, 1)
Matrixa *qep = NULL;
//Matrixa *x = NULL;
Matrixa *Fcc = NULL;
Matrixa *Fc = NULL;
Matrixa *F = NULL;

// Control gain (LQR)
float Klgri[1][2] = {0.00393403718238711, 0.950589655577445};
float R1[1][1] = {rn}
float a[2][2] = {{0.0975442519810541, 0.0413665495040852},
{-22.2043825058633, 0.0898906552496816}};
float at[2][2] = {{0.0975442519810541, -22.2043825058633},
{0.0413665495040852, 0.0898906552496816}};
float HI[1][2] = {-498.268125740107, -0.898171667513690};
float HI1t[2][1] = {{-498.268125740107}, {-0.898171667513690}}:
float phil[2][1] = { { 1.000 }, {0} };
float G11[2][1] = { { O }{ -1}k
float G11t[1][2] = { O, -1 }
float G11Q1G11t[2][2] = {{O, 0},

{0, 0.0006601}};
float P2[2][2] = {{2.04783104361742¢-8, 2.75670741786427¢-9},
{2.75670741786427e-9, 7.42523732854059e-10}};

void MatrixaAssaignment()
{
// Control gain (LQR)
Klgr = Construct(1,2); // - Klgr (-Klgrl)
H = Construct(1,2);
G1t = Construct(1,2);
gel = Construct(1,2);
for (int i = 0; i<l; i++)
for (int j = 0; j<2; j++)
{
Klgr->value[i][j]=-Klgr1[il[j]:
H->valueli][j]=H1[il[];
Glt->valuelil[j]=G11t[i][j]:
gel->valueli][j]=0:
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// Noise
Rn = Construct(1,1);
Fce = Construct(1,1);
Fc = Construct(1,1);
F = Construct(1,1);
for (int i = 0: i<l i++)
for (int j = 0; j<1; j++)
{
Rn->valuelil[jl=R1[il[i];
Fcc->valueli][j]=0;
Fc->valueli][j]=0;
F->valueli][j]=0;

// System matrix and others for kalman estimator (discrete form)
A = Construct(2,2);
At = Construct(2,2);
G1QG1t = Construct(2,2);
P = Construct(2,2):
for (int i = 0; i<2; i++)
for (int j = 0; j<2; j++)
{
A->valueli]lj]=alil[j];
At->valueli][j]=at[i][j]:
G1QG1t->valuelil[j]l=G11Q1G11t[i][j]:
P->valueli][j]=P2[il[i];

Ht = Construct(2,1);
phi = Construct(2,1);
G1 = Construct(2,1);
ge = Construct(2,1):
for (int i = 05 i<2; i++)
for (int j = 0; j<1; j++)
{
Ht->valuelil[j]=H1t[i][j];
phi->value[i][j]=phill[i][j]:
Gl->valueli][j]=G11[il[j];
ge->valueli][j]=0:
}
R = ScalaCalc(Rn, fs, DIV);

int controlVoltage = 6;

void setup()

{

// put your setup code here, to run once:
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Serial.begin(250000);

//eAnalogReference(EXTERNAL); // DUE & (V&%)

analogReference(EXTERNAL): // MEGA, UNO & (7}& %)

MatrixaAssaignment();

//Timer.getAvailable().attachInterrupt(kalman).setFrequency(10).start(); //call a function
100 times a second (100HZ)

MsTimer?2::set(66, kalman); // 66 - 15.15HZ

MsTimer?2::start();

pinMode(controlVoltage, OUTPUT);

void loop()
{

void kalman()

{
long timel = millis();
Serial.print(time1l):

Serial.print(" ");

//// Time update

// qep = Axqe;

Destruct(qgep):

gep = MatrixCalc(A, ge, MUL); // Axqe;

// Pp = AxPxA' + G1xQ«+Gl'

Destruct(temp1);

templ = MatrixCalc(A, P, MUL); // AxP
Destruct(temp?2);

temp?2 = MatrixCalc(templ, At, MUL); // AxPxA'
Destruct(Pp);

Pp = MatrixCalc(temp2, G1QG1t, ADD); // Pp = AxPxA' + G1*Q*G1'

// K = Pp*H'/(H*Pp*H'+R)

Destruct(templ);

templ = MatrixCalc(H, Pp, MUL): // HxPp
Destruct(temp?2);

temp?2 = MatrixCalc(templ, Ht, MUL); // Hx*PpxH'
Destruct(temp3);

temp3 = MatrixCalc(temp2, R, ADD); // H*PpxH' + R
Destruct(temp4);

temp4 = ScalaCalc2(1, temp3, DIV); // 1/H*PpxH' + R
Destruct(tempb);

tempb = MatrixCalc(Pp, Ht, MUL); // Pp*H'
Destruct(K);

K = MatrixCalc(tempb, temp4, MUL); // K = Pp*H'/(H*Pp*H'+R)
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//// Measurement update

// qe = gep + Kx(ddx(st) - H*qep)

Destruct(templ);

templ = MatrixCalc(H, qep, MUL): // Hxqep

Destruct(acc): // acceleration at damper location

acc = Construct(1,1);

acc->value[0][0]= readAcc(2);

// Serial.print("Measured acc = ");

//Serial.print("acc: ");

Print(acc);

Destruct(temp?2);

temp2 = MatrixCalc(acc, templ, SUB); // ddx(st) - H*gep
Destruct(temp3);

temp3 = MatrixCalc(K, temp2, MUL): // K*(ddx(st) - Hx*qep)
Destruct(qge);

ge = MatrixCalc(gep, temp3, ADD); // qe = qgep + Kx*(ddx(st)-Hxxep)
//Serial.print("qge: ");

//Print(qe);

// P = Pp - K«HxPp

Destruct(templ);

templ = MatrixCalc(K, H, MUL); // KxH
Destruct(temp?2);

temp2 = MatrixCalc(templ, Pp, MUL): // K+xHx*Pp
Destruct(P);

P = MatrixCalc(Pp, temp2, SUB): // Pp - KxHx*Pp
//Serial.print("P: ");
//Print(P);

//Desired control force

Destruct(Fc);

Fc = MatrixCalc(Klgr, gqe, MUL); // -Klgr*qe
Destruct(Fcc):

Fcc = ScalaCale(Fe, pi2T, MUL): // Fd=*pi*2*T
//Serial.print("Fcc: ");

Print(Fcc);

//// output - Controlled displacement
Destruct(qel);
gel = Transpose(qe); // ge = qe’;

//// output - clipped optimal

Destruct(F); // Force measured at damper (force generated by the MR Damper,
measured force using load cell)

F = Construct(1,1);

F->value[0][0] = load()*9.8-157.7: //

Print(F);
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if (F->value[0][0] > 0 && Fcc->value[0][0] > 0)
{
if (Fcc->valuel0][0] >= F->value[0][0])
{
analogWrite(controlVoltage, 80);

Serial.println("5"):
t
else
{

analogWrite(controlVoltage, 0);
Serial.println("0");

else if (F->value[0][0] < 0 && Fcc->valuel0][0] < 0)
{
if (F->value[0][0] > Fcc->value[0][0])

{
analogWrite(controlVoltage, 80);

Serial.println("5");
}
else
{

analogWrite(controlVoltage, 0):
Serial.println("0");

else

analogWrite(controlVoltage, 0):
Serial.println("0");
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