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Vi bration control is a large branch in contr
desired or undesi tedthebdatmidmti on of passi
changing excitation inpubtn wvobchdivoeawsxht e ml

desired behavior to fulfil!]l contr ol targets
separated into two categories: vVvibration red
papersxambmwe aisrpecibrati oheciontirolestlTihgattes
devel opment for both control targets with tw
and ocean wave energy converter. It develops
modeal iset up, t hheen afpopllliocweetdi cory aof a novel mech.
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for common system tso etchial ecxdagthreydd ddfeet idgme Siog,
(modmededi ct i MRC)c,oagdamive EcE8kWwhbowkr dr i 8&dn damp
PDDhybrid model pHMRBIC)ti aeadcpassdblve control
met hods are devel oped f or odinfafnecree ncto nmepmaprliiscoant
system. Thset wdhidsost ahew type of system with
ot her papers do not talk too much and possi
complicated systemein-$phleeatmoabeoltcho gg yfsotlre msT
provided in the thesis with detailed model 0
shown that i n the vehicle suspension applica
in i mproviegcoevmhdX% ecboympdaor etdh at of the tradi
suspensi on. I n the ocean wave energy <conver
|l atching control can iIimprove thiepecapeswere JMRe
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Chapter

Background and Literature |

1. Necessity of Vibration Control

Vi bration exté®esmobhiahmos$t makhani cal system
uneven disturbance | npearer(geyx cfirtcam i @xqi. t arthieor
transferred to maclkaniidalats yysnt emMotsa ©f t he
even cdteiste.u For exampl e, the wind induced \
destruction, precise equi pment ndiiosveevmay C au
the oppositwbraomeni may be wuseful . For i ns

viatri on has been investigated by nBmtymalelsear
scale vibratigaucheagy vilarackgadk eneraryd har
| argéesener ggubhbrceant evave e(QWWEEY quomee vti domr a
ampl i f.icati on

Filg. BABrri dge Destruction due to Wi nd

Piezoelectric Magnet
Beam _ Holder

Beam
Holder

!
Driving Magnet

£ » Magnet Poling
Direction

(8B)eam Ener gp Har(vbe)stBeacc k pack [Blnergy Har
Filg. 2maddal e HEamevregsyt er s

A passive system has no capabilitys tpo obbd eard :
in undesired vibration or desired vibration

M



when two harmonic waves arei lolutbeoff Ipahta.s eHo we

t wo waves are in phase, wave amplitude wil/l
Natur al frequency is one fundamemeé atredgae ac)
system will vi bexdiat awdieenn tthheer ei nputnoexci t at i
as the system, resonance wil |l happen to enha
frequency difference cowmphratdi oo whht bé t ad
vi brati cen, sthhbewltdarbge t o reduce that; for des
enhance Holwatwver , the system natur al frequenc
resultinmaywilheoade ®inrabl e due to difference
frequency. Therefore, vi bration cehbrehangen

system characteristics to be adapted with ex

‘/' ™ /' \x ‘/" ‘u ,f' ‘x
\ / \ / \ / \ /f \ >
(a)

Filg. Bar moni ¢ Wave( &Supduitpesphhpel n

12Vi bration Control Met hods Revi ew

Al t hough vibration control can have two dif
emhncemenhe control met hods can abe demel ape
di f f e roepntti nsau b, opti mal met hods in |iterature
system, the simpl est mod e | can b®&he rmatsurean
frequency of the system depse.ndBh e nd atnmpee dmafsrs
depends on mass, damping and spring stiffnes

ofnass, damper, and stiffpesgst Amcdamphnggtoan
way t o bwi taldj merteddirl eexx ashg liea,yciommer ci al i zed f

i's applied. It changes system damping by ad]j
piston and exttempalneaoaase The fhection is <co
generatefli mhdnenhtensity ®Hampragedonnsodeor hd
contr ol becomes popul ar i n vStbaratt i forno m osnit mpoll
har moreixci tation with single wave f rmpedfuency,
set of contr ol met hods are developed sinofre
change controll ed sgspteonsleetequencgsxdionat ammp l
frequeonrc ye.x abhplae ,skyhdok corbter o lmpil € medndFeadd wmne
system with harmonic base excitation. The |
skyhook <costthreolampdduawae of controlled syste

10Hz)Skyhook is the simpilrestvi coatiroh comtt e

H



damping tuni iOg[6lo dc@ {7Tcod ng rlaitkee a |l saon oaqhpdlrii mal as

dampungng met hod f o.Bewiildreast damprn edu dtuinomg, a
mass damper (TdMDmassnedamperchrerd stiffness s
system to vary system frequency resgonge. S
vi bration due to windS8orAkravde hmetked asmaretpii c
active meht hnoedasns whamper wi | | al ways absorb e
system dynamic, maybe someti mesgeg cobnitsoptefe
to achieve cert.®&uonh dynmame gt biehhavplplr€ed mapdt eix v e
conjugate control specifically applied on oc

uses poovefr (tRTk@) f oOWEE@ itme rctain@ edamal udmmarticrhg dfeovr
i mpedtamca&chi eve maxi mumdhpaoweern cedxhtattaic si @am act
contr ol met hod, since PTO ifompeceamag dri ve th

x(t)
’—’

%

:’/”//
o [=—]| %w

Filg. Bhe Si ApOFe sSty sit e m

Il n tdwerday domain, contr ol met hods design ba
effective with Hvoaremenf,cempuantceywtexaitati on or
happens everywher e, which | imits freqluency
application. Time domain opti mal control me t
excitations .meTthheo disQR,h aMP-&p a&c e am@edle lo nh &4 ali een
in vibration control. They use éxaoaetatcionr r i
performance cost fTmetcosnt i hundtmeordoaean nbe
certaperitomheor theamehdloe gtet mover al |l mi ni mum
soluBotoim. met hods have beeanctappelliye df oac tliivneelayr
examphlehl the MPC method is applied iindeactiyv
comfort and nrgpd i[d MBEd application with syste

introduced t eacmaikvee MPaOnpsienngd ecs o tersoll ipmeasi Blyes
contorlmér optimi zation met hodsfarenahsonappl s

In 1P, adaptive contr ol diess i igmt rboadsuecde do ni ns tvaibbr
nonlinear system.

Vi bration control has applied a wide range o
Vi brati om I sd¢temsilcadd el ak: iwni bration reductio
thesis wild.l l nvestigate the control devel op
ocean wave eaepyyyced®hesetewo applicatoinons ar

reduction and ampl i fi cdatsidobosvscoaritrrod!l. iTh ed d\he
(0}



system design constraints, due to the applic
gear box.wifThke bbaear s@hnagpetperra sei hborkal t oi wo:av echoinctlreo |
susperlapmnerx aBitrhesbrati on amplifi cChapbar cdnt
provides conclusion and future worKk.



Chap2er

Vi bration SuppressiemsComt |

This chapter i nt riocdautcieosn tohne vceohnitcrloel saupspple ns i
contr ol targets separately via two differer
devel opment , anot heracpirog ectonti solabb et eclsoappm
i nvestigates maj arppddretdr oln oveerhded e suspensi c
pr ojsehcevisf ecti veness of control strategies on

2. 1 Aatsipeensi on Control Design f

Load Reduction at Traffic Signal

2 1. lIntroducti on

Amer igcanod ihetaivea | y depaduwtdy Boansuelde.aovny t ha st at |
from the United BitanepdrDidgtar2nielngt heoft ot al a
mi | edageven -byt wetawyck (@home) een bi ghwayg bas |
40000 million miles to ntehhealsy BB0Q0@&Grmi |l | i on

Total Annual Mileage Driven by Healyty Truck
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20,000

0
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Fig.Ameri cawdudHgevpmmeal Hi ghway Mil eage
p



More annual mi |l eage drsi vreokawsbl meadather morcay ¢

of vendor s. The weight of the trucks <creat
pavemdrit sRef[al bsettat ehde atdfhyaty vehi cl es account

mil |l ion) of annual expenditoredher &q @it eedoff ¢
Wei ssmanlnppeti nakd put that the annual overl ay
can reach 59 .b5 minlalliyazn ndyoltlher s,el evant data ¢
Per empirical dat apawe@dmrattd aanto oggiagn &INi ae e ai, n
repaved in three yearsdwhererubkrer whsi €r eBa
at signalized intersecti onsyewerrse wiotrhmaf rl eyg uslc
condi tei,ons,ssi .odutnyp nter helkasy,y i n the same area.
in such areas is significant and economicall

From the studiedi médebeadi pamv eormenirrad &li cade, g ds
i nfl uence tlher g@.aveéhjee nectt aadle.d [t hat f ati gue f &
|l i kely to be governed by peak dynamic forc
performance index to accedynarmiec rtoiade dlamad €
expr essoeadd asst rleBs.s Afdadcittoiron[fal | vy, a | iterature
tire |l oads can increase the theoretical roac
static | oads f orertaytpiincgalc ovnedhiitcil oensss a nmbgatsoemln O n

1D .

Lots of researchers focus on vehicle dynamic
for exf2apmpalndd [n such driving conditions, brak
durg heavy braking sceamariifa,c amdhiweelie hwi Itlr ama

the front and induce 8 to 32 times paveme
rutting/ shoving potendpadd cwenhR@ lea tHeaawndighl ma l
be increased wi tahs si.n cTrheearseefdourtvey h ifcoure khnewai vtyh t
damage will be significantly increased durin
happens frequentHencdkeye ttoo erxetmeenidi glhtef ep aat S i
intersecodor,0l at igon i s t o propose stulsepensi
consideration of braking motion, with a purp
especially on the steeringnawle @lue, twhibah kwinl

transfer.

Fi2Zg.Road Damage Caused by Vehicle Braki
The project is to investigateduan aatuic\ke sc ceretl

c



second axle wheel sd dynakcka8sdhraviykadit g iamug
traiid erntrmdtulc e d mo dedec etlheesalar aplahi mmgs di st ur bart
with thmeuglmass excitations. Trhemr, e st ehnet sr otahde
damage caused by dynamida c erdgleadh dand swgitsh t h
decel enabsborxpsor edhe Irtoadursntsr dosush kfit amgatta m t &etn s
enl arged to 2.7 vemesl ecwowmphoet boakheg. To
damatghee LQR and MPC€Chmentar el appsjuosepde ntsoi otnhse aanc
objecti ve niiumicniizoes ttirhees sroofaadct or of the front

the asoasipe@asi ons can i mprove the0O82afdorsttrlee ss
wheel 2a9ndt ol .14. 05 6d rfiovre twhhee etlr,a cctoomp as gan avi n ¢p P
wheeé€elhse. | mprovements ar e ¢ onsciodrentoend rtam ghbee orf o |

stress factor vRABies from 1.11 to 1.46
2. 2.Class 8 Heavy Dgty Truck Model in

Il n this section, -8a threuacvieyx haersthiic8u | sad leaT lhcel da san ¢
truck is assumed to travel i n a straight 1|
yaw motions are neglectedodEbedsiamphi hatéattio
in FiyTarea icul ation joint!Wheoedmoniy <siampleidf ia
stiffness sp2fi.ng and damper |




Figg.3 Half Truck Model

The dynamic motion is governed by the foll ow
1. Verti cMdt iRade
m, Zc sf +Fdf Fsr I:cli-r F§_ Fcﬁ @ 1
mz=F K F R & 2
- _ 2.
n].llZ/vf_th 'st Fdf @ 3
5 — 2. 4
rTLZZNr_EI‘ -Fsr Fdr (
(2. 5

anZm: Ftt 'Fst th
2. Pitch Moti on

'Jq_Fsrlz #al, Fdy Foly Fds F A3 F R JFD g+FDJ (2. 6

3G = Fil, Fud, Fds Fdt FDs Fh, e 7
3. Force Equations

P =ki(z -2 440 @ 8

Fo=k(z, -2 1) (29)

Fe=k(z. -2 1) 21

Fo=k(z Hg. z |9 @ 3

Fs=C(2 Hg. 2z |+ 2.1 p

=kq (Zs -Zy) (2.1 3

=k (%, -%) @1 %

Fe =k (7 -%) (215

F=F +, ma 21 B



The parameter?a 1f)r am Equanttiaomnmn ((ntroduced i n
Then, by comR #Hd AdHheqespsiem (sspganeemadcal tads
X=AX +Bu Bv

2 1
Y=CX +Du D &

X=(2, 2., @ Zu» %» %00 % & 2.9 G2 W8
u:[Fdf’ Fdr’th]T

wher e

w=[F;, R, R & Zyt» Gy %Jt]T
Y=[(z -2).(7 -7

AB,B,CDare coeffi oMcdeartotmad rtilce se x tyerrenparl e sdeinsttsu

t he mg eteirrie defl ection and second axle tire

|l oads of the st eeikiyng #a¥yn d Ssienccoen d heex It easr geerte i s

dynamic | oadsaod skeostdeaxi es, the tire defl
as outputs.

2. . LQROuUut put Feedback Control Devel opment

To reduce the dynamic tire | oads of the trac-

Jr =Y QY +I Ry dt =f{X € QCX M Ru (@ 1

&R 0 0
rae 29, 06
whreeQ=C'QC 75 _ 8R§0 R 0
¢V L= x& o R
¢
Since the control target is to reduce tracto

to minimize tire defl ecti on Coifnttaqrcatoead wiirntho
f ummt. i



—

Control Loop
Fi2g.4 LQR FeatdbatkL@op
24 MPC Feedforward Control Devel opment

The LQR met hod calcul ates the <cost function

sudden change in system states cannosti doeer ac ¢
system constraints due to physi dalf olricmi tfatri
suspension cannot be unlimited. Therefore,
met hods, Model Prediction Cornetcreodi n(gMPhCor iizso na
control met hod. It i s based omndibscrweti zE
Xy =Mx, GU, wherse the state at t he X fUyrasrte st er

respecttihwewelst ate vector and the coMsttreaphsd,i nput
Man@are obtained2 79 mvsepaicsd iadirs r et i zati on.
vectors are represented by

A%, 6 & 6 A A 6B &4 0 - 0
0 6 o & © ®
xoo@er gy = G yo A AR B 0 (2 1
Ve 5N T @ e 1 & 6 @ o '
& 0 & 0 ®  Opin @
CXen =+ Ugn: =+ Al ¢ AT'BcA’B - B

( = = B
wherxe AX +Bu '|5§V‘Y X = A X By U, 'deWby

Y=CX +DuD & VY. =C;% +D,u,D, &

The main idea iIi$©otrozfoor monhatre!| a pfriomilteen by sc

zero order

‘JMPC = XLQN xN +L|T R\l U

c @ 2
stUCU W

wheQgR,are the weeghof mahe st alUgsaraen dt hceo nu pr o«
bound and o¢ofowtehe boaumtdr ol i nputs and the abso
mat r i cQ sdia{iICQG, -, G QG R =didg,R; }JF.. The re&sQ®Tn to u:

M N



in Qhmatrix is essential, sipgQe=ICeQGogut put i

The problem is sd&wvedh at teadeh htoirmaoht e ep,

contr ol i nputs mdry deérec dli awliastcesdet aeredt eadn pet t
contr ol i nput. The most efficient way to sol
programml eqn. pHence, the cost function is con

1 1 T
=—U HU +
Jupc 2U U U @ 2

StAUC b
whe HeG'QG R, f € QMg A[% 1,-b[U=U

2% Si mul ation Results and Concl usi on

| . Performance Assessment

As mentioned in the chapterveihntcd @d wd tbiran,i otn
related to peak Thyeharnoeacdd t i mesd oafd t heisse peal
assessed by ri@dadh|[SRE[resscancberrgpresented by

u=1 %DLC? 3DLC* 2. 2:
wheDle€Cs the dynamic | oad cBMSH)/ €j.enTthedarsd i s

the dynamic Ff,iirse tlhoeadstaantd ¢ tire | oad. For

roughness anamisperealgd thter ey f acf2Ppr i s bet we

The system i sy siol vVBRMATLdAB chbhyt @lsi ng the Tust
parameters employed in the simulation are |

| Di sturbance I nputs

| n ntuhnreer i cal cal cul ation, both the road rougt
as discé¢ uirm@awmt s. The road roughness86®8yc[reat e
The human driver braking data @g2&5]Irtedcso raccesdu nfer
that the truck i s not I n the emer gEmeybrmalaikr
fluid pressure in the braking cylinder is r
with no time del ay.r&i hbe pheemanget mpsovem:
control at signali zed irnakeirmg cmatoinosn somdwn oint
2.f5r om 636s to 652s is selected.
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To explore the relationship between the bra
constaretit edati on for passive vehicle and cal
obtained. The braking intensti tsyhaw8 st dfarmgp m
be seen that the tractor dri vwehialxd et hes rnooad
factor of the steering axle is very sensiti.yv
becomes 2. 7 tibneakTdreg tr leaats omi tclaooutbe t he great
braking intensitgy ivhaleunes.i tAs itnhcea elasdfako,mm It ehreg e
t raddtea t hes etcramditeorand from the tractor secon

t he tsreaccatmotire , the two types of weight transf

indusédbhe road stress factor. For the steer

and increases significantly with braking int
1.6 —d—Road Stress Factor-Steering axle t

-#— Road Stress Factor-Tractor drive axle

-
9]

—
»

-
N

Road Stress Factor
[¥3]

=y
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-
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Fig.Reel ati onship between Braking I ntensi

[ I Control Weight Matrix Selection

Fotrhe LQR control, the weight matrixQ;for o
047 1% matrix R is selected as [5.74, 0, 0; (
are set with tlhaer gnel nviamiuzeast,id @i Inecfeet i canc ti &ar t thier

M H



For the MPC control, the simple time is 0.O0:
ti me for brake force. The time receding hori
10 steps wild.l notn pcuhtasn.g eT hoep t vi eniagd hota brpautt roihd D@ n
is sel[e2cltie0d0;adF,; SnmMatd i x R is selected as [ 47

| V. Si mul ation Resul ts

With the parameters from Table 11, t he si mul
with same raomd broaukgihmgsdata i nputs.2.The LQR

g X108 5 x10° 3»510“
: —— Steering tire load-passive ——Tractor drive tire load-passive — Steering axle control input
—— Steering tire load-control —— Tractor drive tire load-control ~— Tractor drive axle control input
| 2 z | Trailer axle control input
=z 1 z . 2 T - 3
- - S |
© © =
(o] ! )
S o5l ke L 10 | { |
o e 5 ' h
: : E s
X L s " 'r A
= : 8 P IY T Nt
g g - - ;' l‘ l
5 > =
05! 8 241 ‘

= | ;) 21 N " L
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Time,s Time,s Time,s
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Figg.7 Compari son bet weencdratsrsa lvlee d/eVa Itil ®l e nfdo
Tire Load off ;St(degr Dygaivh €Eed¢trer LDaidve® Wheel
Il nput Forces

Il n ZFi(tp) and (b), the dynamic tire | oad comg
LQRontrolilsdshawr.k The controll ed peals of s
braking perrieadddicleas albeearl most every |l oad peal
algorithm has been designed to minimize tir
positive and negative tire dynaméed odmatdhe al w

strees ewatuation, the i mprovement of the st
of the second axle reaches 25.5%. Although t
i s much smaller than t loeads al@aonady eaixse en ottt hh es nndaad
stress factor on the second axle is larger t
Table | . The actual decrement of the second

axle reachemssiOda8rdbl dtktes whechoadmmbnly var
1. 46.

TABLE I LQR CONTROL PERFORMANCE

Steering Wheel Drive Wheel
Passive Controlled Passive Controlled
Vehicle Vehicle Vehicle Vehicle
Road Stress Factor 1.164 1.131 1.429 1.064
Improvement 2.9% 25.5%

The comparison of dynamivcehtiicrlee |aonadd eMFCG tclhoenet nr

i's show8The d¢&Eomtroll ed dynamaxl ¢irse imoah beét

the ¢@QRtroll ed velhieclren.adBastead sen factor eval

i mprovement is 7.1 %, whi c hmeitshodchor &hehami v
M O



i mprovement i st thati |aafr tcloemplaQRR dmet hroadv ¢ 2én L %

i duteo MPC prediction capability.
4 4 ¢ T
1.5 x10 - - - 3 x10 x107 = Steering axle control input
—— Steering tire load-passive ——Tractor drive tire load-passive 3! ~—— Tractor drive axle control input
|— Steering tire load-control —— Tractor drive tire load-control Trailer axle control input
= 1 Zz 2 ! Z
3 3 g°
3 g1 5
o 0.5 o o 1 ‘ {
[ =0 < ‘a' g Y
o © € O LTy , O
E ° E 4 R L Wl
@ © Z | ' |
=3 s 2
a-05 8.2 c
=0 |
e : ' : 0 5 _10 15 20 @
0 5 10 15 20 '
Time,s Time.s 0 2 Tir}\%,s L &
(a) (b)

Fizg.@omparison between Raoxngirwd |\Wedh iVelhd cdred fM
Tire Load of Steering Wheel; Whie)e | Dgt{edli coTi
Il nput Forces

TABLE II. MPC CONTROL PERFORMANCE

Steering Wheel Drive Wheel
Passive Controlled Passive Controlled
Vehicle Vehicle Vehicle Vehicle
Road Stress Factor 1.164 1.082 1.429 1.056
Improvement 7.1% 26.1%
The control effect with wvarious Thounhaan rhdryakiure

the contrebredusf beakiatgy i ntensitybyttbhemhaoma
di fferent ftadtleadsi BvthaHcahmtgosrS& .a® @ hkei d.act or r an:
O to br.eplrheeseht s no br aki2n,g9 ti me urnfoaacd sosrissh e t
secanmtie are not seinmtiéenviet t oarnd et tbe aliklingndgo v e 1
veihclset dabsi | i zed at around 26 %t hldowe ween,i ntgh a xirl
sensitive to theéeéhkbrakbiadgdiamagesictaysandby t h
beeduced when the brakinghbsphrexif amatef yi sosn
to an emer g(etnhcey Ob.rdagk ichegc el er ati onemsr g ® meny n |
braking and the mdecewuenr Attman bnakhng paper
i's tthheatwei ght t r anisnftdeeyn sdite c lolaaerggeet maoadk i thige c o n
forcesatanthe coas daserher exciyatcremswBi ¢lnef
damaxpaised by the steering wheaelrgduThing dalhsor
factorsteerdkke.
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Fizp(a) Comparison of Road Stress Factor be
Vehicle; (b)) the I mprovement of the Road St
Suspension

V. Concl usi on

| n t hdésp tseurh, an example of vahioml edysnuastp ecn stiio

reduction is introduced. It proves effective
and MPC, can be applied to reduce viethh cdleady
8 htarldck model . Sitnecde ttoh ep apvreonjeenctt pirso treecltai on
road damage assessment is done to show the e

extensi on. The relatibowshnd bebdeemmbpgeaekisg
Both LQRC amedt MoPds are applied. MPC shows bet't
compared with that of the LQR. It needs to b
is only 7.1%,thnidnct edstC nglahbee gpkoinsinsg bihnet egnesaiatbyn
weight transfer caused by braking.

22 ASenictive Suspension Control C
Comfort | mpr ovemeandgedf oEne MR Har

Suspensi on

2. 2. 1Introducti on

Sucbhpa 2r1 i ntroduces how active control can b
|l oad via active suspension system. However,
active force, whi cbhe rnieeadrks t @en drhgey vmdgdoedget d o d
requires high energy inpuWhe¢éon pelbivclde paséeii

rough road, it is a scenario of Kkinetic ener
body. Such undesired endygemtiaesi eadafamectvg
ride comfort, since undesired vibration ener

MPp



transfer to pa¥$sedgerenahdswépehsion uses hy
energy dissipghtmedsdl uecbhy converts vibrat

which wil |l be absorbed by oil. Traditional S
energy effectively, which will cause undesi
Howe,v egwicthr ati on energy can be wuseful i f the
energ8uch motivation rises the rEbeareahl!l i as

research focused on t he Isihmeda&r arbesce rpesrwestriévieE
proposed bxB KadopdoppamrPp Rehd ileilmdear[ el ectr oma
was applied and produced a luaactk ngl e chter osmps p
vi brdheoemarggsti ng efficiencyvfemr upe&®s 7i0%
[3P However, the po.Wwercade rmosiltyy pirso vtiadcee sdmaarpli n
a short circuit <contdiftdronev esr izae hcpdanspsaeontty e $ u ft fa

To over corme nspucnhyg ldoew ecrner,attiheerohaclk akger be
been proposed by utilibBahdr sew maedntehiasim slns,
pinion m8gdransogmeelr moti on con¥dEBER[ am neocnhvaenr
' i near suspensi on onvoetmeonnt si notf & r greord eart &dbbonr s i .
demonstrated that the rotary electromagnet i ¢
force and fegereeacgtdar €D the trakdsemiiganieadn ag
raspkni on basseodr bemocakndabest abli shed (Thhe benc
i nvestigated suspension has a gooe 0pPdOwWesr/ nd e n
but wietltavellyad wevsteineg g6 Biucihehow, e33 %ci enc
causedr égi grheecating suspension vibration bei
the ged®rator |

Based on thibasedsuegeNMMRatti veshkkoeictalbmagmer
have been developed to convemrritdirreeccitpirooncaalt irna
generator and produce stable voltage with s
with -sacrbeaw It ransmi smpoaveéoefierghecgweyry ai on
when the output shaf to htatse ai rhp wth esh s&sfpte,e ds yc Dtme
into another dynamic model . Such piecewi se
devel opment .

The control odevwdleopgMRnthas been discussed in
(Sky Pooker Drivien @Qrampleirpped control) are onl
To fully use the MMR engage udbiaserdgapertfreodt unr
tat includes MMR mode switchVMMRbdxad usespeasnci
wit hPBB Sky RPoooske rv ehr iDadngm@mpi) ng, canpo@kkry hfolokw

controlled traditional suspensi OAn qumd t&r p & s
suspension mddey pifchupewirvtyhc kr ansd oanp prloiaedd e x c
di fferent réadomct aes siemvuéebsi on, t wetbonmwuil el
based dampsihnogwsc obnettrtoelr per for manceommarrdd et @
the-PSB damping controltkd 8MMRhocswkspeastioall
suspension dnd omad s iswe ptemad on. The orkhpr ovem
vehicle body acceleration reducdtoinon compared



2. 2.2 -bMMBd Energy Harvesting Shock Absorber

Il n his deet idoens,i gn and wer KWiMRgs epdr i sailto pk ealwd o
introduced. Then, the model i nghmd| drhei mrmowt
of the MMR desi-gjginr @ cst itoon aclo nmweetritonbiof t he s us
rotation of the geeaesgbbemtengrgwnmt hgr venption
MMR gear box, an engageablconequbuakento itrert
i mprovementl.Oi tnshRioges t heb adseesd gsnh oocfk tahbes dWMiRe r .
the conventichhraanlbehy drsauleipcd aced by NBERewgearl
mechani sm. The geneuvbtohais dfiviea KNMMRtbheaoh

suspension defl ect s, a nut dimeicde onlae vhbdclat
will tdeisicalelw t o convert vertical mosicoewi ntoc
wi |l | drpiute sthhad ti mf t he MMR gearbox at the b
bevel gears conweagtedutwchlkest wasdhtatked Bachot hewop
bevel gear i s connected with the -wagleudacthor s
can be | ocked( enngaognee) dainrde cftriecenl' y r ot ate in t
Hence, i f the input gshafnt frotmattedasewdwpclva elmvyi
on the bottom wil!/ be engbaegveed. gTehaer ionnp utth es hsai
the generator rotating in counterclockwise d
shaft rcotuantteesr cil mc k wi s e dwarye cctliuvotnc,h twhiel |u pbpee r.
upper bevel igpge@zmouwitlelr cli mtcktweé se di rection and
counterclockwise direction as wellt Henates]
the generator will only -bastatile shockhnabsorilee

desedgnand devel oped by the Center of Energy
( CEHMS) .

Eyelet \ Thrust bearing
connector
Generator

Bidirectional
TAVAYAYS

rotation

Figo MMRbased Shock Absorber Design

The modelMMRp asedt sdock absorbe3d i &ndulmmakii g e
2.,11la schemat he #MM&Bgrdamhomfck absorber i s show
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FizgJ. Bt.hemati c Di agbraasne do fS htohcek MM or b er

|l n ZF.i,g2t he MMR concept ii®ed mtuagnatred awi tdhy nair
both engagement and di sengagement modes

o

H

e
A
Generator
External resistor R,

\ A
(wvv\, £ W

(a) (b)
Fi2g. D¥.nami ¢ Model itbrag eadf Sthhoef iMMREsS"@ralger ( b) Di

As showad. 12t hFea gengaged moeelofwi ¢qui Gareddcea

equi val emtr eisud rtteddr from t he MMR gear box compc

Therefore, ba%deaw,0nt Newdyoma®dmi @ equatiamn bef t
model ed as

MSZZZ Ks(zl _é) ‘P@(Z 9 gFlz .%q'gen

q @2 2

Muszl = Kus(ZO - %) -Ks( Z %) rglz } - @ iZ ’ qu gen

q} @ 2

whemMeis the spMung mhes;unszpnsng hmasusn;sprung

My



di spl ageimentthe sprung,; mass tdies prkQaacde mterim@u ts;h o ¢

absorberKgsitsffhessigries stthief $rpoeteadt;ioofn atlhgg out pu

is the rotational speed of the input shaft.
by the input shaft, t herefore, results in s

MMR a@grebox and gener at or &yisst ecno, n naenc teexdt ewintahl t

in series. The equivalent damping can be de
shown bel ow

_ 2(rb2rgz‘] m-'-rbz‘-J sg +2'Jlg }bs)(pd m ﬂ-l)

2. 2
(I-pfd)d,| (
2tr2(ed, +fl) 3
=0l 2K _ ) @ 2
(- pfd,)d,l "2(R +R)
wherds the gear ratio between the | arge beve

the gemgrilsoxtthe generat@il,fdaaheadniee at iao;of |

sg?

generator, small bevel geammwilsatde Ipevelh gea
t he -sicaletwi s t he fri c[t3;d]ni scotehfef | Tk, lkeeawr el etahde
generator torque conRktsanthaendenmeflf atbgRei sonest a
the extern@gl sreédhiestgemeaenpti oy vi scous d

When the output shaft habBafit hidheengpee dwitlhl
situation, wihk Bendadratoamp!l ed from the suspe
eliminates the equivalent dpaymps &gt @anpgr o wnied ¢ e
model , the ingearboxfi s het MMR i ncluded in t
inertia of the MMR gear boquisvmdmathdr ,ic oonip arse dh
in FiBased on "Weawt,dindhesen §aged dynamic equatio
as

@ @2 2

MSZZ = Ks(zl -%) m dis(”z .'g’q‘gen

M2 =K% -2) K(Z 3 Wu'Z 26| 2 2

M &



wher e

n]e .:Z(rszsg+2Jlg +‘]bs)(pdm -ﬂ)
s (I- pfd_)d |

mgis the inertia of the MMR gear box.

Since the gendmatmon hies sispewnpli®od system, it

with the exRearsnalhowes iBsnd.@yquati on (

Cm g

Jgen&gen+cm.%en 23] Y @n éJm (2 3
_ 3Kk
Cn = e G 2. 3
2R+R) v (

whercei s éeéhmher gt or damping.

The generator damping i s cq@md ede dltya reil ealt rd

parct . ¢he he generator Vviscoascdmvsatdrivio hl d a my

consume partial mechani cal power gefnreircattieadn b
of the generator. -hdased shkcdlldabpceie ©no MaiRe
[3PThe damping caused by newsi $it aned darhce wWies
exponentially during disengage period.

2. 2.3 bMMERDd SHockeAbEf f ect on Vibration Re d
with Simple Control

Bump is a sudden pulse excitation t ogevreshi cl e
When veheadschreoypamhs sbump, vi bration energy wil/
and cause undesired jerk. The MMR engagemen
el i minate equivalent 1inerter andn dtahnep isnygs tbeym
engaged, the suspension will be Mmaerndg algweenetna |,
suspension wi |l only have spring force and

the MMRpensi onwhendeebomdltera olessmg hoaomnu be i mp
vehicl e dynwhneinc veeshaidcoylsei s9 go t hrough the bum
be set to soft mode, since the upward moti on
body. When t he svehhieclbeu mpuystt hpeasssuspensi on sh
supportbwodckehi Erem bouncing due to bump exci
engagemedeépciamngeRize 1 3

H N



— To make it —
‘ disengaged '

2z ‘

Compression ,E K .f;‘-': Extension Me Compression
t = to reduce > 1
Mu.s' shock to Mus ‘ &
K, = the body K=
Disengage Disengage Engage
Fizgg. BA.mp Contr ol choansceedp tS hoofc kMM s or ber

Based onnt rtohe ccooncept , a si mdidtayt i @pinc K srddomec kv
F259gi ng through a bump with 0. @5k&%mwkeitdtlet
timased profile of the bump. Since butmyp, i s d

the vehicle passing s pldhed sii gpwudrestmeditre ras | aorwe vda
i n Tawrddckern IApwietnhld i xu arAt eTh e ethd cd lei e tiup.a tr a
suspension system as what piass su sveed siyrs trear mva It |
suspension damp2 Bghows ftoheescheaemati c diagr a

suspensi olmheb asyenlaimmec. mode |l of the traditional
Mz, =K(z -2) €(7 '3 2. 3
M2=K(z -2 Kz 3 &'z % 2 3

whercei s the damping of the traditional susp.

MMR model
The vehicle parameters are selected based on

that ane amota, By, are seeéarceridndyfor truck n

software with similar Vékeh¢l €ehee MyIRt egsi vheée
tuned to find good performance in vehicle bo
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hown for controll ed MMR s uspenssuisopnen spaosns.
MMR control -aahi wel gomter aal ,sesgnince gener
ension, because hi gher generat ot smeed
ngagement. Hence, generatorowil bBndot hkeee
al l-adt aseBeommtt k. resul t, it is obvious
I has reduced the finstbypemakeoft hapr hmadg f 1
of the traditiedhaby subpemas o inve THMER, md o
also reduced the second peak by nearly 2
ide comfort, asisemde btyhe hrkumehi €l jeyustanpg p
e shockgatThédembegi axawmiitnchi ng of t he MMR
cing shock at the beginnibgsefl shepbumpo
| er daompusng ,mdarte wiildrati on after the firs

how effectiveness il MBMR bbehpbempooavti og
ort in bump scenario. The next part wil/l
ofile with connected road with different



Ride Comfort Comparison
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2. 2. 4 Saghopok on Traditi ePiDaD CSounst preorbsai saend VAVIR
Suspensi on

Il n this seecatcitonv,e tcwaoft g edhliamet haod r oduced: Po
Skyhook anRlowky hroikvestPDDampeom the disserta
met hods are appltihtedegouéhcynadadbmais winth harm
section extends the two metltaooded i nu g@EaEoim re x
a piecewise |linear moyWst ¢ madse ttihe fPeBnBY dcgoenrd dr rotrl €
i s anal yzed opmsliyncien ferneggaugeen cnyo ddeo mai n anal ysi s
system. I n -PBDsmetebhtodoins &t ended with compa
mo dégpso we r cobBt tame eatep to deormdi ddeirs epmgsagiebne
simulation is done in discrete time space.

| . Skyhook Control

Skyhookwaé6SHhitially proposed to reduce sprul
contr ol strat egygc tdievwied peoredi odmo.r Istesmambhiyncr d at
ideal suspension system in which the chassis

by a passdgyetth@amparsing the real sempenhsven \

damper to emmiasteofhe hdgni2delmhowsustpleansconce
skyhook control



M, = M, e
z o
—_—
M, L C— v, | 1=
K K,
_ta _ta

Fizgo Skyhook Control Concept
By applying the skyhook damping, the system

Mz =K(z -2) &(7 3 2 3.
MZ=KJz -32) (72 2 c{'z % 2 3
whercsgis the skyhook control damping

Fr om epneerrsgpye ctthevepower of the sprung mass ab
expressed as

Psc+Pss =CSI-K% -;) % Kg Z ];-ZZ Eg QFZZ ])ZZ_Z SE @222 ).ZZ (2 3

wherPei s the suspensiaobnsod &dmpi nfgr o;mmBvsemr utnhge me

SuUspexnpriiomga bpsoowebred from sprung mass

To reduce vehicle body sprung ma&ass kpiolweati on
of sprung mass as much as possible to hseuspen
suspension spring energy is not controll abl €
can be concluded as

Coaxr If (Z,- Z))Z, 20
Cou(t) = . .2 2122

Cmin’ If (22_ 21)22 <0
Whe(z,-2)z 20, pbwfelrow is from vehicle body to s

preferable tooaksopbsasbmechrom vehicle bod

damping is set Wherdmax)zum ptamvesuse .t ransferred



suspension to vehicle body, which is undesi

mi ni mum valtulee tpowmeardieered t o mini mum. The
strategydeornsl yt woo ndsacjppci,ngTht ageentr ol met hod |
to be i mplemented.

| 1 .-PB3BBH Contr ol

The -PDHD al gorithm is a mixed control met hod
Poweri amper ( PDD)[4 Rursdangs epdoritn Hami | toni an t
control |l aw can be concluded as

meaX' If KS(ZZ_ Zl)(ZZ --%) -Ef\‘ﬂa)((% .az 0
Conr if K((Z- 2)(2 -7 %,(2 "9 O

CPDD(t):<°max—’2’Cm,if - z) 0&(z %) O, (2. 3
M,otherwise
. (z- 2)
The skyhook control strategy only considers

By cont i nusiinsg otfh et haen asl uysfpreonms isokny heonoekr gcyo nftlroow
be extended by adding energy d¢ | mavs sa.nalhye ipso We
the suspension damper releases to the unspru

Pe=0()(2 -2)7 2. 3
Tke power that the suspension spring releases
PUS = KS(22 -%) % (2 4 !

By combining the energy flow equations from
equations from sus p(2 sk 032 t4dhjau N etr upgwenra s 61
suspension 1is

Pnet:Psc +Pss Puc I:)-us ((#(g p(-; 1; - K 22- ])1-22-.]): (2 4

The power flow of each component Pg+Ppcasents

represent how much power can be obramsterwved:

an®.+P.,can represendr hoan mue ht paoamwsf erred from

mass or vi®gcaarsafl e the capability of st

HP



bet ween swpmrsumrgu ndgn dnmaes ssuspensi on spring 1 s r

P.P.can be adjusted to reflect pPowmPerO,titdresf e

sc? ' uc

suspension can transfer a&lIsl tenarag)yrabgyar hed
peri od, skyhook can be applied to dissipate

P.+P. O , skyhook and PDD behave oppositely

suspensi on, moti @ @ ®eefipR RO nmdditnts & d+ P U eass

switching |l aw and is formed as
c, (1), if Z- 7 20
Csh- PDD(t):{ " “ i 2. 4
Copp (1), €lse

| t means Zt I£a*®d, whteen skyhook control 1 awipatap

energy away from sprung nma<s0,ast hmuchDR sc qrotsrs

is applied to try to bal 8ryce udrsdri g wltdisngavierxg
skyhook andPBDD¢obhheolSHt awdednade co

Coao If 25- 2 200rK(z, 2)(2 "9 @(2 & O
Csh- PDD(t)z Cmin’if Zg' 212 <O or Ig(zz '%)(% 12) 9#5(; .1;2' 0
-K(z -2)

(2,- 2)

2 4
, otherwise

Il n the MMR suspenc<ci,cn wappl ibceatti ben, maxhiemum a

avail able equivalent damping generated by th
|t icusobtvo see that the control l aw is desi
suspension wil/l not have equi vHol wenvte r d a ndpuirni

di sengadedaemasdd,t suspension setup may resul't
Hencempard¢ son of vehicle body acceleration b
to be done to determine maedeteel eclthieare fiom eeg

met hod i s extended with the consi detrlated on o
concept i's that during each time step, t he
compared to that of dade tdh asste nwialgle mesdwel. t Tihe
acceleration wil/ be selectedt atsi mehes tmop.e TH

simulation continues to the next time step w
2. 2.5 -baRwlde Cont rboals eodh SMIMRo ensi on

From the intPDODumet maoond of MBI mode contr ol i de

HC



the modeling ofomhewlMMR shepgeser ator speed

speed, the generator will be di d@oen@ahedheHew
than the input shaft speed, system wil|l be d
systdemping to a | arge value, the generator s
suspension. Thereforegdbpscwetitobbki dgmgengrt a
can be controlled. With-babtedmoddkmgtyc dihtast b fcaotnesn
mode contr ol is developed. For simplificat:i
control is ighomedellnengagemeint confThel i s
MMR system i s a piecewich dyanteeam dcyrsaminc taiac
speed comparison between the input shaft an
chall eagel topgimi zati on maetmed amor mpltatmi amat i

t hat compares the dagestamd ¢iosvemgade trhedeelnga
di scretized manner is formul ated.

Based on the MMR suspension dynZz.mit h-se@micat ieo n
mo d e dagengndndi sengage periods are formul a

Engage- model

a 0 1 0 1 5
ot B
& Ksme KS mece _Ce mfe Kus Ce meCe 0
& M,-m, M, m, M, m, M, m, 6
a’ - 2 ~% 6) - ~ 0 ~
L T
L e us M, M, #m, M, M, M, m&z O )
25 0 g = 0) @ 4
& - 7 o€ 0 0 0 1 %1 3 o1 .
&, O 2. b2 6
¢ 4 +%K_ﬂ C mC, meCe_C gzl 0 +
& N e A
@ M +m, M, 4m, K M, m, :
2 2 0
Q\AUS"'me m Mus M m Mus n, nﬁ Mus n, ni g
¢ M +m, M +m, M, +m, M, m, 2
Di sengage model
o 6
® Mus' me dis 0 Mus ‘|'|'T'\e dis 0 0
82, 4 0% midis mi-dis 5)Zz' z 040 o
x ba\/l5+medis W MS m&dis Mk é . O%O O
=" 0 e M Bk G o) 2 4:
@5 02 0 0 0 1 &7 61 L4
x . ﬁw l% _ b b
¢ 2 <2 Km, 94 200 2
® STM_+m X
S e dis O us O 0
2 2 o
M s M g 0
+m, . —— M m, -——&ds =
g\/lus e dis Ms+me 4 us edis Ms+me N 9

Then, the system is TWiwsdmhetfiizesd by dea mplod dt
approxi mati on.

At ti me 2k & Btohwes Rihge | ob-easétowonfrohestuat eqg)



21y s 2oy s Z1y > 220

With ava]iab‘]ec// wo”f C,

r=1i, Engage Dynamic Disengage Dynamic
(a) If minf ;=425 Sy ‘/ T |52-mm |Jr P |21key — Zoqre) ‘ / |:r'fr'e—}rorm ‘ < sty
f=fk+Ts Engage at t =1, + 1T, Disengage at t =t_+1T,
(b) If min fe(kﬂ) =4 D2y — Za0ae) [T, |2 o | T P SWE2) T S0(ke2) ! \Z tirerorm gfdfs(k+2}
Yes N‘
(C) Control ng}(mz) = Mg |Zy05) — Zigeen | |[Control ng(m) = P,1 [Z3641) — Diaeny (p, =1

F§g 2ROU®Based Control alloigme Diamrraimde cdmf or t
time step ride comfort comparison (c)

I n t hengfiisgurhee, combi neeedn gtehne s pen shiedarw def | e
speedp iTshea coefficient that ensures the gen:

than the input shaft ppked to cause disengag

At eacsht etpi,met he contr ol strategy will compar
both engage and di sengage model for two tim
damping range will be divi detde gwi tahi tcheerftoamtn ny
damping value that results in minimum vehicl
The vehicle ride comfdBt i ndex can be expres

arms (24
From the equation, it i's obehows et btoidg@me,at b a
vehicle ride comfort index can be reduced. T
instant vehicle body acceleration.
The vehicle road handling index is also cons

HY



Ko m B G0 200

. 2 4
= 4,2,...
n?ms (MS+MUS)g ,I Y N
Frotnmhe equatioonseei ttbhsate alsyy rteduci ng i nstant
reduced for better road handl ing. By combi
optimization, a cost function is formulated
fe(k) = q 22(k+1) -72(k)‘/ TS‘.;-nornL +") E k1) g(k+1J/‘ %re norm‘ (2' 4

whemge are the weightingktvmbaprs; sthtexksluhbuoei g

2y o Zienom @7 € the vehicle bdey | dote bpearsastiiveen tam

suspension aepthe same ti me st

n the engagiedc enodlieflf er ent damping values ca
he cost function at eTahcehn ,t itnhee smienpi nmuene dcso sttc
for engage model wi ll be compagedmooelkt heocaos
whi ch mode can resul't in smaller vehicle b
engagement=kaltwitlilmeal so af fect t he t=ky®d ami c s
Therefore,r @atheg yc omitilrlolprsacess comparison for
ti me step.

—  —

2. 2.6 Simulation Results and Concl usi on

| . Veliralmet er s

A hedawtyy pickup truck (ex. Ford F250) quarte
for simuéeé avelmincl & parameters areThle spéarwyedat

bet ween the | arge bevel eands tohpet isnmazleld bfeovre Imi
body acceleration. The passive MMR tinad2dl S
on design IThmeint attihen si mul ati on chooses the
mod el s i Houw eavteiogprt .it hiezed gear ratio wild/| al so
equi valent damping. For fair camgamdiasngm,ngalrl
as optimized MMR shock absorber. The passive

dampi ng oofc kMMM ssor ber as the constant dampi n¢

I n the simulation, thec ieguédsv/éiinenexdampahgres

R change®Gt 6f@lms whi ch i s tshyes tream gdea ntph antg twh d |

to external .r eWhen ainrcer ecahsaen geext er nal resista
Wil leadsedt.e corresponding damgimndg-or #ikkgNe e, s f Dr ¢
SHPDDaNnd s knyehtohookdt he maxmimumuand ampi ng corr e:
mi ni mum and maxi mum external resi stances.

H &



[ Road Profile Input

To justify conrtarnodlo np errofaodr nparnocfei,| ea wi t h changi
as road input for simulatcontroodol abbdbrosablpgn
road conditions with changing grades can be
doesanet chpability to adapt damping accordin
from class B road to class C road.

The stochastic road excitation was establish
by 1SO4AB6TBe[road &% exatoom PSD h

n
G, (N = G,(n)(—)™ _
()= G,(n)() @ 4

wheGgn) i s unevenwess swaivnjdneexssef er ence smiast i al

spatial frequency. Variance of roughness 1is
szzzﬁzGd(n)dn 2 &)

whem,e are | ower and upper l i mits of spati al

superposition method, the road el evation can
q(x)=ei“'{ﬁsi SIN(2 XMy | +,4 @2 4

Divided trheon nhmoelallf and the intermediate f

celi41,2, 3,géi,sm) a uni formly distriluxies trthhedo
di spl acementf omwlditrde cvt @ loincl ebs

TABLE |1 | ROUBBABREYVYECBASSI BYIESXO 8608

G,(ny) ¢10°)m’

Road Class n, = 0.1
Geometric Me:
16
46
256
1024
4096

mooOw >

The generated road profile is
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Fizg RbaPd ofil e -dnpacdl+ta@Gssr B
[ I Si mul ation Resul ts

The simulation results for choosing the best
bevel gear, as well as the vehicle bddy acce
of egnéragvesting shock2 .addowdeapl Dtecoheswder Bi

gear nandoextern®f orespasdsaainwe , MR ssu snpud nast ii ocon

done in time doaemaatni ovi tdf tthlree cMMR i fdeat ur e f o

can be seen that the rj]=0.8.e sHe rmpcoa ,ntt h ensucsderet rpd Ic

same damping rhkMBesaspempsi onnzwidt h this gear

w B ] o]

RMS Car Body(m/sz)
N

5N

50

20

10
Bevel Gear Ratio 0 o
External Resistance(ohm)

oM



Fig. 30®. Pl ot to Det,ber mi ne Opti mal

Fi g s2ha2wls t he contr ol f or ePeD D oampdlaarsiesiioerc ofnd rr od
With same dampskhkghbokndanyyrother applies | ar

the timecashi nomé yi select control force bet wee
The -PDHD controller has one more tuning value
t he s kcyomaokol! |, which reduces contr oldasefdf ort
coontter has the best damping tuning flexibil
achieve better control perfor mance.

1'5><104

——Traditional with Skyhook Control
-e-SH-PDD+Engagement Control
—Rule-based MMR

Control Force(N)

0 5 10 15 20 25 30 35
Time(s)

Fig 2.21 Control Foralel e madelsoon f or

Fig28 hows the ride comfort cmarpagsusmpen aimom,g
controll ed tr ad?#PtDDo ncaolnts wspdends i MMR sBubssspeedn s i o

MMR suspensi on. For fair commaraigeo m,r tdhe eqna
each time step is-PEDsmelatpepdi bd 6tbowmet (st
traditional shock absorber in black has the

excitation compared to toheheroadndlraadd edh anogl:
traditional s hoc ki tayb stoor bcehra nhgaes dnaompcianpga,b iwh i c
body to vibrate with higher body accel eratic

passive model , theaweavaemrp,i ndqgu & utna nlgi neip-biae e d, It
MMR model-PDDhemefHod introduces another dampi
not show noticeable I mprovement compared to
SH DD met h-badsse,d rcuolnet r ol | er has various dampin
dampanhgeach time step for mini mum i nstant

performs best among all control model s.
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Car Body Acceleration(m/sz)

—+Passive Traditional
——Traditional with Skyhook Control

151 ——SH-PDD+Engagement Control i
—Rule-based MMR
_20 1 1 1 1 1 1
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Time(s)

Fig 2.22. Ri de CombDiofrfte rCommp aMao dseolns a mo
The passive MMR model is also comprairzad wh e \he |

gear rnatand exterR.alThe sgasrtaametegr s are opti m

road. rfohad profile is generated by white noi
Af t eralsetvreiral i s noticed that optimize the tw
vari ows ocaldascsan MMR npoagdseslif oe m wel ladi nprdiffifl ers
Therefore, the passive MMR model 2. 8Bows i tmh g e
ride comfort comparison between the two mode
shock absorber can have bebfet hei de adomi ontal
From the rms value compar ivseosn,t hteh er ipdaes sci ovnef oM

15Ride Comfort(Ride Comfort Optimization) with rb=0.9and Re=2

—Traditional
—MMR

N
o
T

L

o [6)]

Sprung Mass Acceleration(m/sz)
&

-10 I I I I I I

Time(s)



Fig Rag8ive MMR vs Passive Traditi i«

Fiz428 hows the power generation for tFhED contr
and -brausl eed met hods on generator el ectrical

recovenabge as electricity without <consider.i
thewpr generation i s not the control target
vehicle body acceleration to choosaeksl.arge da

18000

—Rule-based MMR
16000 - SH-PDD+Engagement Control -
14000 - .
12000 [ -
= 10000 - |
g
o 8000+ .
o
6000 - -
4000 + |
Ll il
0 I Auha b il li;_J “,l 1yl ,,I‘_‘\ ‘]'ll.l.ll “I L '1, b J’w‘ H ‘7
0 5 10 15 20 25 30 35

Time(s)

FizgdPower Generation for Controlled MMI

TablWVeshows the rms value of vehicle Thhoedy ac
passive traditional shock absorber wildl be
i mprovéé&ompared to fThe Bayblbioke contr ol has
compared to TheDBlHmedelnehas 19% i mpsede medtE | :
has 29. 2% ctcompavetehd the baseline

t
3P, dt
p =1 ik) k 0,T.,2T.,.. 2§

avg

TABUECOMPARI SON ABOUT VEHI CLE RI DE COMFORT
POWE®RENERATI ON

System Dynamic Power
Zo(msS) | mprov Avg. Po:
Tradition 2.52 0 %
Passive MM 2.10 16. 79 137
Traditional 2.05 18. 99
SHPDD+Engaggemn: 2. 04 19. 09 189
Rulbased 1.78 29. 29 187




| MConcl usi on

| n t hcihsa pstuebb asadr oabatr ol strategy is designe
( MMR) based energy harvesting suspension wit
pikap truck par amet esws pelMas viny e stkryadiotki ocnan t
suspensi omDD anmantSHIl | ed MMR suspens-baBe@r e
controll er on ride comberetd pemtoomaece.achh
perman29%0)2( in ride comher pasempar edadoti onal

Chapter Summary:

I n this chaptpemr,eowliwmati aomesti gated with thi

suspension. There are two mahorotargehsctierd
|l oad omadctviehi cle ride comfort i mprovement .
dynamic tire |l oad reduction, two active cont

suspensi.onT hceo nttwoo lc®omo woeéef imed thiowlaness looadehi
reduction when braking Thar dIQR fmert hloe avay hd et
steering axle tire | oad reduction and 25. 5%
met hod achi eves ibteh temre pieatfioo Mmamaomajbe cltiitwe o
vehicle ride comfolbbdsednpemeregne nigr vae MMRNg s u

for vehicle body vibration reduction. The ca
contr ol laalbelnet eiqnueirvt er and mpdpgstsalmiwe ed d wicv a
vehicle vibration reduction when vehicle pas
control -base®MMRuUsSpension, the first two peak
recgduc by nearly 50% clhhynpraa eldi avi ¢ ths p e rsbshisdaeido nTH
suspension is extended to random r-BBD, eacdt a
rubased control are introduced. Tbhbesplenbook.

The -PDHD anhlagsell @echet ar e ap pblaiseedd wsiutshp eMMR on. T
MMRbase suspension performs better compar e

controlled traditional suspennsgionng urnodaedr crlaansds
rubaesed meothhadlhas t he besitntgher frordrea2®@ebf oy ti
compatnddcttpmfs stitvee traditional suspensi on.

op



Chapler

Vi brati on Ampl i fication C
Energy Converter (WEC)

Pr ews ochapter t alrkesd uachi o wtn wiolmrtatoilonin vehicl

undesired vibration. However, in energy har:
control target wil|l be in the otaHe&rs wvaaby:utvit
applicatriadn omf cwinhh r ol in a promising energy

convéWEE)The chapter tabkdyapounhtcahstoobeofc
subhapter imodedt ipg@tdédMPt@fawnkey lo oindprrosbddiedt i ve co
(HMPXnet hods on di r eed(tfP Bheicvhee ngeswe rt htagak e onvers
i nt o e)seycsttreint.i tTyh-eh s ptc @scdensttiréonld d e v e I-boagpsneednt 0
power-oftfakeystem.

3. 1Act am8enrnicti ve Contr olbofdoyr WEG ms:

3.1.1 I ntroduction

The energy from ocean wave is the most consp
converting wave energy into usabhe emapogywha
energertenvcan be categorized into three t
oscillating body, 4aphdasovsehwheiimigF slysd rebmesr ||
of oscillating body, becombsopbpehar gndguér om
di fferent dii mpdtteisongp.oi hhe absorber is a heav
frame of reference (the sea | evel). The firs
198Whi ch was tes#pd Homweloeky o dRagihamre dv att awrtal e f
of the point absorber (due to size | imitatdi

frequenci es, which results Ther é Deroee\weereyy h a
energy ocoesmefdadebuoy astutbancenregde dwistehc oamd body)
submerged second body has been devedel7/dped to



overtopping
reservoir

Z- 1 Diﬂ gk R

turbine Youtlet

(a) (b)
Fidg. aO)vertoppi ) SPs ¢ ielflsc@)s ¢ inlgl Btoidyg Wat er Co

Fig. 2wdbody WEC

Based on the vibration theoWE/C dtehvei cneasj oorcictuyr
resonant absorption whephbtbEd hwavhee ealxedvBi tcaet ivoen
Oceaniwawe wave spectrum consists of multipl
contr ol of WEC system becomes inevitable t
excitation force in ti.meBawsednaxn rnticer nmgnldahageyt
sever-aptismabl and opti mal control strategi es
single frequency wave WEPRK ndomntdruacled Bedait i ared
early 1970s according to tthhee mantpeechdoah gt bk &

transfer function from excitation force to d

good performance in regular wave case and ca
makes it -aptymeglyo t tTshaek eatpipon of reactive cont
has not been applied to two body system due

With the consideration of energy maxi mizati o
ti me ddmanardo lcpcmatntr be a better way to maxi mi z

point. However, i n practice, most WECs wil/l
motion of the absorber and the <capabidlities
optionmat r ¢l . I n such a category of approach,

oOT



to its capability in handling hard constrain
maxi mi ze energy extraction aonmd gsddeitecpg e reat inoar

[5D5L5EI

The MPC considers control .inlptuti sasam & otricvee a
that requires generator to feed back energy
some s&fi NnETOSs, s yesntexdhbya ctke may nlohte rbedcoaeegtabrb ened
opt isnearhict i ve contr ol met hod fiosr rtehgeu iWHe@ styos tb

set system damping to be positive al/|l t he t
Predictive Conttbbd(HMPEDPNnVvera metiveecoantno
by considering additional <constraiefgendinngen

on the sign of relative velocity betbwedeyn t he
WEC sy3hermshuabpt i nhvestigates the devel opment
system with comparison with act itvhee MPMP Gnectahno

have the capability to choose positive syst.:
met hod whhhvealtWwaysi ghest averageapbwee menko
reduces damping control eff oretr aby o088 ediuch i ¢
is stildl effective in power enhancement .

31.2 -bodwo WEC Model ing

The PTO systewmpdédas Isyedreanzlcihca,me tclam.idiysien aamd i c

PTO will convert vibration The@&wCfwiulild dd e walit
caused by housing air pressure change due
el ectTrhieciawertopping system wi | directly wus
el ectThemedlyamecah®PiTOmcan convert vi brati on

rotati omebhpawmsamygmi ssi on. Such set up nbceyc omes
compared to the other two types. For a dire
wil |l dir edtdliy ecdn wenratl motion of buoy vibrat:i
wi || not have switching-smewdedenli scna n Hoeen cdee v eal

A two body WEC syste®m.Bmhen devisd enpwii Ifli egdo mwse rFti
motion between the buoy and the submerged bo

— i, -

Buay

Incident Wave

Submerged Body

Fid3 3Twddody WEGtSccheDm agr am

Based on the model , S 0 mes paascseu mmd d eolnsa ¢ oL Tkle ¢
addressed

oy



fThemul ati on i s based on Linear Wave Theor

Frequency dependeody pWBe@mamedst of beheonhwd

1
2
3. Thhieatriaofgéoecased by armneecapswmpadgatoobp |
convolution teramse arheemwused to cal cul

4

Nonl inear viscous dr ags ufbomecreg eids biogdnyoar ed f

I n the schematreprde sagntam,he position of the
The reference | evel is the calm sea water su

equation of the buoy can be written as

FentFse -Fu Fy Frp mMmX 3. 1

gen

wheke s the buoym asceéeher afbigs matkes ,f orce pr od!
PTO syBRB,tiesm,buoy radi atHR, 0oinhh dtamadinat ffrncced aanp i tnho

buoy generated by t hFk issubtnher goeudo yb ohdyyl, r nossttiact n ,c

the wave excitation force encountered by th
dampi ngr taemrd fimreces generated by wave propaga
of floater on the water suwvfifécabi hgntweltk d:¢
due to radiatiohe cheemgrihnrvgparvfeor ¢de radladi an ff o
combination of buoy added masshydr aovetldt ias fra

a restoration force to l|let floater vibrate
bet ween tdhhanrndiomg felbo ddawy aompagtd owei ght . 't i s mo
force respect to the buoy position. The forc
Fr1=A1.X1+bl.X1 (32
Fio = A, (3. 3
Fhl = rg lwbzuoyxl :k1X1 (3 4

whermAei s the buoWw, iasidtelle mMassesy added mass due t

bbis the buoy rldisattihoen bduaonyp irnagd,i ateirge dd d mp iy n

moti on. I n tthhe &iiamud rtb oMbt wpgeand submerged
be |l ong enough to ignore the Thediadded tampi
radi ation damping are gener atseidg nbeyd WAUMIYT asnod

o®



shapes. For s i mplsisfuimeat i @:, c drhetyandrse at i ni

assumption is also w~vabki tdheowargpibsndtelgpes it Gy yc
sectiong radithe, graaﬂietraatttgiiﬂ@;ncadin alce for med as
varilebl ¢ he hydrostatic stiffness.

The same procedurseubmer bed appdy . edl t of @ lhleows

'Fgen 'Fez Frz F'r21 mzs(z (3- 5

Fo=AX X 3 6

Fr21=A21X1 (37
The buoyancy force is constant due to fully
submerged body weigdual wtho ch means it can fr

The -dtomby WEE@ddacaing WEC system, since the po
motion between twodBthlhhat etshe lé¢f fi sctf owfnas li amc K
t he absorpti erne apcatwenrg ONE Ca sTehlefr ef oren the mo
system formul ati on.

With the purpose to cont4 olmetsipeaasee Steem ewsieant |

necessary. The f or nguhltaftoirowa rpdr,o cdeuses tios tnhoet csott
coupled radiationd ianagl comwlcaitrisoni.n Tthhies sceecuopn d d
space model cannot be f or med3 W3 tthaormu tb e erfeowrmut
as

I en Xl klxi 2"X2 S
g Ia Iol & —
- 3 8

m+ A . (

- Fgen _*FQ bZXQ Ailxl o
=% 3 9
A (

By plu3a®i)n3 80 o edvevisa to get TrA%Y aofdh,Xt he <col
The equatriesn adend ke

A2A21 N :E . _ ALZ._ F A12 F A&sz_!_-
(rn_L+A ))S gen rﬁ q)i Iﬁ)& r@ +% gen na 'b% e na é)ﬁ (3 l(




AZlALZ =F- F RV A21 F A21 F AZlbl - AZ kl
(m+ A mﬁrpgxz o X% X

gen
mez

en 3.1:
m+A " m A m A mf*’i(

The gseater(xi g % x) antdhe initialx={mwedd Oi.ons ar
The systspmcethbem i s

x=Ax BF,, BF BF

gen

(31
Y = Cx
wher e
a o0 1 0 0 & a 0
® 0
e -ﬁ i (Aizbz'@ fo) _Z ﬁ
& my my m,( m+ o & m+
A= B = 31
Z 0 0 0 1 5 & 0 (
® Ak Ab b 5 2 Ay
cMo(m+ A m(m+A m o+ cm o mEA
a o0 ) a o )
® 1 Q ® A Q
* m 5 (m:+g) 8511 0-10
_ my 0, _ @y 08
T 0 PTZo0 YR 1o 61
& A, 0 @ 1 0
Tmm+A < T m, 9

Il n what fol IFgWwsgF, ardeenobhpdwbdbgespectively. Then

space model i s discretized by fAZel,boOpbdéni HoO

the foll owi mg dodelete

=Ax Bu Bv Bw x Ri

(3 1
=Gy %
wher e
A= B Fi¢dBR =fdB B =eRB L @ 1
0 0 0
3.1.3 MPC Contr ol Devel opment (Active)
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For thlkeody n9EE, a reference buoy velocity c:
function from the wave exHowaeawae ro ofdayrrnstyvsd @ t
there is no information aboti mandombai mal Heatk

is formulated with the purpose to directly n

The optimizati or opdryo BWWEeCM cfaonr bteh ed etfwoned as

rX["urk\ J (% U ), IO, 4)= 'a[ €% Kw) Yy ] @ 1

-Fy

en

%o = ArX HBU By By W
Dxmin ¢X1(k) %) %Q k 1./
Dxmin ¢5(1(k) é(z(k) qug k 1./
U, ¢u o, kK G.,N 1-

(

subject tc <

\.

Xgp%u F €present velocities of thl buoy and the

The problem has constraints on relatbwaey posi

and the submerged body. There are al so const
The vecpoedotteldestates, control i nput and e
T
X=(X x - X) ULy y - ) 3 1
V(% 4o %) W wow o ) @3 1

Sol vi ngx.s=yAsxt 68y B,y Bwand substituting in itse

X=Jx% +,U 4V FW B 2
wher e
o 5 a B, 0 0 -+ 0
a (o}
aeAi 0 :AHBd B, 0 = 0
- 0 2

HTer g TAB O ARR 0 32

aaAjN o ® : : .. :

¢ . %N_le Alj\‘-zBd Ag sBﬁ - B



a Bd1(2) 0 0 0
®
5eAj Bd1(2) Bd1(2) 0 0
Jow = $A§Bd1(2) A By Bz 0 (3. 2

*® : : : . :
N-1 N 2 N 3
83% Bdl(z) Aj Bdl(z) AH 311(2) o 511(2)

andim@,,J,,J,)= (4N 3N),dim(J) #N &

The objectivwg)fecmaaot benreformul ated as

IXU)=dX, %) U RU ¢$X SX U U+RU s Js-UTU | (3. 2
S
wi t h t h eR=dma(t)r wixt dim(R)=(N 3N) |, and t h® S wattrhi ces

dim(S,S)=(N34N .S5,S extract the secondndcathabaert(lbust

(submerged bodX. velocity) from

40 10 0 - 0 6 (&a o001} 0
s=% : 8w : (3 2«
& 0 - (01009 & o - (0001}

By us8i2@) ,( the objective function can be for
o nU.

J(U):%UTSqJJSﬁU\qu(J VJ W) s 3. 2

H ET

wheHies t he Hessi an madterfiixn.i tlet (iPsSDp o stiot iewes usr e
be a convex problem with available solution.

The constraints can @l sToh ebree faourgeme nttheed arcetsipveec
as

mnIU)=IV) SUTaIS BU ¢k) W) W) s @@

OD ~ o d
subject tc & lgd: S‘e =
¢k + egKBI¥-EJV -EJW



3.1. 14 HMPC Contr olacheivveel)opment ( Semi

Damping control means control system damping
dynami cs. l notthet HMPETO®xIldtduwmlpathgd | &5
_Fgen
Coo =3 3 2
X%

wheilFgis the gener axq-ori sf otrlcee raenlda ttihvee vel ocit

and the submerged bodoy.r elphree ;neemgta tti hvaet stilgen d asn
in the opposite directi olnf ctohgp asiegln tof tthhee rge

t he samef atshet hraetl ad i ve velocity, a negative
contr ol part o bvlee N, TOn edgampi ng may appear to cau
obvious to see that PTO damping is generat et

vel ocity and generator Toorsiempalrief yc htahnegi migo b
reprteassemon Cofi st hdeefi Mmbhd Hhgbeid System Descr.i

(HYSDEL) software tool i's kTlelde tHY SIRE L nies tah e
l evel descriptive | anguage used tordesktyi Oes
the formul ati on todmtfher-ahtytbieviade dviPnp isnfgso dy nt r o
WE C .

Linear reprCgsentation of

The generatowrfotea aan be re

|:gen = Cpass().s. xz) u+ eptcé )£ )5) '( Cpa:ss CM 1( _.& (3 2

Wheﬁﬁsszw uis the dampi @qgi sf otrhcee HThQwdampi n

CoCrn@are the maxi mumdamgpa mgypysmem €ITO achieve.

max?

chodseto be gbevalgpeg£ygadfs to determine a damp

passive model. Then, ¢ther HMPCIi aamhgoconhmowi F b
a damping variation around the passilvee syst
gener at orf o(rdcaempliinmgi)t ati on can be expressed a:

_Cmax().(l _XQ) ¢C,§a55(.)ﬁ X?)_ u +Qni$.)£ .)9’ If-)f )5 0

o %) €Ca(X X U +GX R, f-x % 0 32



From eq3uda®) ont e urocemssptercai ntos PFToAOr dampi ng hav
l inear inequalitweegoasitoas ngdodwépehnhd oerl he
which means @b hydbedsgd tMPCbdg applied.

Since the generator fomod dampisgsfod.cbkogkne

with the purpose to be damparmme dnt d hac tgiewme r@ad
for taetsem contr ol probl em, which wiltlher es:
force constraint can be rewritten as

Urnin ¢ I:gen qumax \’Umin ¢C;_)ass(><1 XZ)- u ., 3. 3

wheuwog,u,. are t heanseatneer spawi t h same values in th

! ¥'min

Hybrid MPC Formul ati on
. RuionscttMioad m f i cat i on

Since the «whadrbéerf omecei fied as part of t he
representation of PTO damprngacobet wai hten B

Pn=™ Foud% %) E-CoalXx %)X ¥ C.Lr ¥ Gx ¥ (3 3

Therefor e, Phastehde uvomo ttithoen can be reformulated

W= AL € GulXy %) Uk, %)) A @ 3
k=1 ~"
P

" Fgen

1. Constr &ionhtlse m nFdo rvPuCl at i on

First, t hegipoonsy helde opr olel em wi | | be solved
constraints ar e ToOn diamputngf.orTchee st ate <constr:
active MPC.

(u¢o
-u -Icpass(ji Xz) %iﬁ
Polyheelﬁr.@t@(xl x) 0 %fX 20 @ 3
c. -C C
U+ m|n2 ma.><(X1 -XZ) @
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